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Tbi ollection of 43 hort papers is the third published chapter of Geological Survey 
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GEOLOGICAL SURVEY RESEARCH 1965 

IMPLICATIONS OF NEW RADIOMETRIC AGES 

IN EASTERN CONNECTICUT AND MASSACHUSETTS 

By ROBERT ZARTMAN, 1 GEORGE SNYDER, 1 THOMAS W. STERN, 2 

RICHARD F. MARVIN, 1 and ROBERT C. BUCKNAM/ 
1 Denver, Colo./ Washington, D.C. 

Work rlone in coop &ration with the Oonnectiout Geological 

and Natural History Survey 

Abstra ct.-New Rb-Sr, K- Ar, - Th- Pb, and Pb--a radio-
met ri age. ar pr sented for graniti and pegmatitic rocks 
and minera i fr m astern onn cticut and Ma .. achusett . 
yntbesi of these radiometric data with the field geology 

indicates that, in ea tern Connecticut: (1) the Tatnic Hill 
ilormalion (a w II a s equivalents and underlying rock includ­
ing tbe Quinebaug F rmation ) is probably Middle Ordovician 
or older ; (2) the cotland S hi t and Hebron Formation are 
Early 1 evonian or olde r ; (3) the anterbury Gneis , a related 
quartz monzonit dike, and the gabbro of Lebanon were in­
truded during the Acadian orogeny in Early Devonian time; 
(4) older pegmatites have been intruded ov r a time pan 
ranging from po s ibly Middle Ordovician to Middle Devo­
nian; (5) th ar a wa r gionally dynamothermally meta­
morpho ed in th Acadian (Devonian) and thermally r e­
metamorpho ed in the Alleghenian (Pe rmian ) orogenie ; and 
(6) younger p gmatites were intruded in the P rmian. In 
en tern Ma achu . ett , the nonporphyritic Ayer Granite at 
Mill tone Hill was Intruded in Late Devonian or Early Mi -
i ipplan tim , implying either that the Worce ter Formation 

li unconformably above the Ayer Granite, or that the Worces­
er coal-mine fo il are not Pennsylvanian a r ported . 

SUMMARY OF PREVIOUS GEOLOGIC AND 
RADIOMETRIC WORK 

Fo ils have nev r n found in th medium to 
high-grade metasedim ntary ro ks covering mo t of 
eastern Connecticut. Ages a ign d to th ro k hav 
heretofore been ba d on an impede t kn wledu of 
the stratigraphic tion orr lation of thi ction 
with distant fossil Jo ali tie to th north, and radio­
metric ages of minerals in p groatites near Middle­
town, which are of limited appli ability to th re t of 
the section. Radiom tric work b for 1952 ha he n 

summarized by Rodgers ( 1952) . More recent age de­
terminations have been summarized by Goldsmith 
(1964), Faul (1954), and Brookins and Hurley (1965). 

Before 1955 the geology of east-central Connecticut 
was known only from a few small-scale studies that 
have been summarized by Rodgers and others (1956) . 

ince 1955, detailed mapping on 7%-minute quadran­
gle bases has been undertaken by the . . Geological 
Survey and the Connecticut Geological and Jatural 
Hi tory Survey. Thi recent work has been sum­
marized by Goldsmith (1963, 1964). The geology of 
the area pertinent to this report is hown on figure 1. 

Lower and middle Paleozoic fo iliferous rocks with 
a possible bearing on ea tern Coru1ecticut geolouy are 
present at many outcrops in Massachu etts, '\ ermont, 
New Ramp hire, and Maine. Equivalent of the upper 
Lower ilurian Clough Formation, 1iddle ilurian 
Fitch Formation, and Lower Devonian Littleton For­
mation have been recognized in the we tern part of 
ea tern Connecticut (Roduers and other, 1959, p. 9), 
and this tion ha be n corr lated (Rodger and 
Ro nf ld in Roduer and other , 1959; Dixon and 
oth r 1963) with a ection of imilar li thologie in 
the central part of ea tern onnecti ut. By thi cor­
relation th otland chi t would be equivalent to 
the Littl ton Formation. 

The cotland hi t ha al o been correlated with 
the Wor ter Formation of outh-central Massachu­

tts whi h app ars to lie on trike ' ith the cotland 
hist. Pen11 ylvanian (Pott vi ll e) fo si liferous rocks 

have b en rep011ted from one out rop of Worce ter 
Formation in the vi inity of Wor ter Massachu tt , 
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FIGURE !.-Genera lized geologic map of east-cent ral Connecticu t, showing loca litie of dated samples. Pegmatites are too 
·ma ll to di tingui ·b at thi s scale. Canterbury Gneiss include Eastford Granite Gneiss of Rodgers and others (1956 ) along 
north edge of map. Hornblende gnei includes Quinebaug Forma tion (Dixon, 1964 ) and Middletown Gn iss (Lundgren, 
1965). Ala ki te include. Willimantic Gneiss (Snyder , 1964b) and Mon on Gnei s (Lundgren , 1965 ). 
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CRIPTION AND LOCATION OF SAMPLE LOCAUTIES IN 
DES CONNECTICUT (SHOWN ON FIGURE 1) 

1 modtflers nrc given In order of decrenslng abundance] 
[Minern 

Foliated pegmatl tea: 

952. ftcrocllne -qunrtz-ollgoclase-blotlte pegmatite cutting Fly 
Pond Member of Tatnlc Hill Formation. Outcrop 0.4o 
mil N. 30 ' W. of Leffingwell School, southeast ninth, 
Fltcbvl ll e quadrangle. 

1337. Ollgoctnse-orthoclase-quartz-muscovlte-blotlte pegmatite cut­
ting mnflc hornblende gabbro. Northeast corner of large 
quarry on south s ide of Owunnegunset Hill halt a mile 
by dirt rond from State Route 9, southwest ninth, Wil­
limantic quadrangle. 

1719. Mlcroclln p rtblte-quartz-ollgoclase-blotlte pegmatite cut-
ting Fly Pond M mber of Tatnlc Hill Formation. Scotland 
Hond cut above Shetucket River O.lo mile northwest of 

ote Pond, north-central ninth, Norwich quadrangle. 

1902. Ollgoctnse-qunrtz-mlcrocllne-mu covlte pegmatite cutting 
hornblende-biotite gabbro. State Route 87 cut 0.3 mile 
nortbw s t or Inte rsection with Oliver Road , southwest 
ninth. Willimantic quadrangle. 

Canterbury Gneiss : 
469. Gray ollgoclnse-qunrtz-mlcroclloe-blotlte gneiss. Ledge nt 

300 t et elevation 0.45 mile S. 4 • W. from summl t of 
Hearths tone Hill, northwest ninth, Norwich quadrangle. 

659. Gray mlcrocllne-quartz-ollgoclase-blotlte-muscovlte gneiss. 
Ledg 0.5 mile east of State Route 163 and 0.1 mile 
northwes t of hairpin curve of Round Brook, south-central 
ninth , Fllchvllle quadrangle. 

1917. Gray ollgoclnse-qunrtz-mlcrocllne-blotlte-muscovlte gneiss. 
Ledge 650 feet south of summit of 672-foot hill, Wells 
Woods, southwest ninth, Columbi a quadrangle. 

3-2. Gray ollgoclase-quartz-mlcroclloe-blotl te gneiss. Old quarry 
exposure about 0 .5 mile west of Little River and Fort 

ed Pond and 0.2o mile east of Hanover Road , central 
ninth , cotland quadrangle. 

3- 7. Gray quartz-ollgoclase-mlcrocllne-blotlte gneiss. Old quarry 
exposure In outbwest Pomfret about 1,000 feet sou th of 
Carter Road, east-c ntral oloth, Hampton quadrangle. 

Gabbro ot Leba non : 

6 . peckled black labradorite-hornblende-biotite-quartz gabbro 
gneiss . Parson Brook exposure O.o mile north of Scott 
IIIII road , c ntral ninth, Fltchvllle quadrangle. 

1325. Black bytownlte-horobleode-blotlte-quartz gabbro. Outcrop 
on 490-foot knoll on south Ide of Commons Hill 0.5 
rnll o w at of State Route 9, outhwe t ninth, Williman­
tic quadrangle. 

195 . Gray mlcrocllne-blotlte-quartz-aodeslne goel s, granite phase 
of gabbro. Ledge on south side of Pigeon Swamp 0.3o 
mile north of Babcock Hill Road, south-centra l ninth, 
Willimantic quadrangle . 

2073. Dark-g reen hornblende-bytownite maflc gabbro. Outcrop 
In small drnw on north side of ummlt of Obwebe tuck 
Hill , central ninth , Willimantic quadrangle. 

Qua rt z monzonl tP dlkP : 

1901. Llg h t·g ray ollgoclaRe- mlcrocll ne-qua rtz-m uscovlte gneiss wl tb 
min or ga rn t . Ledg O.HI mile southw t. t or Br ws ter 
P ond, north -central ninth , olches t r quadrangle. 

1912. Light-gray ollgoclase-mlc roclln -quartz-mus ovlte go IRs 
with minor bi otit e nod garne t . Ledge 500 r e t north · 
eas t of tate Route 207 , 900 re t north no rthwest of 
tnt r sectlon with L<>vltn Road . south-centra l ninth , o· 
lumbla qu adra ngle. 

1927. Light-gray ollgoclase-mlcrocl I ne-qu a rtz -m u scovl te -ga roe t 
gneiss. Outcrop 400 fee t ~a s t or railroad and 1.000 fee t 
south of Sta t Route 207 , southw s t ninth, olumbla 
quadrangle. 

2075. Light-gray mtcroclloe-quartz-ollgo In s -mu scovite-biotite 
gneiss with minor garnet. mall quarry exposure 100 
feet we t of sample 1912, south -central ninth , Columbia 
quadrangle. 

!l'ontollated pegmatite and carbonatlt vein : 

1764 . Cleavelandlte-mlcrocllo -quartz-mu scovite p gmntlte cutting 
Quinebaug Formation . Bla s t d I dge 100 fe t north of 
U.S. Route 6 n ar Stop and Shop s tore In wes tern part 
of city of Willimantic, northwes t ninth, Wllllmnntlc 
quadrangle. 

1737. Coarse cnJclte-blotlte veto cutting Quinebaug Formation. 
Large quarry exposure 200 feet northwest of U.S. Route 
6 on enst side of Windham Airport, north-central ninth, 
Willimantic quadrangle. 

SAMPLE LOCALITIES IN MASSACHUSETTS (NOT SHOWN ON 
FIGURE 1) 

Ayer Granite (Emerson, 1917) (nonporphyrltlc, at Mills tone Hill): 

1105. Gray granular a lblte·mlcrocllne perthlte-quartz-muscovlte· 
biotite-garnet gneiss. Field outcrop 0.35 mile west of 
summit of Wigwam Hill and 0.2!) mile southwest of 
Worcester coni mine, southeast ninth, Worcester North 
quadrangle. 

17011. Gray granular mlcrocllne perthlte-quartz·alblte-muscovlte· 
biotite gneiss. Large quarry exposure on east side of 
Millstone Hill 0.1o mile northwest of State hospital, 
southeast ninth, Worcester North qua drangle . 

1710. Gray granular quartz-alblte-mlcrocllne perthlte-muscovlte­
blotlte-gnrnet gneiss. Large quarry expo ure on top of 
Millstone Hill, soutben t ninth, Worcester North quad· 
rangle. 

Ayer Granite (Emerson, 1917 ) (porphyritic ) : 

N- Al. Gray qunrtz-ollgoclnse-mlcrocllne-blotlte porphyritic gneiss. 
Exposure north of Watnquadock Road 0.17 mile east­
southea t of Bolton Statton, ea t-central ninth, Clinton 
quadrangle. 

1+86. Gray quartz-ollgoclnse-mtcrocllne-blotlte porphyritic gneiss . 
1,086 feet east of west end of Wnchusett-Mnrlboro tunnel, 
400 feet beneath Carville Basin, south-central ninth, 
Clinton quadrangle. 

4+08. Gray quartz-ollgoclase-mlcroclloe-blotlte porphyritic gneiss. 
4,00 feet east of west end of Wachusett-Marlboro tunnel, 
400 feet beneath northwest edge of Rattlesnake Hill, 
south-central ninth, Clinton quadrangle. 

(for example, White, 1!H2), but the areal extent of 
these rocks near Worcester has never been accurately 
known. However, previous lead-alpha ages from meta­
morphic zircons and monazites have dated metasedi­
mentary rocks (including Scotland Schist) in east­
central Connecticut as pre-Pennsylvanian (Snyder, 
1964a) . 

The Canterbury Gneiss of ea tern Connecticut, which 
intrudes Scotland Schist, has lonO' been thought to be 
correlative with the Ayer Granite of Emerson (1917) 
in eastern Massachusett (Foye, 1949, p . 54, 55; Rodg­
ers and others, 1959, p. 47) . Such Ayer bas been 
thought to have a syntectonic intrusive relation to the 
Worcester Forma,tion, but it includes at least two va­
rieties, nonporphyritic and porphyritic, which are 
litholoO'i ally quite di tinct and which may have slight­
ly differ nt aO'e . Perry and Emerson (1903, p. 5 -60, 
65) reported in lu ions of dark phyllite of the Worces­
ter Formation in the nonporphyritic Ayer Granite 
at Mill ton Hill within half a mile of the fossiliferou 
mi a chi tat the Worce ter coal mine. Han en (1956, 
p. 4 ) reported xenolith , probably derived from the 
Worce ter Formation, in the porphyritic facies of the 
Ayer. On the ba e the Ayer ha been a siQ'Iled .to 
the "late PaJ ozoi ( ?) (Han en, 1956, p 1. 1, p. 45) 
and to the "po t- arboniferous' (Foye, 1949, pl. 1, 
p. 55). 

In ea tern Conn cticut the r lation between the large 
bodie of Cant rbury Gnei s and the body of gR~bbro 
near Lebanon i not clear, but the gabbro is thought to 
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postdate the Canterbury becau of apparent cross­
cutting relations on the northwe t side of the gabbro 
(fig. 1). A quartz monzonite dike near the western 
part of the ga:bbro is composit ionally similar to the. 
Canterbury Gneiss but mineralogically di tinct and 
separable from it· thi dike, 4 mile long and as much 
as 200 yard wide, cuts the gabbro (fig. 1), and con­
tains inclusions or chlieren of gabbro. 

In east-central onnecticut all the metasedimentary 
rocks, above-mentioned granite , gabbro, and many 
older pegmatite were regionally dynamothermally 
metamorphosed to at least staurolite grade and ubse­
quently intruded by a set of litholocrically di tinct un­
sheared pegmatites. These unsheared pegmatites have 
previou ly been assigned to the Permian (?) ( nyde.r, 
1964b) on the basis of the radiometric age for the 
Middletown pegmatites (Baad craard and other , 1957; 
Brookins and Hurley, 1965; E ckelmann and Kulp, 
1957; Henry Fau] in .S. Geol. urvey, 1960, p. A29; 
Powell and others, 1957; Rodger , 1952; Stugard, 1958 · 
Wasserburg and Hayden, 1955) . 

The present radiometric study d als with mineral 
separates and rock splits from the ga.bbro, dynamo­
thermally metamorpho ed and unsheared pecrmatites, 
Canterbury Gneiss, and related quat'tz monzonite dike 
(all eastern Connecticut), and Ayer Granite (eastern 
Massachusetts). 

ANALYTICAL PROCEDURES AND DATA 

Procedures for the potassium-a.rgon and rubidium­
strontium analyses are similar to those described pre­
viously (Goldich and others, 1961; Zartman, 1964) . 
Mineral separates were at least 98 percent pure. The 
analytical data and resultant ages are criven in tables 
1 to 3. 

P otassium analy es were made by flame photometry 
using lithium a an internal standard. Radiogenic 
argon was extracted from the mineral sample by direct 
fusion in a closed vacuum system and then determined 
quantitatively by isotope-dilution technique . The 
overall analytical error for the pota ium-argon de­
terminations is approximately ±5 percent of the cal­
culated age. 

ample for total- rock rubidium-strontium analysis 
were always larcre compared to the crrain-size of the 
ro k, and were carefully split and pulverized to -100 
~esh to a sure homogeneity. The precision uncertainty 
m determination of rubidium and rontium con­
centration i approximately ±2 percent, and of iso­
topic composition of strontium i ±0.4 percent. All 
trontium data have been normalized to a rss;srss 

ratio of 0.1194. The error as igned to the age repre­
ents the most unfavorable conjunction of parent and 

daughter isotope uncertainties. The theory of the 

TABLE 1.- Potassit,m-argon ages of minerals from eastern 
Connecticut and Massachusetts 

(Analysts· R F Marvin H H Thomas Paul Elmore and Harald M h 
' e D&rt) 

Sample Pereentafo Age K,o ' Ar<O (ppm) or Ar''o (m.y.)• 

I (percent) mdlogen!o 
0 . Type origin 

I 
Gabbro or Lebanon 

-
6 Hornblende ___ 0. 45 0. 0101 9 343 ± 17 1325 ____ Biotite _______ 8. 08 . 123 97 240 ± 12 2073 ___ _ Hornblende ___ . 24 . 00432 77 285± 14 
195 ---- Biotite _______ 9. 59 . 142 95 234 ± 12 

Foliated pegmatl tee (cuttlng gabbro) 

-
1337 ____ Muscovite ___ _ 6. 80 0. 105 93 244 ± 12 1337 ____ Biotite ____ ___ 7. 71 . 115 96 236 ± 12 1902 ____ Muscov ite ____ 9. 44 . 145 93 244 ± 12 1902 ____ Biotite ______ _ 5. 26 . 0755 92 228 ± 11 

Quartz monzonite d ik e (cutting gab bro) 

2075 ____ , Muscovite ____ , 10. 54 1 0. 160 I 93 , 240 ± 12 

Carbonatlte Yeln 

1737 ____ , Biotite _______ , 9. 0 I 0. 145 1 95 , 252 ± 13 

Ayer Granite 

1709 ____ Muscovite __ __ 10. 36 0. 160 94 245 ± 12 
- AL __ Biotite _______ . 02 . 127 97 250 ±13 

'Decay constants: X~ =4 .72XI<T-" yr - •, X• - 0.585Xl<T-" yr - •; K"/K -0.0122 welgbl 
percent. 

rubidium-strontium i otopic relations which led to the 
development of the isochron a<Ye concept (Comp ton· 
Jeffery model) has been de cribed by Comp ton and 
Jeffery (1959), Compston and others (1960), Nicolay­
sen (1961), All opp (1961), and Lanphere and others 
(1963). In a oogenetic suite of rocks, whi h remain 
closed systems to strontium and rubidium and which 
had the same initial strontium isotopic compo ition but 
different Rbl r ratios, the Rb87 in each rock will decay 
to Sr87

• When the isotopic ratios for everal rocks are 
plotted ·Oll a Rb87 I Sr 6 versus r87 I r86 diacrram, they 
will fall along a line the lope of which is ( e>. t-1) , 
where A is the decay constant for Rb87 , and t i the age 
of the suite of rocks. The isochron ages <Yiven in this 
paper were calculated by use. of the least-square equa· 
tions, and the uncertainties in age and initial isotopic 
composition represent the tandard errors of e timate. 
With the exception of the Canterbury Gnei total-rock 
i ochron, the initial r87 I 6 ratio is <Yiven only to 
the neare t 0.005 because. the highly radio<Yenic nature 
of the amples does not permit an accurate determina· 
tion of thi ratio. The error in fitting the i o hron to 
the da:ta is commensurate with that of t he analytical 
uncertainty and suggests that no natural scatter of a 
lar<Yer magnitude i present. 

Reconnaissance lead-alpha acres were determined for 
the samples given in table 4. Standard analytical 
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TABLE 2.- Rubidium-strontium ages of minerals from eastern 

onnecticut and M assachusett 

[Analyst : Robert Zartman] 

-
snm plo Percent-

age or -
I 

RbS> SrN, •s rs7 Sr ' or Age 
(ppm) (ppm) (ppm) radio- (m.y.) l 

No. Type genic 
orlgln 

Gabbro of Lebanon 

-
6 ------

Biotite ______ 67. 6 49. 7 0. 194 5. 4 195±40 
!325-----

___ do ______ __ 84_ 7 94. . 251 3. 7 195±60 
195 -----

___ do ________ 108. 4 21. 2 . 355 19. 5 220± 15 

Foliated pegmatites (cutting gabbro) 

J33L --- Muscovite ___ 77.5 84. 5 0. 347 5. 6 300±55 
!337 --- -- Bioti te ______ 217. 8 25. 7 . 694 28. 1 215 ± 15 
!902 ____ - Mu cov itc __ _ 140. 2 62. 4 . 579 11. 9 280± 30 
J90L--- Biotit ____ __ 201. 1 20. 0 . 639 31. 7 215 ± 15 

Nonfollated pegmatite 

J76L- --I Muscovitc ___ l782. 5 1 4. 7 12. 841 1 89. 7 245± 10 

Carbonatite vein 

173L---I · Biotitc ______ llll. 2 1 17. 9 10. 352 1 22. 2 215± 15 

Ayer Gra nite 

1709__ __ _ , Muscovite ___ l531. 7 1 4_ 8 12. 05 1 89. 4 1 360 ± 10 

1 Decay constant : X6-1.47X IO-" yr- 1; initial Sr"/Sr" assumed to be 0.706. 

technique ( ottfried and other , 1959; Rose and 
tern 1960) w re used. The zircon from ample 1719 

was analyz d i otopically a well as by the lead-alpha 
method, and these data are presented in table 5. 

INTERPRETATION OF DATA 

Although th lead-alpha result on zircon and mona­
zite from foliated pegmatites in the Fly Pond Member 
of the Tatni Hill Formation are ugge tive only of a 
middle to early Paleozo ic age for this rock, a uranium­
thorium-lead i otopi anal i on one of th zir on 
permit a more r ri tiY a nt_ Th i otopic 
ages obtained for mple 1719 ar hat di -
cordant, and additional analy a r irabl ; how-
erer, both epi di and c ntinu us diffu ion mod l in -
dicate an a{)'e of O' t' at r than 00 million ea 
(Middle Ordovician or old r) a do s th Pb207 / Pb206 

age by it elf, for thi ingle zir on. thi ag would 
be older than Acadian, and th host pegmatite ontain 
the large uncru heel f ldspar and quartz of a t ypical 
syntectonic Acadian pegmatite (L. R. Pag oral om­
munication, 1964), thi anomaly i r olvable only if: 
{1) a pegmatit intrud d b for th Acadian wer 
remobilized in the cadian m tamoqYhi m whil r -
taining its oricrinal zircon or (2) the zircon are xeno­
crysts obtained from th country ro k. In ase 1 the 

TABLE 3.-Rubidium-strontium total rock and mineral isochron 
ages of rocks from eastern Connecticut and Massachusetts 

[Analyst: Robert Zartman] 

Sample 
Rb Sr Rb" Sr" Age 

No. I Type 
(ppm) (ppm) Sr" Sr" (m .y .) l 

Quart% moJUOnite dike 

2075 _____ Total rock ___ 328 35.4 26.8 0.848 1912 ___ __ _____ do ______ 333 12. 0 80.5 1. 210 405 ± 20 1927 ____ _ _____ do ______ 1 0 50.3 10.4 . 779 1901_ ____ _____ do ______ 330 24.0 39.8 . 913 

Quart% moJUOnite dike (mineral) 

2075 _____ Muscovite ___ 785 4. 62 492 2.807 2075 _____ Microcline ___ 701 57. 1 35.5 . 872 2 5 ± 15 2075 ___ __ Total rock ___ 328 35.4 26.8 . 84 

Canterbury GneiBs 

659 ______ Total rock ___ 224 111.4 5.83 0. 738 
1917--- -- ____ _ do ______ 202 76.3 7. 68 . 753 405 ± 2 3- 2 ______ _____ do ______ 141 159.7 2.56 . 721 0 
3- 7 ______ ____ _ do ______ 175 65. 9 7. 70 . 750 

Ayer Gnonite 

1709 ___ -- Total rock ___ 328 14. 5 65.8 1. 036 
1105 ___ -- ___ __ do ______ 312 19. 2 47. 1 . 939 345± 15 
1710 __ _ -- _____ do ______ 3 6 14.2 7 .8 1. 100 

1 Decay constant: X6 = 1.47XIQ-" yr-1; ages calculated !rom least-squares equations . 
See graphical representation or these data on figure 2. 

TABLE 4.- Lead-alpha ages of minerals from eastern Connecticut 
and Massachusetts 

[Alpha-activity measurements by T . W. Stern; spectrographic analysis or lead by 
N. B . Sheffey] 

Sample 
- ----.,.------- ] Alpha/mg-hr Pb (ppm) Age (m .y .) l 

o. Type 

Foliated pegmatit.,.. (In Fly Pond Member of Tatnlc Hill Formation) 

1719 _______ Zircon _________ 434 90 500±60 
1719 _______ Monazite _______ 6, 32 990 300±40 
952 ________ _____ do _________ 7, 124 1, 025 300± 40 

Canterbury Gnei88 

469-------- 1 Zircon _________ , 621 1 74 1 290± 30 

Ayer Granite 

4+ 0 ------ Zircon ________ - 510 112 520±60 
I + 6 ______ _____ do _________ 619 107 420 ± 50 

-Al ______ _____ do ______ ___ 573 9 410 ± 50 

1 Ages were calculated using the following equations: . 
( I) t=c 1 ad/nlph&, where c, a constant based upon an assumed Th /U ratio or I , 

equals 2,485, and 
(2) to=t - 1/2kl'. where 

k= constant equal to 1.56Xlo-<, 
t - approxlmate ag In millions or years, 
to- age In mill ions or years, corrected lor decay or parent, 
l ead ~ lead content In parts per million, and 
alpha = nlpba activity In nlpba/mg-hr. 
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TABLE 5.- Uranium-th()rium-/ead _i atopic ages of sample-1719 
zircon from a fol iated pegmattte tn the Fly Pond Member of the 
Tatnic HiU Formation 

[Analysts : T. W. Stern and Marcia ewell[ 

ConcentraJion (ppm) 18otopic con•pruition of uad (aJom percent) 

u Th Pb Pb'"' Pb206 Pb20' PbiOt! 

1, 3 2 112.9 74. 5 0.047 89. 39 5.84 4. 72 

Age (m.v.) 

Pb106/ U" Pb'"' /U"' Pb'"'/Pb206 PbiOt!/Th"' 

350 ± 15 374 ± 20 520 ± 70 434 ± 25 

Compo ition of common lead used for correction : 206/204= 1 .5, 
207/204 = 15.7, 20 /204 = 3 .4. 

zircon age would reflect the age of the original ~emna­
tite and would be a minimum a<Ye for the sedrments 

' intruded. In case 2 the zircon age would also be grea,ter 
than the age of the present pegmatite body and would 
be a minimum a<Ye for the surrounding sediments if 
the zircons were derived locally and were metamorphic 
rather than detrital. Although the calc- ilica,te rocks 
of the Fly Pond Member have only scant zircon, the 
metashales of the Tatnic Hill Formation both above 
and below the Fly Pond Member contain abundant zir­
con in this area. The large size, euhedral shape, and uni­
form, unzoned appearance of this zircon in rocks whose 
original grain size was much smaller sug<Yests that if 
the pegmatitic zircon is xenocrystic i.t was originally 
metamorphic rather than detrital. Alternatively, it 
may be possible that bhe zircon is pegmatitic and tha,t 
this uncrushed pegmatite has escaped Acadian meta­
morphism and is really Middle Ordovician or older. 
In any case, it seems probwble that the i otopic age of 
this zircon esta,blishes a minimum age of Middle Ordo­
vician or older for the surroundin<Y Ta,tnic Hill For­
mation and its equivalents. 

The oldest total-rock rubidium-strontium ages de­
termined in this study are 405±20 m.y. (fig. 2) for the 
Canterbury Gneiss and a related quartz monzonite dike. 
If these rocks have remained closed systems since their 
emplacement a ilurian or Early Devonian age is 
indi ated by these data on radioactivity. A lead-alpha 
age of a zircon from the Canterbury Gneiss is some­
what youn<Yer, but, because of the inherent uncertainty 
in this method, the a<Ye i not inconsi tent with the 
better rubidium-strontium total-rock data. If relations 
between the gabbro of Lebanon and the Canterbury 
Gneiss ( ee p. D3) are correctly interpreted, the age 
of the gabbro is al o il urian or Early Devonian; 
however, a pre-Canterbury Gneiss age is not precluded 
by the rather obscure field data. If the Canterbury 
<?neiss intrudes the gabbro, no maximum age is estab­
hshed for the gabbro from the radiometric work but 

' field relations with the Scotland Schist would indicate 

a maximum age of Early Devonian for the gabbro if 
present stratigraphic correlations are correct. 

WitJh the exception of the zir on a<Ye discussed above 
all mineral ages from this area are younger than th~ 
total-rock rubidium-strontium ages of the Cantet,bury 
Gneiss and the quartz monzonite dike. Analysis of 
sample 2075 of the quartz monzonite dike gives a min. 
eral isochron age of 285±15 m.y. (fig. 2), which is due, 
presumably, to a metamorphic ffect. Potassium-argon 
and rubidium-strontium mineral ages ranging from 
343 to 195 m.y. al o could reflect thi tectonism, which 
is recorded in a lowered apparent age measured on 
older rocks, the intrusion of nonfoliated pegmatites 
and the emplacement of carbonatite veins. It is like­
wise possible that the mica from the nonfoliated peg­
matites and carbonatite veins show a metamorphic and 
not an intrusive age, but corr lation with the more 
thorou<Yhly dated Middletown area suggests that this 
was a time of actual pe<Ymatite emplacement. The 
exact extent and nature of the metamorphism are not 
well understood, but the grouping of pota sium-argon 
mica ages at about UO m.y. sug<Ye ts a culmination 
during Permian time. Similar or younger potassium­
argon mica ages have been found throughout Rhode 
Island and eastern Massachusetts regardless of the 
str-atigraphic age of the rock (see Goldsmith, 1964: ; 
also Fairbairn and other , 1960, table 1, p. ) , sug­
<Yesting that a rather wide pread area has been affected 
by a Permian metamorphi m. No visi-ble evidence of 
this pervasive event appears to be recorded in the 
dated minerals of the older rocks of eastern Con­
necticut. Causes of this apparent Permian radiometric 
age could have been (1) Permian uplift and ero ion of 
rocks heated in the Acadian, with consequent Permian 
cooling of the pertinent rocks; (2) dynamic meta­
morphism and mylonitization such as evidenced along 
the Honey Hill thrust fault (Lundgren and others, 
1958); or (3) late retro<Yre sive alteration ( nyder 
1961). The only igneous rocks of this age in this 
general area are nonfoliated pegmatites and rather 
small, localized bodies of the Penn ylvanian or younger 
Westerly Granite and the pper or po t-Pennsylvanian 
N arra<Yansett Pier Granite (Nichols, 1956; Quinn and 
others, 1957; Moore, 1959). 

The somewhat higher potas ium-ar<Yon hornblende 
and rubidium- trontium muscovite ages from the gab­
bro of Lebanon and the foliated pegmatites, respective­
ly, may indicate a partial retention of daughter 
products, hence a closer approach to the original age. 
In the ca e of the hornblende this could represent 
either an incomplete degassing of the original horn­
blende or the effect of a mixture of two generations of 
hornblende. On the other hand, the rubidium-stron-
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tium ages of bioti te from the an,bbr of Lebanon and 
the foliwted pegmatites, which are the low t age 
found, may reflect a mild metamorphi m in Tria ic 
time. 

In eastern Ma sa hu. t th nonpor-phyri6 Ayer 
Granite at Mill ton H ill ha a rubidium-strontium 
whole-rock age of 345 - 15 m.y. (fia. 2). Th Late 
Devonian or Early Mi siss ippian age of int ru ion of 
th is body of Ayer Granite i of int re t in that the 
granite crop out a quart r of a mil from the reported 
Pennsylvani-an fo il lo ality at th \V'orc ter oal 
mine (White, 1912). An w colle t ion of pos ible fo il 
plant remains from thi ar a doe not di pu te thi aae 
(James M. Schopf, written communication , 1962). 

However, the radiomet ric age indicates fhat it may not 
be wi to extrapol ate thi s problematic fo il date very 
far. P erry -and Emerson (1903, p. 58-60, 65) observed 
inclusions of dark phyllite in the nonporphyritic Ayer 

ranite at Mill tone Hill but the rad iomet ric age 
indi ate that, if th fo sil aa i corre t, these in­
clu ion must be of an older rock than the carbonaceous 
mica-aarnet chi t at the nearby coal mine. It i of 
intere t t h-at, althouah metamorphi sm has been of at 
1 ast gn,rnet grade in the arbonaceous m ica chi t at 
the Worce ter min , t he mu covite from the adjacent 
Ayer Granite has retained it indication of Late 
Devonian or Early Mi issippian rubidium-stront ium 
age. Possibly the carbonaceous mica schist is separated 
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TABLE 6.- Gco/ogic event i.n eastern Oonneoti&ut and the area ot Worceste-r, Mass., 1·elat d to the geologic time soalc 

[Events not directly dated are how n by approximate positions of word relative to time s ale. Such events cnn s lide up or down respective 
columns between buchured lines but cannot eros Jines when hachures point toward ev nt . omc events In crysta ll lzntlon column mny merge 
with adjacent events In the same column] 
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by a fault onta t. (Novotny_, 1961, p. D49) from th_e 
\ ,er Granite at M1ll stone H1ll. However, lf the fossil 
~~e is incorrect, th n not ?nly the dark phy1lite 'in­
lusion in the Ayer Gramte but also the Worcester 
~ormation i-tself, which is considered to be of Penn­
ylvanian a.?'e, may ?e Early 1ississippian or olde~. 

The muscov tte pota mm-ar<Yon age of 245 m.y. on this 
granite i the only 1~adio~etri_c evidence sug<Yesting a 
Permia.n metnmorph1 m m th is area. 

The 1 ad -alpha age on the zircons from the Ayer 
Grani te from th e Clin ton quadrangle al so suggest an 
age much old r than Pennsylvanian. This rock, which 
is a porphyritic variety of the yer, is lithologically 
much different from the nonporphyritic variety at 
~fill tone Hill and is not physicall y connected with it. 
Th biotite poUt ium-ar<Yon age from thi porphyriti c 
Ayer i 250 m.y. imilar to that of the muscovite from 
the Ayer at Mill tone Hill. 

The data de rib d in this report permit the sequence 
of geologi ev nt ummarized in <the ab tract and in 
table 6, a uming that clo ed-system conditions pre­
railed in the ro k analyzed. 
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' Geologic tlme sca le on left from Kulp ( 1961 ); Ordovician bound­
arle on right from Poole and othe r (1963) wbos data " .... pro­
vide a minimum dnt o r 4 0 million y nrs to r the nd or tb late 
Middle Ordovician." ( But s c Ri ckard , 1964a ; Pool nnd othe rs, 
1964; Rickard, 1964b.) 

'Terminology In thi A c lurnn from Faul ( 1961 ): bars from Fuul 
and othe rs (1963, fig. 4 , p. 17) . 

1 On tbe ba Is ot pa l eon to logic cv ld nc !rom ew York to the 
Gape Peninsula , B oucot (195 ) cons ld rs t he Acadian o rog ny 
" to begin In late Early and ea rly Middl e D vonlan time .... " 

• Data on intru s ive lgn ous r ocks !rom Bro klns and Hurley 
(1965). Ages reca lcu lated to Rb"" halfllre u ·cd by Kulp (1961) and 
this pape r. 

'Nomenclature f rom Eaton nod Rose nfeld (1960). 
'Brookins and Hurl ey (1965) r eport rubldlum -st r ntlum tota l-rock 

I och rons on these metnsedlm otary formation s (rPcn lculat d to Rb"" 
halntte u ed by Kulp, 1961, nn d thi s pape r), as follows: olllns Hill 
Formation, 367± 40 m.y.; Middl e town Gneiss , 414 ± 15 m.y.; Monso n 
gneiss, 444 ± 15 m.y. 
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RECONNAISSANCE OF MINERAL AGES OF PLUTONS 

IN ELKO COUNTY, NEVADA, AND VICINITY 

By R. R. COATS, R. F. MARVIN, and T. W. STERN, 
Menlo Park, Cal if., Denver, Colo ., Washington, D.C. 

Abstraot.- The small and scattered plutons of silicic rock 
in Elko ounty, northeastern Nevada , and vicinity have long 
been known to b po t-Pa leozoic and pre-late-Tertiary. Nine 
pai r of K- Ar and Pb-a. dates from 9 plu tons give generally 
reasonabl agreem nt and fall into 3 age group : Middle 
Jura ic, Late retaceous, and Oligocene. Cretaceous pluton 
generally lie north of Jurassic ones, an arrangement analogou 
to tbnt in the ierra Nevada; two Tertiary granodiorite plu­
ton were appar ntly intruded along inferred major trans­
ver e fault . 

In Elko ounty, the northeasternmo t county in 
evada, and in adjacent Idaho and Utah, widely scat­

tered and relat ively small plutons of silicic rock in­
trude rocks as young as late Paleozoic and are overlain 
by rocks, mostly volcanic, that can be dated paleonto­
logically as late Miocene. Somewhat older volcanic 
rocks, perhaps as old as late Eocene, are present· in 
some places, but reliable ages have not, to our knowl­
edge, b en obtained for these rocks where t hey are in 
actual contact with the intrusives. 

As a resul t of the paucity of direct paleontologic 
evidence for the dat ing of the intru ives, they have in 
the past been .a igned ages based mostly on analogy 
or petrographi re mblance with rocks from other 
generally distant areas whe a tter known. 
As will be shown, the blanket ag a i nm nt made on 
this basis are in part corr ct. W have not y found 
any petrographic criteria that ,,, j]] a fford a d finite 
basis for age assignm nt in thi ar a. 

PREVIOUS WORK 

Nolan (written communi ation, 1933) as io-ned a 
Cretaceous age to the granites in the Moun tain ity 
quadrangle because of their evident relation to the 
Idaho batholith. Later, Nolan (1943, p. 163) in a 
paper written in 193 , sugge ted the po ibil ity that 
emplacement of the stocks in the Basin and Range 

province "occurred at different times from the late 
Lower Jurassic into the Tertiary period." 

In the first edition of the Tectonic Map of the United 
States (King and others, 1944) all the intrusives of 
Elko County, except the Cretaceous Mountain Oity 
pluton, are shown as Tertiary. The basis for this 
assignment is not known, but probably this decision 
represents an extrapolation from Utah areas, and the 
extension to other plutons of t he Tertiary age assigned 
to the Harrison Pass granite by Sharp (1942). 

In a reconnaissance map of Elko County (Granger 
and others, 1957, p. 16 and pl. l) the major period of 
granitic intrusion was assigned to the Cretaceous; all 
the plutons here reported were shown on the map by 
Granger and others as Jurassic or Cretaceou . 

A later edition of the Tectonic Map of the United 
States (Cohee and others, 1961) shows all t he in­
trusives in northern E lko County as Mesozoic, except 
the stock in the Elk Mountains; t he intrusives of 
southern Elko County .are shown as Tert iary. 

In a recent summary (Gilluly, 1963) a map of the 
Phanerozoic granitic rocks of the Western nited 
States indicates only middle Tertiary ages for plutons 
in Elko County. 

PRESENT WORK 

The pfutons 
A indic.ated by the map (fig. 1), the plutons of 

Elko ounty, Nev., are all relatively mall in exposed 
area. Only three would qualify as batholiths by the 
Daly definition : the Bruneau River pluton, the Contact 
pluton, and the Ruby Mountains (Harrison Pas ) 
pluton. 

All the plutons have nearly directionless .textures in 
the localities sampled; two of the plutons, the Bearpaw 
Mountain and the one ju t we t of it (Hicks Moun­
tain), have phases that how a small degree of cata-
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FIGUltE 1.- Map of E lko County, Nev., and vicinity, showing plutons (names in capita l letters) , sample localitie (X), and 
mineral ages (in millions of years). Italic number , K- Ar age ; other number , Pb-a age. Intrusive contacts are dis· 
tinguished by dots along contact, on plutonic side. The ages in the area west of outbern Elko County were furni bed by 
Harold Ma ur. ky and L. J . P. Muffler . 

clasis and foliation, ugge ting that these bodies are 
ynorogenic. The boundarie indicated on the map are 

only in part intrusive contacts; the intrusive contact 
have been differentiated from fault contacts and over­
lap contacts of younger rocks by a line of dots on the 
intrusive ide of the contact, in order to permit the 
reader to infer the original hape of the body at the 
outcrop level. Mo t of the intru ive in the southern 
part of the county appear to be fairly equidimen­
sional, but the rest commonly di play a pronounced 
tendency toward an east-we t elongation. This is 
probably a reflection of an east-west tectonic trend, 
recorrnized by Butler (Butler and others, 1920) in the 
Raft River Mountain , east of the northeastern corner 

of Elko County, and by Nolan ( 1943, p. 177) in the 
pre-Tertiary rocks of the Mountain City area. Two 
other plutons, (1) the pluton north of Patter on Pa 
in the P ilot Range, on the Nevada-Utah border (D. M. 
Blue 1 ), and (2) the Swales Mountain pluton, have a 
generally north-south elongation, which appear to be 
structurally controlled. 

All the samples examined, except the one from 
Swales Mountain, are medium to coarse grained (1-mm 
to 1-cm grain size), locally with coarser 2-cm K-

1 D. M. Blue, 1960, Geology and ore deposits of the Lucln min ing 
district, Box Elder County, Utah, and Elko County, Nevada: Utah 
Unlv. , M.S. thesis. 
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feldspar phenocry ts. The S.wales Mounta.i~ sample is 
granodiorite porphyry With an aphamttc ()'round­

~na . All ontain biotite and minor hornblende; the 
iJver Zone P as pluton has small amounts of pale 

diopsidic pyroxene. The samples of the coar er plutons 
examined ar all granodiorite according to the nomen­
clature of Johannsen ; some are quartz monzonite or 
dellenite, if one wi hes to u e the nomenclature of 

Williams, Turner, and Gilbert. Apatite, zircon, and, 
commonly, sphene and magnetite -are accessories. 
Age results 

The age results are shown in the accompanying t!llble, 
and the results, includin()' the uncertainties of the 
analytical methods, are summarized graphically on 
figure 2. All the K-Ar ages were determined on biotite; 
all the Pb-a ages were determined on zircon. 

ample number , ample localities, analytical data, and mineral ages of coexistent minerals from plutons in Elko County, N ev., and vicinity 

[Analysts: Pb determloatlons, Harold Westley; K·Ar determloations H H Thomas R F Marvin Paul Elmore H Smith] ' 
, . 0 

Zircons Biotite 

Field No. Lab. No. 
a/mg· hr Pb (ppm)' Calculated K,O K" •Arto Ar" (percent •Ar40/K" Age' 

age' (m .y.) (percent) (ppm) (ppm) radiogenic) (m .y.) 

57NC 9 .. ---------- 270 714 32. 5 110 ± 20 9. 03 9. 15 0. 0494 95 0. 00540 90 
59NC5L-- ------- 271 303 20. 1 160 ± 20 7. 84 7. 94 . 0735 96 0 00926 152 
59 I C59.----------- 272 335 25. 2 180 ± 20 9. 29 9. 41 . 0848 95 . 00901 148 60. CJ75 ___________ ----- - -- 341 10 70 ±20 8. 56 8. 67 . 0419 71 . 00483 1 
62.N c 14 2--- - - - - - - - - 269 1306 21 40± 10 8. 44 8. 55 0 0172 80 . 00201 34 
63N C20.---- --- --- 426 767 • 30 100 ± 20 9. 04 9. 16 . 0400 73 0 00437 73 
63NC4Q __ ---------- 427 256 14 130 ± 20 8. 28 8. 39 0 0444 92 . 00529 88 
631 c 6_------ - 428 33 5. 5 40 ± 10 8. 29 8. 40 0 0189 84 . 00225 38 
63. Cl06 _____ --- 429 610 7. 8 30 ± 10 8. 20 8. 31 . 0152 82 . 00183 31 

I 
De cnpt.ton of a mp! sand loca tiOn of am ple 1te : 

57 C 9. Biotit granod iorite, Mountain City quad rangle, 1,500 ft south of Indian reservation boundary, on State High" ay 11A. 
59 57. Hornbl nd biotite granodiori te, .. Highway 93, near Contact, just outh of crossing of Salmon Falls Creek. 
59 C59. Pyrox no-hornblende-biotite gra nodiorite, .. Highway 40, Sil ver Zone Pass, Nev., at underpa s. 
60 175. Biotit granodiorite, Skull Cr ek. Owyhee quad ra ngle, evada (east zone), coordinates . 2,612,500, E. 381 ,000. 
62 142. Bioti c granodio rite, a t of H a rri on Pas , Ruby Mountains, evada (east zone) , coordinates . 2,026,300, E. 

526,300. 
63 20. Biotite granodiorite, B arpaw Mountain pluton, EX EX EX sec. 20, T. 47 ., R . 57 E. Mount Dia blo ba e line 

a nd meridian. 
63 40. Bi t it granod iori te, McDonald Creek, highway cut, evada (east zone) , coo rd inates . 2,612,550, E . 449,550. 
63 6. Biot.it granod iorite porphyry, ea t face wa le Mountain, E}~ EX EX ec. 7, T. 55 ., R. 53 E. MDBM. 
63 106. Biotit gr!l.nodiori te, we t id Patter on Pa , Pilot Range, EX ec. 33, T . 6 ., R. 19 W. alt Lake ba e line a nd 

m ridia n. Box E lder County, tah. 
•Radiogenic. 
t Lead determinations In dupl!cate except as noted. 
t Lesd·a ages wer calculated !rom the following equa tion: t = C Pb/a, where tis 

the calculated ago In millions or years, C Is a constant based on the U/Th ratio, Pb 
~the lead content in parts per mil lion, and a is the alpha counts per milligram per 
hour. Tho following constants were used: Assumed U/Th ratio= l.O; C=24.85. 
. ~ge Is rounded ofT to nearest 10 m.y. The error quoted bere Is tbat due only to 
ll!lcertainlies lo the analytical techniques. 

Although all 18 mineral ages are of a reconnai sance 
nature and no ingle age can be accepted with complete 
certainty, figure 2 how th K - r a()' , with 'vhi h the 
Pb-a ag are rea onably on i tent, <Yr up d as fol ­
lows: 30 to 40 million y ar 69 to 9 ... m.y. and 141 .to 
160 m.y. The preci ion of the d termination doe not 
warrant any attempt to a ign pre i e g ol 
these pluton , but gro ly onsid r d th 
placed during the middl Juras i , Lat r ta ous, 
and Oligocene. Th good to f a ir agre ment betwe n 
K-Ar and Pb-a ages indic.'tte that u qu nt r O'ional 
tectonic events were not uffi i ntly intens to cause 
radical dega sin()' of the biotite after their ini tial 
cry tallization. 

GEOLOGIC SIGNIFICANCE 

The concentration of t he · r ta eo us plu ton m the 
northern part of the county, north and west of the 

• Overall analytical error is sppro:rlmately ±5 percent or tbe quoted age value ror 
K-Ar ages. 

Decay constants : K<0)..,=0 .585X tO-to/" ·; M= 4.72X JQ-ID/" ·· Abuodance:K"= 
1.22XJO- • g/g K . 

Potassium determloations made with a Perkin-Elmer flame photometer with 
Li lotemal standard ; argon by isotope-dilution techniques. 

• Slogle lead determloation . 

plutons of middle Jurassic age, suggests the possibility 
of a geo()'raphic distribution with respect t o age, 
imilar to that in th cen raJ ierra Nevada and Inyo 

Mountain Calif., where a central zone of Cretaceous 
pluton i fl-ank d on the ea t by a belt of Jurassic 
pluton (Ki tler and others, 1965 ; Hurley and others, 
1965). In northea tern Nevwa this flanking belt of 
Jura i pluton could projected to the outhwe t 
of E lko ounty, where a Jura ic age of 151 m.y. (K­
Ar det rmination by Garnis urt i ) i reported by 
Gilluly and Ma ur ky (1965) for a pluton in t he 

ort z quadr.angl . Two ages of 140± 10 and 150 m.y. 
(K - r analysi by neutron activation by R. L . Arm­

stron()') are reported for two plutons in the Frenchie 
reek quadrangle (Muftler, 1946) . One of these plutons 

u t Jura sic volcanic rocks and i overlain by the 
Lower r taceous N wark Canyon Formation, accord­
ing to Muffler (oral communication , 1965). 
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AGE. IN M ILLIONS OF YEARS 
SAMP LE NO. 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 

63NC1 06 
Patterson Pass 

62NC142 
Harrison Pass 

63NC86 
Swales Mountain 

63NC20 
Bear Paw Mountain 

60 NC175 
Skull Creek 

63NC40 
H icks Mountain 

57NC89 
Mounta in City 

59NC59 
Silver Zone Pass 

59NC57 
Contact 

K-Ar 

Pb- a -------

K- Ar 

Pb- a ---------
K-Ar 

Pb-a ---------
K-Ar 

Pb- a 

K-Ar 

Pb-a 

K-Ar 

Pb- a 

K-Ar 

Pb- a 

K-Ar 

Pb- a 

K-Ar 

Pb-a 

FiauRE 2.- K-Ar ages of biotite and Pb-a ages of zircon from nine plutons in Elko County, ev., and 
vicinity. 

The reason for t he somewhat greater disagreement 
between K-Ar and Pb-a ages from the two plutons in 
the extreme northern part of the county is not clear. 
This could be random error, or the effect of subsequent 
intrusion or tectonism in promoting slight argon loss 
from the biotite, or possibly contamination by older 
zircon. Further determinations would be needed to 
support any of the above suggestions. 

The two coarse-grained plutons (Harrison Pass and 
Patterson Pass) from which Tertiary ages have been 
obtained are probably situated on pregranitic trans­
verse dislocations of considerable magnitude. In the 
Pilot Range, D. M. Blue 2 has recognized this same 
relation between location of a pluton and pregranitic 
transverse faulting. This relation is also suspected 
from the geologic map (Sharp, 1942) of the southern 
Ruby Mountains, where there is a strong contrast in 
grade of metamorphism and style of deformation be­
tween the highly deformed metamorphic rocks north 
of Harrison Pass (Sharp, 1942; Keith Howard, oral 
communication, 1963) and the less deformed and less 
metamorphosed Paleozoic rocks to the south. 

The contrast in texture between the Swales Mountain 

• See foo tnote 1 on P. D12. 

pluton and t he other two Tertiary plut ons is marked. 
It is possible that the coarser intrusives have been 
much more deeply eroded than the granodiorite por· 
phyry of Swales Moun tain. A corollary would seem 
to be that the rates of uplift and ero ion of the Ruby 
Mountains and t he Pilot Range have been higher than 
those of Swales Mountain. The Ruby and Pilot Ranges 
are among the highest ranges in this part of the Great 
Basin. 
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JURASSIC PLUTONISM IN THE COOK INLET REGION, ALASKA 

By ROBERT L. DETIERMAN, BRUCE L. REED, 

and MARVIN A LANPHERE, Menlo Park, Calif. 

Abst1·aot.-Potas ium-a rgon determination on hornblende 
and biotite indicate an age of 170 m.y. for emplacement of 
the Aleutian Range batholi th; geologic mapping sugge t em· 
placement between Early Jura·. ic and early Middle Jurassic 
time. The age of tbi batholith agree clo. ely with the age of 
the Ko. ina batholith in U1e Talkeetna Mountain abou t 250 
miles to the northeast. 

A nearly complete Jurassic section in south-central 
and southwestern Alaska tratigraphically brackets 
plutonic rock that occur in a belt extending from the 
Talkeetna Mountains to the Alaska Penin ula. The 
tratigraphic data ·combined with isotopic ages provide 

the basis for a tie between the stratigraphic and radio­
activity time scale . In the ea tern Talkeetna Moun­
tains, Grantz and others ( 1963) reported a tie between 
the Toarcian-Oxfordian interval (and perhaps the 
~arly-Middle Jurassic boundary) on the stratigraphic 
time scale and 160- 165 million years on the radioactiv­
ity time scale (Kulp, 1961). Potassium-ar()'on ages of 
hornblende and biotite are herein reported for 3 
samples from a stratigraphically bracketed pluton on 
the west side of Cook Inlet (fig. 1), about 250 miles 
southwest of the eastern Talkeetna Mountain . The 
ages obtained indicate t hat emplacement of O'ranitic 
rocks was practically synchronous for the tw~ areas. 

GEOLOGIC SETTING OF THE ALEUTIAN RANGE 
BATHOLITH 

Rec.onnais ance studies were made on parts of the 
Aleutlan Range batholi th by Martin and Katz (1912 
p. 74-77), who reported that the pluton i mainly 
hornblende gran ite but al o includes variou kind of 
granodiori e and quartz diorite. Juhle (1955 p. 4:2-
59) mapped the eastern mar()'in of the batholith be­
tween Chinitna Bay and Tuxedni Bay. He reported 
that the rnar()'in consist dominantly of hornblende 
quartz diorite which g rades we tward into biotite­
muscovite granodiorite, and that tocks of quartz mon-

zonite intrude the quartz diorite. More detailed current 
''~'Ork in the iliamna area (Detterman and Reed, 1964) 
has shown the batholith to b .a compo ite body consi I· 
ing of hornblende quartz diorite, hornblende-biotite 
quartz diorite, biotite-hornblende quartz diori te and 
biotite quartz diorite. Phases of granodiorite, q~artz 
monzonite, and O'ranite are present locally. 

The lower strati()'raphic limit for the mplacement 
of the Aleutian R.an()'e batholith is et by the Talkeetna 
Formation of Early Juras ic a()'e (fig. 2). The Tal­
keetna Formation is '"~ idespread in t he ook Inlet 
region and con ists of 6 000 to 9,000 feet of predomi­
nantly volcanic rocks with a few interbedded sedimen· 
~ary rocks. The lower part of the formation as exposed 
rn the mapped area (fig. 1) is intruded by the Aleutian 
R-ange batholith near the head of Chinitna Bay. In 
nearby exposure the lower pa•rt of the Talkeetna For· 
mation disconformably overlies beds of Late Triassic 
(Norian) age. Rocks lithologically similar to the 
Talkeetna are intruded by the batholith near ample 
site X 2 at Tuxedni Bay. Fossils have not been found 
in the Talkeetna Formation we t of Cook Inlet but the 

' formation is correlated on the basis of litholo()'y with 
rocks in the Talkeetna Mountains that contain a Lower 
Jurassic fauna (Grantz and others, 1963). 

A definite upper stratigraphic limit for emplace· 
ment of t he Aleutian Ran()'e batholith is establi hed 
by the Chisik Conglomerate Member, the basal member 
of .t~e Naknek Formation of Late Jurassic age. The 
Ch1 ik Conglomerate Member contains abundant fresh· 
appearing granitic cobbles and boulders that are petro· 
graphically similar to the rocks of the Aleutian Range 
batholith. A rapid southeastward thinning of the con· 
O'lomerate accompanied by a corresponding decrease 
in ize of cla t , plus relict conglomerate-filled stream 
channels that cut into the underlying rock , indicate 
a nearby northwestern source of the granitic detri tu . 
The conglomerate lenses out laterall y into sandstone 
and ilt tone between Chis.ik I sland and Ini skin Ba.y, 
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and the and tone fa i contain a fauna chan1 terized 
by Ca1·dioc ra p. (lo alit F 2 in fia . 1 and 2 and 
table 1) of early Oxfordian aa . The hi ik i over­
lain by fossiliferou ilt ton bed in the Nakn k For­
mation (lo ality P) and i underlain by fo iliferou 
ilt tone bed in th hinirna Formation (locality F 3

). 

aknflk il tston (F1
) contain Bucltia sp. and Peris­

phinctes p. of lat Oxfordian to arly Kimmeridaian 
age, and the si lt ton in th hinitna Formation (P) 
contain Phyllocera. (Pm·t. chic ?'a. ) p. (Imlay, 1953, 
p. 73), of middle to late allovian a 

A more restri ct ive tim of emr Ia ement for the 
batholith is uage ted by field e' idence west of Cook 

Inlet. rko ic and tone near the base of the Red 
Gla ier Format ion (fig. 2) and a few granitic clasts 
from the overlyina Gaik ma and tone both of Middle 
Jura i (Bajocian) age, and part of the Tuxedni 
Group (Det.terman, 1963) uage t that the batholith 
wa partly unroofed by Bajo ian time. We cannot ay 
un quivo a lly that the aranitic detritus from the Red 
,.]a i r Formation and Gaikema Sand tone was de­

rived from the Aleutian Ranae batholith, but ·there is 
no evid nee of a pre-Jura i O'ranitic ource in south­
we tern Ia ka. Fo sil in the Red Gla ier Formation 
include Tmetoceras p., E1'Ycite p., P edudolioceras 
p., Emilea sp., and onninia sp., all of early to middle 
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Bajocian age (Imlay, 1964, p. B6-Bll). A specimen of 
Tmetoceras regleyi Dumortier (F5 ) was found in a 
siltstone of the Red Glacier Forma:tion which overlies 
the arkosic sandstone within 1,000 feet of the uncon­
formity between the Tuxedni Group and the under­
lying Talkeetna Formation (figs. 1 and 2). This 
unconformity marked the end of Early Jurassic vol­
canism and t he beginning of marine sedimentary 
deposition. Stratigraphic relation suggest also that 
the Aleutian Range batholith was emplaced during this 
tectonic event. 

ANALYTICAL RESULTS 

Potassium-argon ao-es were determined for horn­
blende and biotite separated from samples of the 

Aleutian Range and Kosina !batholiths and from a 
boulder in the Chi ik Cono-lomerate Member. The 
samples from the Kosina batholith are granodiorite 
and quartz diorite (Grantz and others, 1963). The 
samples from the Aleutian Range batholith and the 
Chi ik ono-lomerate Member are all lassified as 
qua,rtz diorite according to the modal classification of 
granitic rocks of Williams and others (1954, p. 93-
148). Sample X 1 is from along the road between 
lliamna Bay and Pile Bay in the southwestern part 
of the area shown on the rna p (fig. 1), X 2 is from the 
north side of Tuxedni Bay, in the northearstern part 
of .the map area, and X 3 is from a boulder in the 
Chisik along the southwestern side of Chi ik Island. 
The approximate composition of the bedrock samples 
is plagioclase (mainly sodic andesine) 30-50 percent; 
orthoclase (mainly interstitial) 5- 8 percent; quartz 
20-35 percent; hornblende 12-25 percent; and biotite 
6-12 percent. Minor accessory minerals include mag. 
netite, apatite, sphene, and zircon. The approximate 
composition of the boulder from the Chisik is plagio-
clase (mainly sodic andesine) 40 percent; 011thoclase 
percent; quartz 32 percent; hornblende 12 percent; 
biotite 7 percent; and accessory minerals a,bout 1 per· 
cent (these include opaque minerals, apatite, phene, 
and zircon). 

The argon analyses were .made using tandard iso­
tope-dilution techniques, and the potassium analyses 
were done by flame photometry using a lithium in· 
ternal standard. For the potassium-argon analyses 
(table 2) we estimate the standard deviation of ana­
lytical precision to be approximately 4 percent. The 
standard error of the mean (a-.) of 9 arc-on analyses 
of sample-62ALel biotite, which is used as an intra· 
laboratory argon standa,rd, is 0.20 percent, and the 
total spread is 1.6 percent. The difference between 2 
argon analy es of sample-59AGz- M26 hornblende is 
0.2 percent. The absolute uncertainty in calibra,tion 
of the Ar38 tracer is considered to be less than 1 per­
cent. Replicate potassium analyses of intrahboratory 
standard minerals give standard errors of the mean 
( <Tx) of 0.39 percent for 12 analyses of a biotite (7.71 
percent K 20) and 0.41 percent for 10 analyses of a 
hornblende (0.493 percent K 20) . On the basis of these 
data we assign an analytical uncertainty of ± 6 million 
years to the potassium-argon ages reported in this 
paper (table 2) . 

As part of our investigation, fragments of two of 
the bedrock samples from the Kosina batholith col-
lected by Arthur Grantz were crushed; hornblende was 
separated from one sample and hornblende and biotite 
were separated from the other sample. The ages pre­
viously reported (Evernden and others, 1961; Grantz 
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and others, 1963) for biotite from these two amples 
are shown in table 2 together with our results. The 
3 ages for sample-59AGz- M26 biotite are the results 
of analyses, made in 3 different laboratories, of biotite 
concentrated from 3 different fragments of the grano­
diorite. 

Ages for biotite from the pluton at Lake Iliamna 
( 62ALel) were previously reported by Detterman and 
Reed (1964). However, these earlier values should be 
disregarded because additional potassium and argon 
analyses have been made of this bioti·te (62ALel), and 
the value reported here is more precise. 

Field No. or 
Loc. on fig ures u.s. ol. 

1 and 2 and Survey Meso-
table 2 zoic locality 

No. 

XI_-- ------ 62AL 1 

X'--- ------ 62ALe5 

X'- - - ------ 62ALe6e 

Fl ____ ______ 22667 

fl ___ _______ 22701 

fl ____ ______ 2266 

fl ____ ____ __ 19961 

Fl _____ _____ 24335 

Field o. 

62ALe1 (Aleut ian Range 
batholi th). 

62ALe5 (Aleut ian Range 
batholith). 

TABLE 1.- Location and source of samples dated and of fossils 

[Fossils iden t.ified by Ralph W. Imlay] 

Rock type or fossil Source 

Quartz diori te ______ ______ __ _ Aleutian Range batholith, 2,000 ft from 
its contact. 

_____ do ___ __________________ Aleutian Range batholith, ~ mile fro m 
its southeast conta ct. 

_____ do ___ __________________ Rounded granitic boulders from Chisik 
Conglomerate Member at base of 
Naknek Formation. Boulders from 
about middle o( member where it is 
560 ft thick. 

Buchia cf. B. concentrica Siltstone unit in Naknek Formation 
Lahusen Perisphinctes sp. (Late Jurassic), about 1,000 ft above 

xa. 
Cardioceras martini Reeside ___ Sa ndstone facies of Chisik Conglomer-

a te Member, about same position as 
xa. 

Phylloceras (Partschiceras) Siltstone in upper Chinitna Formation 
subobtusifonne Pom peckj . (La te Jurassic), a bout 350-400 ft 

below X3• 
W itchellia sp ____ _______ _____ Sandstone in Ga ikema Sandstone (Mid-

die Jurassic) of Tuxedni Group, 
a bout 5,000 ft above contact with 
Talkeetna Formation (Lower J uras-
sic) . 

Tmetoceras regleyi Dumort ier __ Siltstone in Red Gla cier Formation 
(Middle Jurassic) of Tuxedni Group, 
a bout 1,000 ft above contact with 
Talkeetna Formation (Lower 
Jurassic). 

TABLE 2.-Potassium-argon ages and analytical data 

Locality 

Iliamna (D-2) quadrangle; lat 
59°42'05" N., long 153°42' 
W. 

Kenai (A- 8) &uadrangle; !at 
60°15'10" ., long 
152°53'10" w. 

Kenai (A- 7) &uadrangle; lat 
60°06'50" ., long 
152°35'05" w. 

Kenai (A- 7) &uadrangle; !at 
60°05' 50" ., long 
152°33' 55" w. 

Seldovia (D- 8) ~adrangle ; 
lat 59°57' 50" ., long 
152°48'50" w. 

Kenai (A-7) quadran~le ; !a t 
60°07' N. , long 152 35'30'! 
w. 

Iliamna (D- 1) quadrangle; lat 
59°49'05" N ., long 153°10' 
w. 

Kenai (A-8) &uadrangle; !at 
60°13' 15" ., long 
152°53'20" w. 

[Potasstwn analyses by H. C . Whitehead and L. B. Schlocker ; argon analyses by M.A . Lanphere] 

K 10 analyses Average Ar•0rad A_rto,.d Apparent age 
Loc. on fig . I Minera l (percent) K10 ArfO-.otal (m .y .) 

(percent) ( Jo-" moles/g) 

{~1-------
Biot ite ___ ________ . 75, . 77, 3 . 7 I 21.56 0. 82- 0.96 160 
Hornblende ___ ____ 0.952, 0.951 . 952 2. 469 . 77 168 

{~~-------
Biot ite __________ _ 5.59, 5. 63 5. 61 14. 75 . 68 170 
Horn blend 0. 473 , 0. 475 . 474 1. 229 . 58 168 

62ALe6e (Chisik Conglom- {~3-------
Biot ite ___________ 5. 64, 5. 75 5. 70 13. 43 . 83 153 

1. 70 . 74 156 erate). Horn blend 0. 714, 0. 715 
Biot ite ___________ 4.33, 4. 37 r ----59AGz-M26 (Kosina batho- ---------

_____ do ___________ 
----------------_____ dO-------~---lith). --------- ----------------Hornblende _______ 0. 49 , 0. 501 ---------

---------
_____ do ___ ________ 

----------------59AGz- M58 (Kosina batho- {-- -- -----
Biot ite ___________ ------- ---- -- ---lith). Hornblende __ _____ 0. 399, 0.40 ---------

Decay constants for K 40 : h. = 0.585X 10- 10 year- 1 ; X, = 4. 72 X 10- 10 year- 1. 

Atomic abundance of K40= 1.1 9X lQ-4 . 
1 Mean value or nine AI detenn lnatlons . .,. - 0. 20 percent. 
1 Evernden and ot hers (1001 ). 
1 Gran tz and others (1963) . Age recalculated with the decay constants used in tbls paper. 

. 714 
4.35 11 . 12 2 166 

2 169 -- -- ---- ------- ----- ----- --- ---- 157 3 ----- --- --- --------- ----------- -
. 500 1. 227 . 68 159 

------- - 1. 225 . 77 159 
3 170 -------- ------- --- -- --------- ---

. 404 . 7627 . 69 163 
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All the pota ium-argon age of b drock ampl 
from the Aleutian RanO"e and Ko ina batholiths agree 
within the analytic.'ll uncertainty referred to above. 
The mean of 4 mineral a()' from out rop samples of the 
Aleutian Range batholith is 166 m.y., and the mean 
of 4 mineral ages from outcrop samples of the Ko ina 
batholith (u ing the mean of the 3 different result 
reported for sample-59AGz- M26 biotite as a single 
mineral aO'e) is 164 m.y. The mean of all of the avai l­
able pota sium-argon ages f rom these ba;tholi ths i 
165 m.y. However, our data on reproducibility ugge t 
that the scatter in results is not due to analyti al un­
certainty, but probably reflects difl'erences in the 
coolin()' history of the amples analyzed or a slight los 
of radioO'enic arO'on since the mineral cry tallized. In 
discu ing the results we assume that the potassium­
argon aO"e are minimum ages because there i no 
evidence that hornblende or biotite from grani tic rock 
incorporate significant amounts of radiogenic argon 
during crystallization. Therefore, we consider the 
higher apparent ages to be the most relia:ble estimate 
of the time of emplacement of these plutonic rna ses, 
and sug()'e t a probable age of 170 m.y. for the emplace­
ment of the Aleutian Ran<Ye and Kosina batholiths. 

DISCUSSION OF RESUl TS 

There are no significant differences in t he ages of 
minerals from the Kosina and Aleutian Range batho­
liths, and we interpret these results to indicate general­
ly synchronous emplacement of the two batholiths. As 
stated earlier we assume that the potassium~argon ages 
are minimum values, but we also believe that the ages 
reported by Grantz and others (1963) and by us closely 
approximate the age of emplacement of the Aleutian 
Range and Kosina batholiths. The most compelling 
evidence supporting this interpretation is the pattern 
of concordant aO'es obtained on coexisting hornblende 
and biotite, which contrasts with discordant a<Yes that 

b 

commonly are obtained where postcooling thermal 
met.'tmorphi m ha affected plutonic rocks. For ex­
ample, in the ierra Nevada batholith of California 

. ' 
winch had a complex intrusive and coolin()' history, 
hornblende and biotite from the older plu tonic unit 
yield gro ly di cordant aO'es (Ki tler and others 1965 

' ' p. 91-92). On the ba is of the concordant hornblende-
biotite aCYe from the Aleutian Range and Kosina bath­
olith we infer that the parts of the batholiths studied 
r~fl~t a simpJe hi tory of emplacement and crystal­
hzatJ_on and tha_t the hornblende and biotite aCYe ap­
proxJmate the t tme of crystallization. 

The apparent aO' of hornblende and biotite from 
the quattz diorite bou lder in the hi ik onglomerat 
Member are siO'nifi.cantly less than the apparent ag~ 
of minerals from outcrop amples of the Aleutian 
Ran<Ye batholith. Grantz and others (1963) reported 
th ame type of difference b tween the aO'e of biotite 
from <Yraniti boulder in the Naknek Formation and 
from outc rop ample of the Ko ina batholi th. All the 
outcrop amples were coll ected within half a mile of 
the border of the plutons. If the boulders also were 
derived from the marO"inal portion of th batholith 
the difference in age between outcrop ample and 
boulder ug<Yest that lo of radio()' nic argon may 
have occurred durin<Y ero ion , tran portation, and 
depo ition of the boulders. But, if the boulders were 
derived from the interior of th pluton , t'Fie age di _ 
crepancy may reflect difference in coolin()' hi tory of 
the plu tons. Analysi of samples from interior por­
tions of the plutons may yield additional information 
on this discrepancy. 

The data obtained by Grantz and other (1963) for 
the Kosina batholith and by us for the A leutian Range 
batholith indicate a <Yenerally ynchronou emplace­
ment of the granitic rocks fo r the two widely parated 
areas. The accumulated trati<Yraphic evidence a\ o 
indicates that this emplacement occurred during the 
Toarcian-Oxfordian interval and that it may have 
occurred at the Ea;rly-Middle Juras ic boundary. 
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AGE AND DISTRIBUTION OF SEDIMENTARY ZIRCON 

AS A GUIDE TO PROVENANCE 

By ROBERTS. HOUSTON and jOHN F. MURPHY, 
Laram ie, Wyo ., Denver, Colo . 

worlo ctone int oooperation with the Geowuical S1w·vev ot Wyomi?tU 

Abat1·act.- Two distinct varietie of zircon were handpicked 
from Upper Cretaceous black sa nd tone deposit in Wyoming 
and dated by the lead-alpha method as 8()± 15 and 770 ± 0 
million year . Ba ed on the principle that an unmetamor­
phosed sedimentary rock can be no older than the youngest 
zi rcon it contains, the younger zircon provides a limiting age 
of 95 million years for the base of the pper Cretaceous 
Frontier Formation. The older zircon is a well-rounded, ap­
parently much-reworked va riety of Precambrian age. The 
regional distribution of the zircon and the age of the younger 
zircon suggest a source to the northwest, presumably the Idaho 
batholith or related extru ive rocks. 

Zircon is one of the most abundant and universal 
minerals in sedimentary heavy-mineral suites and has 
long been considered a useful mineral in stratigraphic 
and provenance studies. Many attempts have been 
made, with varying success, to coPrela,te zircon found 
in sedimentary rocks with that in possi-ble sources areas 
by utilizing such properties as shape, color, length­
width ratio, and index of refraction. Whereas these 
studies have provided indirect methods of determining 
the source areas of zircon contained in sedimentary 
rocks, very few attempt have been made to determine 
source areas by the more direct method of correlatin()' 
the Jead-a,lpha age of zircon in sedimentary rocks with 
that of likely source area . The pre ent study is similar 
in many •respects to that of Carroll and ot:hers (1957) 
on the heavy minerals of the Precambrian Ocoee Series 
but is more limited in its scope and objectives. 

Almost all the lead-alpha age determination made 
of zircon to date have been of zircon con tained in 
igneous and metamorphic rocks. This is understand­
able inasmuch as these determinations provide a direct 
age of the host ro k if the history of metamorphism 

or intru ive activity has not been overly complex. Age 
determinations of zircon in sedimentary ro ks, how­
ever, provide only an intermediate or average age of 
the total zircon content, which may 1be from many 
source rocks of widely diver()'en t ages. As the actual 
age of the zircon is not modified by metamorphi m or 
other events that affect normal sedimentary rock , the 
sedimentary host rock can be no older than the young­
est zircon that it contains. If the total zircon content 
includes several recognizable varieties, each of which 
may represent a different source, and if age determina· 
tions can .be made of the individual varieties, then the 
proba,ble error is reduced considerably and the age of 
the youngest variety of zircon will be clo er to the 
true age of the sedimentary host. 

Although the effect of analytical errors on the 
measured lead-alpha age can ·be reasonably asse sed, 
the uncertainty growing out of the field and laboratory 
"samplin()'" cannot be evaluated unless a number of 
zircon samples from different localities are available 
for analysis. In t he studies here described, only single 
samples of each type of zircon could be obtained, 
owing ·to the time consumed in tedious handpicking. 

A study of many black sandstone deposits of knomt 
Late Cretaceous age in Wyoming (fig. 1) by Houston 
and Murphy (1962) has ug()'ested the poss}ble useful­
ness of dated zircon in sedimentary and stratigraphic 
investigations. The black sandstone deposits, which 
are ancient beach placers, contain as much as 80 per­
cent common heavy minerals (Houston and Murphy, 
1962, p. 27). Included in the heavy-mineral concentra­
tions are two distinctive varieties of zircon ; one i 
euhedral and colorless, and the other is well rounded 
and pinkish violet (fig. 2) . 
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STBATIORAPWC HOST ROCK OF RLA('K SANDSTONE DEPOSITS 

Formaticm Dtf)Odt 
Lewis Formation ___________________________ Poison Spider 
Mesaverde Formation ____ _____ __ ____ ________ Cowley 

Lovell 
Dugout Creek 
Cottonwood Creek 
Grass Creek 
Mud Creek 
Coalbank Hills 
Clarkson Hill 
Sheep Mountain 

Rock Springs Formation _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Black Butte Creek 
Salt Wells Creek 
Red Creek 

Frontier Formation _________________________ Cumberland Gap 

FIG R E 1.- lnd x map of Wyoming, showing geologic and geographic setting of black sandstone deposits. 
pper Cretac ou formation ( t ippled) include rocks quiva len t to Mesaverd e and Lewis Formations, 

except in w stern Wyom in g, wh rc rock a old a Upp r Cretaceou Bacon Ridge andstone are included. 
Triangle , black sandstone d po its. umber (low r left corner) refer to (1) pinkish-violet zircon and 
(2) colorle s zircon upon which lead-alpha aged t rminations a re based. 
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The euhedral colorl variety of zi rcon is the om-
mon one as indicated by it ind x of r fra tion: 

has a liuhtly lower index of refraction than the 
euhedra,l colorless variety: 

nE = 1.9 0- 1.983 
no = 1.920-1.924 

It i fluor cent when activated by hortwave ultra­
violet liuh t , it is nonmetami t, and it ommon ry tal 
forms are 111, 311, 110, and 100. The well-rounded 
pinkish-violet variety is similar to hyacinth zircon and 

'711& = 1.97 
no = 1.917 

It is nonfl.uorescent, nonmetamict, and less radioactive 
than the euhedral colorless zircon. 

In some black andstone samples the total zircon 
content makes up as much as 17 percent of the heavy 
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Fro RE 2.- Examples of euhedral colorles 
zircon (upper right) and well-rounded 
pinki. b-violet zir on (lower left) in black 
sand tone deposits. Ordinary light. X 200. 

minerals. Except for the shape and color of the two 
zircon varieties, the physical properties are virtually 
identical. The total zircon content of each sample can 
be readily extracted by standard methods of mineral 
separation, but the two varieties can be separated only 
by handpicking. Two such sample , one repre enting 
each zircon variety, were subsequently dated by the 
lead-alpha method and are reported here. Great care 
was used in the physical extraction of each variety. 
The sample of the rounded pinki h-violet variety is 
from a black sandstone deposit at the base of the p­
per Cretaceous Rock Sprinus Formation on Red Creek 
( o. 1, fig. 1), in ec. 22, T. 12 N ., R. 105 W., weet­
water County, Wyo. The euhedral colorless variety 
is from a deposit in the lower part of the pper 
Cretaceous Frontier Formation at Cumberland Gap 
( o. 2, fig. 1) in ec. 1 , T. 1 N. R. 116 W., in ta 
Coun ty Wyo. The lead-alpha aues are given in truble 1. 

TABLE 1.- Lead-alpha age of sedimentary zircon in black sand­
stone of Cretaceous age 1:n Wyoming 

Varietv of zircon lvf eth 8izt a/mg·hr 

115 1 

173 4 

Lead-alpha age 
(miUiom of 

uad (ppm) vear8 ' ) 

Pinkish violet_ ___ _ 
Colorle s ______ __ _ 

38 3 770 ± 80 
5. 4~ 80 ± 15 

- 100+ 400 
- 100+ 400 

' Lead-alpha ages (rounded otT to nearest 10 miUlon years) were calculated from the 
roUow!ng equations (Gottfr ied and others, 1959, p. 19): 

(l) For ages Q-200 m .y.: t = C Pb/a, where tIs the calculated age in miUlons or 
years, Cis a constan t based upon the /Tb ratio and has a value or 2,485, 
P b Is the lead content in parts per million, and a is the alpha count per 
milligram per hour ; and 

(2) For ages 200-1,700 m.y. : T=t -1-i kl•, where Tis the age in millions or years 
corrected for decay or uranium and thorium, and k Is a decay constant 
based upon the U/Th ratio and has a value of 1.56X I0- 4. U/Th ratio 
assumed to be 1.0. 

' A.lpha-acti vlty measurements by H. W. JafJe. 
• Lead analysis by C. L . Waring and H . W . Worthing . 
4 Alpha-acti vity measuremen ts by T. W. Stem . 
• Lead analysis by Harold Westley . 

On consideration of the above limits of error of tb, 
1 ad-alpha determination for the colorles variety it 
eems probable that the aue of the Frontier Formation 

is no greater than 95 miJlion years. Thi figure a()'rees 
very well with the presently used (Kulp, 1961) 63- to 
135-million-year age range of the Cretaceous Period. 
Cobban and Reeside (1952) have shown that the Fron. 
tier Formation in Wyominu is the basal unit of the 
Late Cretaceous Epoch and, hence, the dated zircon in 
its lower part affords a maximum age for the Late 
Cretaceous in this area. 

It is generally recognized that the source of Creta. 
ceous clastic sediments in thi region Jay to the w 
along the margin of the Ro ky Mountain geosyncline 
( Gilluly, 1963, p. 146). Within this vast source area 
the Idaho batholith, or its related volcanic rock , i 
postulated to have provided the euhedral colorle 
zircon that is so ommon in the black sand tone de­
posits. The zircon was probably transported east and 
south to the Late retaceous sea by streams that had 
eroded batholithic ro k at their breakwaters or by air 
currents laden with pyroclastic ejecta a. ociated with 
the batholith. This contention i compatible with the 
investigations of Larsen and other (1958, p. 54), who 
determined the ages of 16 zircon ample from many 
parts of the Idaho batholith as ranuinu from 94 to 135 
million years. They conclude that the batholith i 
early Late Cretaceous in age and that it was intruded 
in a short time, not more than a few million years. 

Table 2 shows that the percentage of the colorle 
zircon increases northward, in the general direction of 
the Idaho batholith and, conver ely, it decreases south· 
ward. The source area or areas for the older well· 
rounded pink-violet zircon is not determined, but the 
shape of the zircon sugge ts a complex hi tory in­
volvinu many cycles of erosion, tran port and redep­
osition since removal from it original Pr ambrian 
parent rock. 

In the deposits of New Mexi o and rizona, there i 
a marked reversal in the trend of zircon distribution 
as shown in table 2, and the euhedral colorless variety 
is relatively aJbundant. This i believed to indicate 
detritus from a ource area other than the Idaho 
batholith, but probably one of Mesozoic age. Such a 
hypothesis for explaininu the distribution of the euhe­
dral zircon of presumed Mesozoic age is in general 
agreement with the distribution of major centers of 
plutonic activity in the Western nited tates during 
middle and early Late Cretaceous time as di cus ed 
by Gilluly (1965, p. 16, and fig. 5). 

The New Mexico and Arizona black sandstone de­
posits, as well as those in southwestern Colorado and 

tah, contain significant percentages of pinkish-violet 
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TABLE 2.- Regional distribution of zircon varieties -
umber of Total 

Average within region and range (in parentheses) 
or individual samples (volume percent) Ratio of eu.hedral Region deposits umber of zircon colorless to sampled samples grains 1 well-rounded 

counted Euhedral Well-rounded Euhedral pink-violet 
colorless pink-violet pink-violet 

-
Montana .. --------------- --------------- 3 3 370 78 ( 72-79) 22 ( 21 - 2 ) 0 2. 81 
Northern \'!yom.ing _____ ---- ------ -------- 5 24 3, 067 49 ( 16- 54) 51 (46-84 ) 0 . 96 outhern \ V omJn g _________ __________ ____ 7 18 2, 516 45 (27- 2 ) 55 ( 18- 73 ) 0 2 
Northern olorado _____ ----- -------------- 1 2 142 25 ( 11- 39) 75 (61- 89) 0 . 33 
outhw tern olorado and outhea t ern 

2 4 1, 088 tah .--------------------------------- 7 ( 0- 25) 86 ( 25-91 ) 7 (0- 40 ) . 08 
;\orthwcst rn N wM xi o and northca t.ern 

Arizona ----------- ----- ------ -------- 9 10 1, 000 41 (36- 74 ) 32 ( 9-48) 27 (Q-50 ) 1. 25 

1 Only Jlli-, J7()-, and 250-mesh sizes were counted, hut these included virtuall y all zircon in samples. 

zi rcon that is on picuously euhedral (table 2) . It is 
generally a umed that pinkish-violet zircon i derived 
from rocks of Pr am brian age (Hutton, 1950, p . 700; 
H. W. JaA' , writt n c mmunication, 1956). If thi i 
true, then the uhedral shapes of the New Mexico and 
Arizona pinki h-v iolet zircon would ugge t a more 
dire t derivation from Precambrian rocks with little 
or no reworkincr. 

In the 'black and tone depo it of Wyomincr the 
well -rounded pinki h-violet (Precambrian) zircon is 
more abundant relativ to euheclral colorless zircon in 
the youncrer of the pper Cretaceou depo its, and les 
abundan t in the ol ier depo its (tier. 3). Thi can be 
interpreted a indi atincr that durincr the early part of 
the Late r ta ou orocreny the younger igneou rocks 
provided a maj r part of the detritu , either by ero ion 
of the Idaho batholith or by a sociated volcani m. As 

uplift continued, older rock were probably exposed 
to erosion and the zircon from the batholith was di­
luted with the older pinkish-violet variety. 

The foregoing demonstrates only one way in which 
the lead-alpha age of sedimentary zircon can be used 
in geolocric studies. Conceivably, there are many more, 
particularly when age data are used in conjunction 
with data crained by the more conventional techniques 
employed in stratigraphic and sedimentation tudies. 
It should be noted, however, that aside from the limits 
of interpretation already mentioned rega.rding sedi­
mentary zircon, the lead-alpha method of age deter­
mination has, in itself, several possible sources of error 
which should be considered before any preci e con­
clusions are attempted. Critical evaluations as to the 
limitation·s of the method have been discussed by Gott­
fried and others ( 1959) and by Stern and Rose ( 1961). 
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l<'IOUR~: 3.- Rela t ive di t r ibutioo of zircon vari eti in black ·and ·tone depo its of Wyoming. Deposits a re arranged 
diagra mmatically in ord r of dec reaf!i ng tratigrapb ic ag from I ft to righ t. L ation of depo its bown on figure 1. 
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CARBONIFEROUS ISOTOPIC AGE OF THE METAMORPHISM OF THE 

SALMON HORNBLENDE SCHIST AND ABRAMS MICA SCHIST, 

SOUTHERN KLAMATH MOUNTAINS, CALIFORNIA 

By MARVIN A . LANPHERE and WILLIAM P. IRWIN, 

Menlo Park, Cal if. 

Prepared i:n cooperation with the OaUfornMJ, Divisi<m ot Mines and Geowgy 

Abstl·act.- Potas ium-argon ages ranging from 270±10 to 
329"±13 m.y. were obtain d on hornblende from the Salmon 
Hornblende chist and on mu covite from the Abrams Mica 
Schist in the outhern part of the Klamath Mountains. These 
ages sugge t that th metamorphic event that produced the 
schists took place during the arboniferous. Two younger age 
obtained on the schi t probably reflect the thermal efl'ects of 
Nevadan pluton . Mineral age from one of the e plutons, the 
Sha ta Bally batholith, range from 127 to 132 m.y. The i otopic 
data make it pos ible to consider certain Paleozoic strata 
expo ed east of the metamorphic belt as protoliths of the 
schists. The appar nt age of metamorphi m indicated by the 
isotopic data coincides in northern California and Oregon 
with a possible period of uplift during the Carboniferous and 
with an interruption of normal marine deposition during the 
Pennsylvanian . 

This paper describes new radiometric data pertain­
ing to the age of the almon Hornblende Schist and 
Abrams Mica chist, which have been considered by 
many geologists to be the oldest rocks in northern Cali­
fornia. ntil the past few years, most geologists who 
have dealt with these chists have con idered th m to 
be either Procambrian or pre- ilurian, because the 
schists were assumed to be ov rlain unconformably by 
strata of Silurian age, and younu r, that generally are 
not metamorphosed. Mor recently, however, the ba is 
for the assumption of a pre- ilurian age has been 
recognized as incorrect and it has become increasingly 
clear that the problem of the age of the schist is not 
likely to be resolved olely 'by application of normal 
field methods of stratigraphy. Thu the application of 
a supplementary technique su h as radiometric dating 
hould prove fruitful, at lea t to t he extent of assign-

ing a minimum age to the metamorphism that produced 
the schists. 

The Salmon and Abrams Schists were named by 
Hershey (1901) and are the principal rocks of the cen­
tral metamorphic belt (Irwin, 1960a) of the Klamath 
Mountains (fig. 1). The Sa,lmon consists principally of 
hornblende schist and gneiss that are thought to be 
metamorphosed volcanic rocks. The Abrams is chiefly 
micaceous quartz schist and marble, and is thought to 
be metasedimentary. The central metamorphic belt is 
approximately 10 miles wide and trends nearly north­
south for about 90 rrilles in a broad, westward-bulging 
arc. The metamorphic belt is flanked on both sides by 
strata that are for the most part Pa1eozoic in age. 
Granitic and ultramafic intrusive rocks of Mesozoic age 
are present in the metamorphic belt and the flanking 
belts of stratified rock. On the east side of the meta­
morphic belt the strata make up a thick, fairly com­
plete stratigraphic section that ranges in age from 
Silurian, or possibly Ordovician, upward through the 
Paleozoic, and, farther east, continues throuuh Triassic 
into Middle Jura si . In the outhern part of the belt, 
shown on figure 2, the oldest rocks exposed alonu the 
ea t sid of the metamorphic belt are of Devonian and 
Mi i ippian ag . They are generally separated from 
the schists to the we t by ultramafic rock. The strata 
west of the schist belt are structurally complex and less 
well known than those to the ea t of the belt. Near 
the schist th y seem chiefly Permian in the latitude 
of figure 2, and may be Triassic along the northern 
part of the belt. 

Unequivoca,l evidence for the age of the schists has 
not been found, although until recently they have been 
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Ji'IG RE 1.- Map of part of northwe tern California , showing 
the Klama th i\Iountain province (diagonal pattern) and the 
area of figure 2. The central belt of metamorphic rock and 
area of related rock are indicated by chist pattern. 

considered distinctly older than other formations of 
northwestern California. Her hey (1901) considered 
the schists to be pre-Devonian, favoring an Algonkian 
age. He thought the adjacent o-called Devono-Car­
boniferous rocks were deposited unconformably on the 
schists. He discussed but rejected the idea that. the 
schists could be metamorphic equivalent of the ad­
jacent Paleczoic strata. Later, Diller (1922) and 
Hind (1933) al o thouo-ht Lhat the ·chi t wer over­
lain un onformably by the Paleozoic strata, ome of 
which were then known to be ilm·ian in age, and they 
con idered the chist to be certainly pre- ilurin n anJ. 
probably Precambrian. 

Durin()' a re onnais ance of the Kl amath Mountains, 
Irwin (1960a) noted the linear te tonic aspect o£ the 
metamorphi belt, and nowhere wa the so-called tm­

onformable relation between the schi ts and Paleozoic 
strata een. The Paleozoic trata to the we t seemed 

learly in fault contact , .. ,.-ith the chi t , as noted by 
Her hey (1906), and the boundary betiYeen the 
chi ts and Paleozoic trata to the ea twa the locu of 

ultramafic and granitic intrusion . Irwin favored a 

modification of the idea on eived but rejected by 
Hershey (1901) that the schi t ar metamorphic 
equivalents of adjacent Paleozoi formations. An iso. 
lated patch of Paleozoic trata (Bragdon Formation) 
lying within th central m tamorphic b lt in the 
·weaverville quadrangles emed to offer the possibility 
of e tabli hincr whether the Paleozoic stra,ta actuaiJj. 
were depo it d on th chists, but her , too, th Paleo. 
zoic trata proved to be either in fault contact with the 
schi ts or eparated from the chi t by ultramafic rock 
(Irwin, 1963). It appeared that not only a,re the Pale. 
ozoic strata to the we t in fault contact with the 
chi ts, but tha,t the P aleozoic trata ea t of the schi 

are eparated from the schists e sen t ially ev rywhere 
by a heet of ul tramafi ro k. The u 1 tramafic h et wa 
postulated to be emplaced aJong a recrional fault along 
which the Paleozoic trata "-ere thru t w tward over 
the chi t (Irwin and Lipman, 1962). Du to the 
fault-bounded charact r of the entra.l metamorphic 
belt, early statement rega,rding un onformable trat i­
graphic relation between the s hi t and Paleozoic 
strata seem unfounded. 

Further complications in the problem of the age of 
the schi ts have b en pointed up by tudie in the 
centra,l part of the metamorphic belt, where the 
Abrams Mica Schi t is separated from that in the 
southern part of the belt by a broad area of almon 
Hornblende chist. Davis and Lipman (1962) hare 
shown that the Abrams in the central part of the belt 
occurs both above and below the Salmon. They recom· 
mended that the name bram be abandoned, and that 
the names Grouse Ridge and tunrt Fork Formation 
be substi tuted for the metasedimentary ro k lying 
a:bove and below the almon, re pecti,·ely. They on­
sider the Salmon Hornblende chi t and their Grou 
Rido-e Formation, the part of the bram that truc­
tura,lly overlies the Salmon, to have hared a imilar 
history of metamorphi m under condition of the 
almandine-amphibolite facies. Their tuart Fork For­
mation, the part of brams that underlie the almon, 
was metamorpho ed under condition of the green· 
schi t facies and is overthrust to thew t by the a1mon 
and Grouse Ridge (Davis and Lipman, 1962 · Da1i, 
1965). Incomplete r trograde metamorphi m of the 
Grouse Ridge occurred either during the same meta­
morphi m t.hat developed the green hi t mineral a · 
semblao-e of the Stuart Fork Formation (Davi and 

b . 

Lipman, 1962), or whil~ the higher grade met~morpl~1r 
rocks were already lymg over the green ch1st facie 
rocks durino- the waning stages of this metamorphic 
event (Late? Jurassic) (Davis, 1965). The Stuart 
Fork Formation is correlated with strata of the Paleo· 
zoic and Triassic belt adjacent to the west (DaYis and 
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Lipman, 1962; Davis, 1964). The Grouse Ridge of the 
central part of the metamorphic b lt i tentatively cor­
related (Davis and Lipman, 1962) with the .A!brams of 
the Weaverville quadrangle in the outhern part of the 
belt, where the expo ed Abrams apparently lies entirely 
above the almon (Irwin, 1960b, 1f\63). However, we 
prefer to retain the name Abrams until the relation 
are more clearly established. 

All the samples for radiometric datino- were collected 
from the southern part of the central metamorphic 
belt, except for a sample (A-5) of the Shasta Bally 
batholith which lies alono- the ea tern maro-in of the 
metamorphic belt (fig. 2). Pota ium-argon ages were 
determined for hornblende from 4 &'Lmples of Salmon 

chist, for muscovite or biotite from 3 samples of 
Abrams Schist, and for both hornblende and biotite 
from 1 sample of Shasta Bally batholith. 

Three of the Salmon samples (WA-2, A- 1, and A- 2) 
are fine-o-rained amphibolite characterized by a 
prominent lineation and the mineral a semblage horn­
blende-oligoolase-epidote-sphene. Sample W A-1 is a 
medium-grained amphibolite that contains garnet, 
partly altered to chlorite, hornblende, and olio-oolase 
(or andesine) as es entia] minerals. 

The Abrams samples are fine- to medium-o-rained 
micaceous quartz schist. Quartz, plagioclase, musco­
vite, biotite, and chlorite are present in all three 
samples. Muscovite, which occurs as well-formed 
plates 0.2 to 0.4 mm long, is the most abundant heet 
silicate in sample A-4, and mu covite, which o cur 
as plates le than 0.1 mm long, i the most abundant 
sheet silicate in sample A-3. In ample W A-5, mus­
covite is much less abundant than biotite and chlorite, 
which occur as aggregates of acicular !!rain 0.1 to 
0.2 mm long. 

The argon analyses were made u ing standard i o­
tope-dilution techniques, and the potassium analyse 
were done by flame photometry using a lithium in­
ternal standard. The precision of an individual ao-e 
measurement is governed by analytical errors of two 
different types. One type is the error in the determi­
nation of the potas ium and aro-on content of a min­
eral (or rock) that is caused by inhomogeneity of the 
mineral separate and catter of the data obtained on 
the mass spectrometric and flame photometric analyse . 
The re ults of replicate (repeated) analyses of pure 
mineral separates give an estimate of the analytical 
errors that may be expected in an individual analysis. 
In the U.S. Geological Survey laboratory in Menlo 
Park, 12 analyses of a biotite that is used as an intra­
laboratory standard o-ive a standard error of the mean 
( <Tx) of 0.18 percent and a total spread of 1.6 percent. 

In the prese~t study, 2 ar:o-?n analyses of sample A-1 
( acc~mpanymg . table) dtfier b~ about 0.1 percent. 
Replicate potassiUm analyses of mtralaboratory stand. 
ard minerals o-ive standard error of the mean (a, ) of 
0.39 p rcent for 12 analyses of a biotite (7.7(1) per. 
cent K20) and 0.41 percent for 10 analyses of a horn. 
blende (0.49(3) percent K2 ). Potassium analyses of 
2 splits of a mineral eparate generally differ by 1 , 

than 2 p r ent. Thus th reprodudbility of an argon 
or a pota sium analysis is consid red to be better than 
1 percent. The other type of error comes from un. 
certainty in the isotopic omposition and concentration 
of the Ar38 tracer and con ntration of the fla me 
photometer standards. The argon tracer is essentiallv 
pure Ar38 and the un ertainty in isotopic compositio~ 
of the tracer is not a sio-nificant source of error. 
Calibration of the Ar38 tracer y tern against purified 
air aro-on and interlaboratory tandard minerals in. 
dicates that the uncertainty in the concentration of the 
Ar38 tracer is les than 1 perc nt. Analyses of NB 
potassium standards indicate that the uncertainty in 
concentration of the flam photometer standard is 1 • 
than 1 per cent. Evaluation of both types of errors in· 
dicates that the analyti al error in an individual age 
mea urement probably i le than 4 percent in mo 
cases. Thu , the plu -or-minu value (see table) a. , 
sio-ned to each ao-e is the timated standard deviation 
of analytical pre i ion, exclu ive of possible systematic 
error introduced by an unc rtainty in the value of 
the de ay con tant for el ctron capture of K•0• 

In di cu ing the results obtained in this study we 
wil.J a ume that the pota sium-argon ao-es are at lea 1 

minimum ao-es. Ther i no evidence that muscorite. 
biotite, or hornbl nde inherit ignificant amount of 
radiogenic 'ar<Yon at the time of crystallization in a 
normal rustal environment, al though some ages 
o-reater than can be inferred from stratigraphic rela· 
tions have b en reported for mica from inclu ion in 
diatremes. 

The first radiom tri c age reported for hi t from the 
central metamorphic b lt of the Klamath Mountain 
was a pota sium-argon age of 190±10 m.y. for horn· 
blende from the almon hi t in th Weaverville 
quadran o-le (Irwin, 1963). dditional analyti a! work 
on this sample (W A- 1 in table how d that the 
original pota ium analysis was in error. The a!!e 
of sample WA- 1, based on 3 pota ium analy · 
which are in good agreement, is 1 2 m.y., and the 
previously reported age for this sample should be 
disregarded. The sample was colle ted approxi· 
mately 1 mile from the ha ta Bally batholith, and 
this locality may lie within the zone of ontact 
heating that surrounded the batholith. The pat· 
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Potassium-argon ages and analytical data 
(Potassium analyses by H. C. Whitehead and L. B. Schlocker · parentheses e cl . 

' n ose uncertam digits . Argon analyses by M.A. Lanphere] 

Field No. Mineral 
K,O analyses 

(percent) 

I 
A (~~~nlfJ'O I ( 1()-~gm;'~)·gles/ I Ar"••• I Apparent age I ~ (mlUions or LocationJ 

years) 

Salmon H ornblende Schist 

-
WA-L --- Hornblende ___ 0. 22, 0.22( 4), 0. 22 ( 4) 0. 22(3) 0. 7198 0. 30 182 ± 10 wx sec. 29, T. 32 ·~ R . 8 

W. 40°35'45" ., 
\\ A- 2 __ --- _____ do ___ ____ 0. 35, 0. 35(5) . 35(3) 1. 613 . 63 

122°48'00" w. 
286± 12 Center W~ sec. 23 1 T . 32 N.

1 

R. 10 w. 40°37'00" . 

A-L------
_____ do _______ 0. 33 ( 6), 0. 32(7) . 33 (2) 1. 440 . 81 

122°58'30" W. I 

273 ± 11 EX sec. 251 T . 34 N .1 R . 
11 W. 40°46'45" N.; 

A-2-------
_____ do _____ __ 0. 39 (9), 0. 39(8) . 39( 8) I. 706 . 87 

123°02'45" W. 
270 ± 10 EX sec. 41 T. 33 N. 1 R . 

10 w. 40°44'30" .. 
122°59 '45" W. I 

Abrams Mica Sc:hlst 

A-3 ____ __ _ Mu covite ____ 7. 0(6) , 7. 1 ( 4) 7. 1 ( 0 ) 35. 17 0. 95 309 ± 12 WX ec. 26, T. 32 ·~ R. 
10 w. 40°36' 15" ., 
122°58'30" W. 

A--4 _______ _____ do _______ 7. 2(8), 7. 1 ( 9) 7. 2(4) 38. 42 . 98 329 ± 13 } SE cor. sec. 1, T . 32 ., R. 
38.39 . 87 329 ± 13 10 w. 40°39'00" ., 

122°56'30" w. 
WA-L --- Bioti te _______ 1. 6(8), 1. 6( 4) 1. 6(6) 3. 440 . 82 135 ±5 EX ec. 241 T. 32 N., R , 

10 W. 40°37'00" N.; 
122°56'45" w. 

S hasta Bally batholith 

A-5 ___ ---- Biotite __ ____ -I 8. 3( 1 ), 8. 4(5) , 8. 4( 4) 17. 12 0. 96 132 ± 5 

l EX s c. 5, T . 32 8. 5 ( 2 ), 8. 4(7) ~ ., 
A-5 ___ ____ Hornblende __ - ~ 0.47(4), 0. 46(5), . 47(0) . 9172 . 69 128 ± 5 R. 8 w. 40°40'00" ., 

0. 47(4) 0. 46(7) 122°47'15" w. 

Decay constants for K 40 : '-• = 0.585 X lQ- 1° year- 1; f.~ = 4. 72 X lQ- •o year- • 
Atomic abunda nce of K 40 = 1.19 X 10- •. 

1 Locations or samples based on land net shown on U .S. Geological Survey Weaverville quadrangle, 1950, scale 1:62 500, except sample A- 1 from Helena quadrangle, 1951, 
scale 1:62,500. ' 

tern of apparent ages of other rocks in the central 
metamorphic belt suggests that the hornblende in 
sample WA- 1 lost a large part of its accumulated 
radiogenic argon when the Shasta BaJ.ly batholith was 
intruded. But thi hornblend ag is iunifi antly older 
than age of min rals from the batholith. Thi m­
dicate that the contact metamorphic effect of the 
batholith were not uffi i nt to completely de troy the 
mt:mory of an older age; that i , the primary age of 

metamorphi m of th almon chi t. 
ges rangin from 270 m.y. to 329 m.y. were ob­

tained from hi t ample collected several miles 
from the near t pluton. Aues of the 3 hornblendes 
(WA-2, A- 1, and A-2) from the almon chit are in 
good aureement and give a mean au of 276 m.y. g 
of 309 m.y. and 329 m.y. for 2 mu o' ite (A- 3 and 
A-4) from th Abram chi t agree within analytical 
uncertainty. The mu covite and hornblende age differ 
by more than analytical uncertainty, but the reason for 

this difference is not known. However, according to 
Kulp's (1961) compilation of the ueologic time scale, 
these ages suggest that the Abrams and Salmon 
Schists of the southern part of the metamorphic belt 
were produced during the Carboniferous. 

The 135 m.y. age for biotite from sample W A-5 of 
the Abram Schist is considered to represent a meta­
morphic overprint that is not related to the primary 
metamorphism of the chists. Biotite is known to be 
sensitive to thermal metamorphism, and we believe that 
this sample lost its accumulated radiogenic argon at 
the time that the Shasta Bally batholith and related 
pluton were emplaced. The age for the biotite is in 
good agreement with a.ues obtained from these in­
trusive rocks. The ages of 128 m.y. and 132 m.y. for 
hornblende and biotite, respectively, from a sample of 
uranodiorite (A-5) from the northern part of the 
Shasta Bally batholith (fig. 1) are in excellent agree­
ment with an age of 127±4 m.y. (recalculated using 
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pre ently accepted decay con tan! ) determin d by 
Curti and other (195 ) for biotite from quartz diorite 
from the southern part of the batholith. Potas ium­
arrron age ranging from 127 m.y. to 133 m.y. have 
been mea ured on biotite from oth r plutons in th 
central and northern part of the metamoq hie ·belt 
(DaYi , 1963). Most geoloo-i t on ider that the e 
intrusive rocks were emplaced during the "evadan 
oroo-eny. The biotite in sample WA-5 may have ben 
formed durino- the Nevadan, but it eem more likely 
that thi biotite lost it a umulated radiogeni araon 
durino- that orogeny. 

The radiometric data are con idered to indicate 
minimum ao-e for the metamorphic event that formed 
the schi t . One might po tulate that the almon and 
Abrams were formed durino- an an i nt metamorphic 
event, perhap durino- the Precambrian, and that the 
Carboniferous ao-e ugge ted by the i otopi data r -
ults from a lo s of argon durino- a later ororreny uch 

as the Jevadan (Late Jura ic). Ho"-ever, th 3 con­
cordant ages of hornblende from the almon ind icate 
the likelihood of a real metamorphic epi ode at ap­
proximately 2 0 m.y. not an accidental con ordance 
of hybrid arres. The potassium content of th e three 
hornblendes differs by about 20 percent, and in order 
for the arres to be hybrid, and till be concordant, a 
mechanism would be required to r move aro-on from 
each hornblende in amounts proportional to its potas­
sium content. Such a mechani m eem unlikely . 

If the schist were formed during the Carboniferous, 
it is reasonable to look to orne of the a.l'boniferou 
and older trata ea t of the metamorphic belt for a 
suitable protolith, and to search for upplementary 
evidence of an oroo-enic epi ode during that period. 
Of the exposed Paleozoic trata, only the Copley 
Green tone (Devonian n ha the right age, correct 
lithology, and ufficient thickness and lateral extent 
to be con idered a protoli th of the a.lmon chi t. The 
choice of formations that might serve as protolith for 
the brams of thP. outhern part of the metamorphic 
belt is not as narrow as for -the almon, and more than 
one formation might be included. trata that ap­
parently are suitable as protoliths for the Abram of 
the southern part of the belt, and for the chi t over­
lyino- the al mon in the central and northern parts, 
occur stratio-raphically both a.boYe and below the Cop­
ley Green tone. Tho. e above the Copley include the 
Kennett (Devonian), Bragdon (Mi sissippian), and 
Baird (Mis i sippian) Formations, and are exposed in 
the latitude of the outhern and entral part of the 
metamorphic belt. Those below the Copley include the 
Duzel (Ordovician n and Gazelle (Silurian) Forma-

tions, and are exposed only along the northern part 
of the belt. 

Th i otopi data indicate a arboniferous age for 
the m tamorphi m that form d the Abrams and al­
mon hi t of th southern part of the metamorphic 
belt. Meta dimentary rocks that underlie the Salmon 
in the central par of the b lt have been correlated 
with trata to the west that includ upper Paleozoic 
and Triassic units (Davi and Lipman, 1962; Davi 
1964b). If thi corT lation is orrect, these meta edi­
mentary rocks mu t be younger and not equivalent to 
the bram of the south ern part of the belt. 

The pos ibil ity of the schists being metamorphic 
eq uinll en of Carboniferous and older strata exposed 
to the ea t of the metamorphi b lt hould not be di . 

ounted because of the abrupt transition between the 
hYo terranes. As mentioned earli er the two terrane 
are now s parated by an ultramafic heet and are 
thought to haYe b en br·ou ht into present juxtaposi­
tion by the Pa leowi tra ta b in o- thrust westward 
ov r the hi t (Irwin and Lipman 1962). 

There are c rtain anomalie in the Carboniferou 
portion of the Paleozoic section that might relate to 
the age of metamorphism indicated by the isotopic 
data. In th Klamath Mountains, sparse Early Penn-
ylvanian trata have been recoo-nized only recently, 

de pite the fa t that all other y tems from ilurian 
throurrh Jura sic are well repre ented east of the cen­
tral metamorphic belt by thick marine depo its. Skin­
ner and Wilde (1965) identified fusulinids of probable 
Early P enn ylvanian ag in the uppermost part of 
the Baird, but tate that a faunal hiatus between the 
Baird and McCloud Lime tone (P ermian) may repre­
sen t mo t of P enn yh anian time. Although they saw 
little or no phy ical evidence of a break between the 
Baird and .Me 'loud, much of the Me loud i ngulfed 
in mafic quartz diorite ( lber and Rob rt on, 1961) . 
and as pointed out by lbers (oral communication 
1965), the Baird and older trata ar mor hi~hly 
deformed and intruded by dikes and ill s than ar the 
Permian and youno-er trata to the ea t. The upturned 
edge of the Baird and 1c loud follow th same gro 
reo-ion al trend, but the boundary between them miaht 
actually be a ur·fa e of major unconformity when 
Yiewed normal to the regional trend. Further evidence 
of orogeny dur·ino- he C:ar•boniferous i seen where 
coar e conglom rate and grit totalino- hundr d of fe t 
in thi ckne constitute mu ch of the upper part of the 
Mississippi:~ n (Bragdon Formation) that und rlie the 
Baird. In the uplee area of east-central Oregon 
whi ch lie along a proje tion of the Klamath foun­
tain , the potted Ridge Formation include plant ­
bearing andstones and mud tones that are land-laid, 
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and Pennsylvanian in aae, in an otherwise marine 
Paleozoic section (Merriam and Berthiaume, 1943 · 
Ma.may and Read, 1956). Thu , in the California­
Oreo-on region there is a sugae tion of uplift during 
the b arboniferous and an interruption of normal 
marine deposition during the Pennsylvanian. 
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RADIOCARBON DATES FROM ILIAMNA LAKE, ALASKA 

By ROBERT L. DETIERMAN, BRUCE L. REED; and MEYER RUBIN, 

Menlo Park, Calif.; Washington, D.C. 

Abstract.- A radiocarbon date of ,520±350 year B fore 
Present from a lacustr ine sand deposit in a terrace at the 
west end of Iliamna Lake e tablishes a minimum age for t he 
second major advance of the Brooks Lake Glaciation. The 
advance must be considerably older than ,520 years, a other 
terraces are cut into the moraine a much as 49 feet above 
the dated terrace. 

10 5 0 10 

Iliamna Lake, Alaska (fia. 1), i s one of many large 
lakes in southern and south we tern A laska that occupy 
basins enclosed by moraines of Wi onsin age. Muller 1 

1 E . H . Muller, 1952, The g lacial g ology of the Naknek district, 
the Bristol Bay r glon, Ala ·ka: Illinois Unlv., t hesis, 97 p. ; micro­
film copy available from Unlve r lty Microfilms, Inc, Ann Arbor, Mich. 

20 30 4 0 MILES 

FIGURE 1.-Maximum extent of the Brooks Lake Glaciation in the Iliamna Lake region , Alaska. Dashed line, extent of first 
major glacial advance; glaciated area li es on the east side of line. Hachured line, extent of s cond major glacia l advance ; 
glaciated area lies opposite the hachured side of line. 
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(1953) named the alacial episode during which these 
Jake-enclosing moraines were built the Brooks Lake 
Glacia,tion. In the Ili amna L ake area the Brooks Lake 
Glaciation, as mapped by Detterman and Reed, is re­
corded by moraines of 4, or possibly 5, major advances 
that were separated by . everal minor periods of reces­
ion and readvance. The major advances of the Brooks 

Lake Glaciation probably corre pond to the advances 
of the Naptowne Glaciation a distinguished by Karl­
strom (1957; 1964, p . 56-57; Karlstrom and others, 
1964) 0 

The moraine of the second major advance of the 
Brooks Lake Glacia,tion (fig. 1) encloses the basin of 
the modern Iliamna L ake. A prominent wave-cut 
terrace is present on the inner side of this moraine. 
The alMucle of this terrace i about 127 feet above 
mean ea level· that of the present lake urface is 47 
feet. A series of younaer terraces with beach ridges 
and escarpment i present between the 127-foot level 
and the pre~nt lake. 

The elate presented herein, the first from the 
Tiiamna Lake area, are from deposits at an altitude of 
!llbout 78 feet in a terrace that has several beach ridges 
and a lakeward escarpment. ilt deposits and oriented 
lakes now occupy a former laaoon on the terrace. 
Loca1ly, and dunes ob cu re the beach ridges and es­
carpment. 

Two pits (fig. 2) were excavated in an area of gen­
erally tabilized and dunes that no" is covered by a 
parse tand of pruce and brush. The pits, about 20 

feet apart, both struck the white volcanic a h layer 
shown just abm e zone 3 in fiaure 2. The ecliment 
penetrated are interpreted as beina in part lacu trine 
and in part eolian. The upper 54 inches, considered to 
be an eolian deposit, includes dated zones 4 (200±200 
years old) and 3 ( 400 ± 200 year old). The and i 
light tan, un tratified and ha '"ell -fro ted grain · 
minor il,t i pr ent . Zone 4 ha many piece of rotted 
wood ome of which ar arbonized, probably a a 
re ult of a for t fire. Zon 3 i an organi layer con­
tainina many ca rbonized mall eecl pod , mall h,ia , 
and ara (?); it i ov rlain by the thin bed of whit 
rolcanic a h. 

Material in th interval between zon 3 and 2b may 
be either eolian or lacu trine; orne of the and arains 
are fro ted but many are not and there i mor i1t 
mixed with th and than i pre ent above zone 3. 
Zon 2a and b (1,9 0±2'50 year old) appear to be in 
a lacu trin deposi and probably mark the highe t 
tand of water on thi t rrac · it i composed of 2 

layer of organi material about 6 inche apart, 
parated by sand. The oraanic material i concen­

trated in th t rourrh of probable o ci llation ripple~ . 

N 
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FIG URE 2.- Stratigraphic ection in two pits in lake 
terrace at Iliamna Lake, Ala ka. Numbers in pa­
renthe e are number of amples on which age 
determination were made by Rubin at the .S. 
G ological Survey radioca rbon laboratory, Wash­
ington , D.C. B.P., years Before P resent (that is, 
before A.D. 1950). 

The paucity of fro ted and a rains and the presence of 
what are probably o cillation ripple marks ugaest 
water rather than the wind a the agent of depo ition. 

and below zone 2a is poorly tratified, finer grained, 
and contains more sil t than the overl yina uni ts; it is 
of proba.ble lacustrine oriain. The unit appears to lack 
depositional breaks, and probably marks a prolonaecl 
stand of the Jake at this level. Zone 1 is thin (0.25-0.75 
in.) and contains very fine organic material without 
identifiable plant remains. The age ( ,520±350 year ) 
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obtained from zone 1 is recrarded a a minimum age for 
th second major advan e of the B rooks Lake Gla ia­
tion. Becau e there are older terraces to a height of 
49 feet above th dated terrace, and becau e th terrace 
cuttincr took some time to accomplish, the moraine 
into whi h the e terraces ar cut is believed to be con­
siderably older than the dated t rrace. The advance 
which depo ited the moraine is p robably quivalent to 
the Killey tade of the Naptom1 GlaciatiQn (K arl-
t rom, 1964, p . 59). The Kill ey i thought to have c­

cmTed between 12,500 and 19,000 years aero. 
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MAGNETIC SPHERULES, COLORED CORUNDUM, 

AND OTHER UNUSUAL CONSTITUENTS OF A HEAVY BEACH SAND, 

MARTHA'S VINEYARD, MASSACHUSETTS 

By CLIFFORD A. KAYE and MARY E. MROSE, 
Boston, Mass. , Wash ington, D.C. 

Abst·ract.- ' aturally concentrated heavy beach sand from erals was determined by gram coun · under the 
western Martha' Vineyard contains small quantities of mag­
netic spherules, red and blue corundum, gahnite, native cop­
per, and gold. Except for larger average size, the magnetic 
pherule are sim ilar to tho ·e considered to be of extra­

terre ·trial origin. Their composition is maghemite and mag­
netite. Surfaces and hapes a re var ied and reflect crystal­
line structure. olored corundum, gahnite, and native copper 
are known to occur in the rocks of we tern Ma. sachusetts 
and Connecticut and the grains may have been tran ported by 
glacial ice from there to the southeastern part of Ma sa­
chu etts. 

Concentration of dark, heavy and are formed 
sporadically throughout the year on several beaches 
of Martha' Vineyard, an island lying 5 miles south of 
Cape Cod, Mas . (fiO' . 1). Examination of samples of 
naturally oncentrated heavy and from the beach 
at the western end of the sea cliff known as asha­
quitsa howed the pre ence of everal unu ual mineral , 
rare or unreported in w England, a well as mag­
netic ph rule . 

The ample wer taken from dark heavy sand a 
few inche to everal f et thick, that overlie a coar e 
cobbly ub tratum. The and i very uniform m dium 
grain d (M5 0 = 0.32 mm, ~ 0 = 1.1 · Tra k 1930). The 
h avy mineral ar dominantly O'arn t taurolite, mag­
netite, and ilmenite (table 1). The per entaO'e of 
quartz, f ld par and oth r ]iO'h! minerals Yaries, ''ith 
the ample fr m to 11 per nt of the total weiO'ht. 
In ord r to e timate the oncentration of orne of the 
rar r min ral , the and wa eparated into magnetic 
fra tions usin<Y th Franz I adynamic eparator. 
Grains w r identified p tro<Yraphi ally, and the rarer 
minerals wer also det rmined by X-ray diffraction 
technique . Th con nt ration of more abundant min-

microscope. 
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]!'ro nE I .- Location map of southern New England, showing 
outline of tile Trias ic ba in (diagonal pattern) of the Con­
necticut Valley. 

A semiquantitative spectrographic analysis was ob­
tained on a small sample of the beach and (table 2). 
The composition js relatively high in the rare-earth 
element , cer ium and yttrium, and in vanadium, zir­

conium, and titanium. 
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TABLE 1.-Heavy minerals in sand at ashaqw'tsa beach 

(Percent by volume or total sample] 

Garnet: 
Pink (almandite) __ _ _ 
Brown ( p artite) __ 
Red brown (spes-

sartite) ____ _____ -
olorle s, purple, and 
clouded (alman-
dite) __________ __ _ 

tauroli te_ - --- - ---- - -
Magnetite _______ ____ _ 
Ilm nite ____ ________ _ 
Goethite, pseudomor-

phous after glau-
conite _____ __ ______ _ 

Glauconite __________ _ 
Zircon: 

23 
1 

Epidote, yellow to 
gr en __ _____ _____ 1. o-o. I 

Tourmalin ·, black, 
brown _ _ _ _ _ _ _ _ _ _ _ 1. o-o. 1 

Amphiboles _____ ____ 1. o-o. 1 
Rutile: 

Red to silver_ _ _ _ _ 1. o-o. 1 
Jet -black_ __ ______ 1. o-o. 1 

illimanite _____ ____ 1. o-0. 1 
Kyanite ______ ______ 1. 0- 0. 1 

7 
Andalu ite_______ ____ Tr. 
Biotite_____ __ ____ ____ Tr. 
Gahnitc____ __ ________ Tr. 
Corundum, red, blue___ Tr. 

2 Monazite_______ ______ Tr. 
1 Topaz ___ _______ ___ __ Tr. 

Copper_ _ _ _ _ _ _ _ _ _ _ _ _ _ Tr. 
Colorless prisms___ __ 2 Gold____ _____ ____ ___ Tr. 

Magnetic pherules__ __ Tr. Opaque brown ____ 1. o-o. 1 

TABLE 2.-Semiquantitative spectrographic analysis of heavy beach 
sand, iVashaquitsa, Martha's Vineyard 1 

(Analyst, Helen W. Worthing] 

i_ _____ > 10. v --- --- 0. 03 
Fe _____ > 10. y__ ____ . 03 
AL__ __ 5. Cr___ __ . 02 
Ti__ ___ 5. B ___ ___ . 01 
Ca_ ____ . 3 HL ____ . 005 
Mg____ . 3 Nb___ __ . 005 
Zr___ __ .3 Sn___ __ .005 
Mn_ ___ .2 Sc_____ .003 
Ce_ ____ . 05 Yb_____ . 003 

a___ __ . 05 Ga_ ____ . 002 

Pb ____ _ 
Ba ____ _ 
Mo ___ _ 
Ni_ __ _ _ 

r ___ __ _ 
Be ___ _ _ 
Co ___ _ _ 
Ag ____ _ 
Cu ____ _ 

0.002 
. 001 
. 001 
. 001 
. 001 
. 0015 
. 0015 
. 0007 
. 0007 

E lements looked for but not found in detectable quantitie : K, 
P, As, Au, Bi, Cd, Ge, Hg, In, La, Li, Pd, Pt, Re, Sb, Ta, T , 
Th, T l, U, W, Zn, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 
Lu. 

'Data reported in weight percent to the nearest number in the series I, 0.7, 0.5 , 0.3, 
0.2

1
0.15, 0.1, etc.; these represent approximate midpoints or group data on a geometric 

sea e. The assigned group for semiquantitative results will include the quantitative 
value about 30 percent or the time. 

Ackno~vledgrnent .-The writer wi h to acJmo,,·J­
edge the help of several of their colleao-ues in the 
Geoloo-ical Survey, notably: John W. Adams, for hi 
interest in the source of the rare earth in the and; 
Joseph W. Budinsky, Nancy Conklin, and Helen 
Worthing for analytical work; Tom a Feinino-er for 
noticing the fir t blue corundum · and heldon hapiro 
for collecting everal and ample . In addition, Prof. 

lifford Fronde!, H arvard niYer ity, made a\' ailabl 
samples of gahnite from the collection of Han-ard 

niver ity · Prof. C. . Hurlbut, Jr. Harvard ni­
ver ity, identified the blue corundum by X-ray diffrac­
tion; and Prof. France W. Wrio-ht, mith onian 
~strophy ical Ob ervatory, Harvard niver ity, fur ­
mshed electron-probe analy es of a magnetic pherule. 

MAGNETIC SPHERULES 

_trono-ly magnetic o-rains of tr·iking phericity and 
poll h (fig. 2) are very par ely distributed in the 
beach sand. The concentration of spherule in the 
amples examined was not greater than 3 grains per 

million and probabl total of 22 ph rul s wa. 
epa rat d by annlllg lh . lrongl magneLi ( pa-

rated by hand ma.gn -t) fra twn of lh and. The near­
perf t ph ri ity of th grain was uffi ienLiy eli ·tinc­
tive in compari on to vcn th b t ronnde l ma~netile 
grain topermitthe th rule fob ea ilyn li· dwhi! () 
cannino-. Th high poli h of mot o f th m gftv th m 

the appearan e of minuf tee! ba,ll b arin<YS. Thi, too, 
i in harp onfra t to th dull r lu t r of vPn well ­
poli h d ma.gn lite grain . 

Th I h rul e re em ble I h magn ti SJ hen !I that 
have provoked on id rabl e in! ere. t in 1· ce nt y ar 
be a use of th ir probabl m t oric origin ( for x­
ampl a i 1. an 1 other , 196+ · C'r zi r , 1!) ·o 1962; 
Hodo-e and \\right I !)6-1- ; II lg an 1 other. , 196-l· 
Wright and oth I', 1963) . The partie! a r-e general­
ly thought to r pr ent o mie d11 t and ablation drop­
let that have been ·tripp d fr m mct'oroi 1 falling 
through the earth' a.tmo ph r . The b nch- and sph r­
ule r emble tho e de. ribed a b ing of xtral n e ­
trial origin, except that th bea h- . an] . phend ar 
exceptionally larg . Th larg t found m a ur d 6601-l 
in diamet r (no-. 2 d) and th mall t ~0 1-'- · th larg 
majori ty are b tw n 3001-'- and -1-001-'- in diam ler . 

pherules oll ct i from the atmo 1 h r , polar i e, 
and from old r ediment ar g n rally les than 1001-' 
and rar ly a larg a ~301-'- ( rozi r 1960 1962; 
Hodge and oth r , 196-l:; La no-way an l {arvin, 1964; 
Thiel and hmidt, 1961; \\ right and oth 1 , 1963). 

uming that th b a. h- and pherule w r orted 
from an original ph t·ul population ,,· ho e a ,· rage 
ize was th arne a that de ribed from oth r lo ali­

ti , one can explain thi c nc ntration of lh v ry rnr 
Iaro-e o-rain by the am pr tha on ntmted th 
uniform heavy b a h and- the dynamic orting action 
of th urf. Th bea h and i mad up of part.i I 
with an ex.tr mely mall w ight rang . In urf- rt­
ino-, lighter parti cle a r winnow d out and carr ied off 
the beach by .the backwa h, and heavier parti le ar 
not carried up onto the beach fac at all. Th hea,·y 
and therefore repr nt a concent ration of o-ra in that 

orio-inally may ha'l"e been only ,. ry minor omponent 
of their re pe tiY dimentary complex . It i there­
fore, mot probabl that for e ,- ry larg . ph rule in 
the beach and, a con iderabl numb r of mall r con­
geners were winnowed out and carri d away by the 
wa h of the surf. 

ix of the spherules were pia ed in bromoform 
(specific gravity, 2. 5) and all ank rapidly. The bulk 
density therefor probably exc ed d 3.0 in pite of the 
hollow center that ome of the ph rule are known 
to have. Langway an l Marvin (1964) give 4.54 a 
the average bulk density of their Greenland spherule . 
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il outer shell o1·e r a polyb drat interior mas . 
{/. Rrok <.> n compound pherule. 'l'he irr gular interior 

of mailer member till adhere- and the attac b­
m nt collar of ou ter ' hell of small r spherule 
ca n be seen. 

!1. C'om110Und pheru le e mb del d in a hard matrix of 
gooethite. Only part of tb highly poli b ed sma ller 
twin is •lea r on ph tograph (arrow ). 

~'IOURE 2.- i\fngnetic . pbcnll e · from 1a haquit a beac h ·nnd, bowing nlriation · in hap , · tr uctur . and surfa ce texture. 
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The ompo ition of thre magn eti pherule wa 
determined by X-ray diffraction techniqu . Each 
pherule wa mounted at the nd of a thin gla fiber 

and placed in a po,-vd r amera (11-l-.59 mm diamet r) 
o that only the ph rule wa in the path of the X -ray 

beam. X -ray pattern of the rotating pheru le wer 
taken in man<Yane e-filtered iron radiation. The pow­
der pattern obtained from two of the pherule were 
identica l to thu. of ma()'hemite, y- FE20 3. The pattern 
of the thi rd pherule was t hat of ma<Ynetite F eF e20 .. . 

The urface and the interior of a pherule mea ur­
ing 200p. were ana lyzed by th lectron probe (table 3) 
through the ourte y of France W. v\ right, mi th-
onian A trophy ical Ob ervatory. The compo iti on 

i that of the pherule g roup de igna ted by Wright 
and other (1963) and Hodge and other (1964) a. 
iron-rich '"i thout nickel and is the ame a the com­
position for ome Greenland pherul e de cribed by 
Lano-way and Marvin (1964). 

T A BLE 3.- Electron-probe analyses of a 1300p. spherule from 
a haquitsa beach sand 

(Analysis by Advanced Metal Research Corp., . H. Moll, laboratory supervisor] 

Spherule urface ________________ _ 
pherule in terior ___ ____ ___ ______ _ 
1 Remainder of analysis assumed to be oxygen. 

F e (weight 1n (weight 
percent) percent) 

6 - 73 
6 - 73 

I 0. 2- 0.4 
I 0. 1- 0. 5 

The unus ua lly large ize of the pherules fa ili­
tated tudy of urface markings, hape, and int r­
nal stru ture . nder ma<Ynificat ion of X 45 and 
g reater, mo t of the spherules exhib it urfa e irre<Yu­
larjties tha t mar the impr ion of near-perfect 
phericity conveyed by low ma<Ynification. urface 

markings are mo tly the expression of the polycry -
talline tructure and con i t of fa ets, ridges, and 
striations. Facet appear to rep re ent individual maO'-

. 0 

netite or maghemite cry tal face . Boundari between 
adjoining fac t , or crystal , are marked b) very ]o,Y 
ere ts or ridge . Complex pattern of triation on 
ome pherule also eem to reflect crystalline t ruc­

tu re. One spherul (fio-. 2,c) wa grooYed in a pattern 
tha.t lJ<YO'e t a O'eog-raphic grid, with polar meridian 
and parallel of latitude. 

Mo ~ pherule ha,-e one or more ,-ery deep to hal­
lo~\- p1t on the ·udac and some haYe bulg and 
bl1 ters. eYeral . pherule a r compound con istinO' of 
mall phernles a.ttached to larger. ~fany spherule 
h?':- by r mnant collar and pit that they, too, were 

ortgmally part of bYin that had broken apart. The 
spherul are relati,·ely fragile. One that broke in half 
wh n pre. eel and t\Yo othet. that had been o- rotmd 
half-.,yay throtJO'h af.ter being embedded in ha~·dened 
Canada bal am :ho" ·ed hollo"- pherical interiors. 

The diameter f the entml 1wity vRri d from about 
half to hvo-third th diamat r of th . ph rule. Two 
1 art-ly broken ph rul s howed a rath r omplex 
internal truct ur cons i ting of a t.hin outer h 11 over 
an inner ma that emed to have a. polyh dral form. 
One beaker- hnped phe rul wa found (fig. 2, ) ug­
g tin()' lidifi ation ither befor a omplet bubble 
had formed or after th bubble had in ·om fa hion 
burt. 

In the de per udac pits of orne ph rul are 
ilt- ize mineral g ra.in - On ompound phcrul wa. 

fotmd that '"a al mo t ent.ir ly emb deled in reddi h 
brown goethite FeO(OH) (fig. 2,h) whi h wa 
id ntified b) r -ray. From thee la t data it app ars 
lik ly that ome if not all the phcru-le. nr not r c nt 
in origin but luw b ei1 r w rk l fr m on r more 
of the edim ntary unit . r pping out in th ar n 
(Ka. , 196-!-a, 196+b). Th fragility of the phernle 
and the preen of omponnd g rain , . till intact, 
indicates onl sligh t littoral tra.n port. It eem rea-
onable th r for to ek th our of the c parti le 

in the immediately adjoining cliff, p cially in the 
Pl ei tocen marin lay and and. 

A word houll be aid cone rning- a po ible tene­
trial or artifi ial orig-in for the ph rul . . Han jy 

and David on (1953) hav called att nt ion to magn tic 
sph rule in fl a h. Fredrik on and 1artin ( Hl63) 
haYe ugge ted that ome Yolcani ej tft an b on­
fu eel with extraterre t ri a.] pherule and that fine­
<Yrained a h of this type i eli tribut d worllwide in 
the arth atmo ph re. M agn ti ph rnl produc d 
by welding (welding- patt r ) al o hav th fo1·m of 
parti le of extmterre trial origin. 

Con eming fly a h, the lo t it ftnd . our e i. 
New Bedford, 25 mile a" ·ay and the b ach i ma ny 
mile from hit ping lane . Th high den ity and larl!'e 
ize of the bea h partie] eem t pre lud the po-

. ibility that they ,,. r arri d thi far in th utmo­
pher by anything but gal wind . M:or over mo. t fly ­
a h pherule conLtin a hio-h p rcentag of gla and 
have very lo,-.;- bulk den itie . Th ompo ition f fly ­
ash pherule ha b en gi,·en by H andy and Da.vid on 
(1953) and Hoclo- and other (196-J.). I n contra t to 
the impl iron oxide comr o. ition of th beach-sand 
pherul their data . how . ub antia.l amount. of 
1, 1, and other element. characteri . tic of coal a h. 

imilar rea onin()' point to th e improbability of the 
bea h- and ph rule b ing of volcanic or welding ori­
gin. The large size and den ity of the b a. h pherules 
and the remotene s of the lo ality from nctiYe vol­
cani m would eem to eliminate air·born YOl ani a h 
as a possible ource. I n addition tudie by H odO'e 

' 0 

and Wrio·h t (1964 ) of magn t i yo] anic-dust parti les 
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how that the compo ition is not unhke that of volcanic 

ash and ro ks in <Yene ral w ith a substan tial content 
of Si, A l and other elements. A s for weldinO' spatter, 
it refl e ts the rela t ively complex ompo ition of \\·eld­
ing rod and the all oyino- additives in steel (V\ r.i<Yh t 
and ot.hers, 1963; Lan<Yway and Marvin, 1964) . F ur ­
thermore X -ray l iffraction analy es r por ted by Lang-
1yay and Man·in (196-J.) how that welding spatter 
con ists of lementa l Fe and not th magneti ox id . 

CORUNDUM 

Blu corundum, A l20 3 , (sapphi?' ) .- apph ire wa. 
identifi d opt·i ally and confirm d by an X -ray powder 
diffraction pattern made by C. . Hurlbut, J r., Har­
rard tniver it) . The color of the grains Yaries con-
iderably from Yery deep to Ye ry l igh t ultramarine. 

A mall per entage of grain. are light indigo blue. 
Variation in olor within a ing le grain i not uncom­
mon. om grain a re colorle , ''"ith . pot of inten. e 
blue. The inten ity of color is uch that the original 
cr tal from whi ch mo t of the grain were deriYecl 
were probabl) '" ry lark blue to nearly black particu­
larly if they " -e re larger than about one-half inch . All 
gtain are tnm:parent, l ar and ''"ithou t noti c able 
inclu ion . :l\[o t of the grain are angular to ub­
angular and r ange b tween 0.3 and 0.6 mm , although 
rounded grain and g rain up to 1.4 mm w r found. 
The on entration of apphir in the and average 
25 <Yrain per million. 

Red co?'ltndwn, l 20 ~ (1·uby) .- I 1 ntification of 
ruby wa e tabli heel by op ical mean R.nd confirmed 
by an X-ray powder diffra tion pattern. The color 
range from moderately light to fairly inten e ca r ­
miner d. t n l ike the apphire . there i no olor varia­
tion within ingle g rain . The grain a re t ran parent 
and 1 ar although ome contain fairly large bla k 
inclu. ions. Judging f rom thei r abundance in th non­
map:nC'tic fra r t ion , thC' on C'nt ration o f ru biC', in the 
bC'ach . nnd i. gr nt r than . apphir . by a fa tor of 
nbout 3; that i., al out - , g rnin . p r milli n. O ne d e. 
not g t thi . imprC' .. ion from . canning b nu . e the 
.npphir grnin . ar mu eh a. i r to . than th rubie. 
mid t the }I' dominating population o f pink and red 
~Xnrn t . 

lor cl ro rundulll . ha1· l n foun 1 in b nch . aud 
by K ay in . e ,·eral oth r 1 a h . in . on then . tC'rn ~fn -
achu: tt . . Blue <' rundum wn . found in a he~wy 

bench and nt FiC'ldston (.J n fig. 1 ), north a t of 
Plymouth, nnd . evC'rn l grain , of red corundum "·ere 
foun 1 in . nmpk. f h HYY . and from th ben h at 
~au · t inC'nlrn ap o l ( onflg.1). Th di ­
tributi n i tlwre fo re fairl y ,,· ide. p r~'ad. The imm -

diate source of the mineral i undoubtedly the Plei to­
cen e deposi ts cropping out in the cliffs and in the 
area immediately off hore, ''"here and can b worked 
and carried onto the beach by waves. I n addition, both 
Miocene and Cretaceous sediments crop out on "-e t rn 
Martha' \ ineyard within a mile or two of Na ha­
quit a beach. An unsuccessfu l attempt wa ma.de to 
determine whi ch tratigraphic unit in western l ar­
tha's Vineyard (K aye, 196-±a, 196-±b) cont ributed the 
colored corundum to the and. Heavy-mineral sepR.ra­
tions were made from sand ''"a heel from sample of 
each of the s d imentary unit in the liff at Nasha­
quit a beach . The Jack of ucce in this enterpri e i 
probably a r fl ection of the very high degree of on­
cen t ration that th e beach and repre ent . 

lthouah blue corundum i not unu ual a a detrital 
miner al in sands, the red var iety i con iderably r a rer. 
:\1ilner and other (1962) tate that it ha ne,·er been 
reported . R ed corundum, as far a the 'Triter know, 
has never been reported in New Enaland, either a a 
detrital mineral or in pla e a a rock con tituent . 
HoweYer , it i not unu ual for red and blue orun­
dum to oc u r to<Yether in ro k depo it , a for example, 
at Warwi ck, N.Y. , and at Franklin and Ne,Yton , N.J. 
(Pal a he and other 19+±). There is a good po ibil­
ity, therefor that the rubie and ome if not al l , 
apphires in the beach and ar derived from the 
ame rock . 

Blue corundum ha been reported from \YO bedrock 
localiti in N'ew England (Pratt, 1906) . \.dam 
(1 70) and later Em r on (1 9 , 1917) described a 
mall depo. it of colorle corundum with deep-bl ue 
pots from P elham, M as . (4 on firr. 1) about 110 

mile due northwe t of '"e tern Martha Vineyard. 
Furthermore, eYeral other onta t-metamorphic de­
l o it of the P elham type ha.Ye been de ribed (Emer-
on, 1917) from the ame area , R.lthouah orundum 

i. not li ted from the localitie . Emer on (1902) 
al o de cr ibed a mall depo it of blu -bla ck to dark ­
blu c nmdum from Barkham t d in northwe t rn 

onne t i ut. Thi i about 120 mil west-northwe t 
of M artha · \ in ya rd. In addit ion there 1 the well­
known eme ry depo. it in C'h te r , we tern l\fa ach u­
. et t. (7 n fig. 1) about 1-J.O mil e from M artha ' 
\ Tineya rd. Th olor of the ,. ry fine-grained orun­

clum from thi . izeabl depo it hR. b en YR.riou ly 
cle r ib d a. b ronzy (Eme1 on 191'7) and blue bla k 
to bla k (Prntt , 1906) . ~\ny or a ll of the e depo its 
may con ivably haY ur plied the co r undum of the 
b ach and. TToweYer it is al o r o ible that ome or 
a l l of the bea h - and orunclum ome from fl.S yet 
undi coYered clepo it lo ated omewhat lo r to 
1\ffl.rthn.' Vin ya r d. 
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GAHNITE, ZnAI20 • 

ubrounded to well -rounded fro ted lo lea r g rain 
of trikin<Y blue-oTeen color W<'l' determined by X -ra 

o o 1 . TI 
powder pattern to be the zinc spinel, <Ya 1111te. w 
olor rano- from very lig ht to dee p blue-g reen a1.1d, 

making allowance for the urfac fro t in~, th~ grflm 
ar tran parent and lear. The con e11tra t 10n 1. about 

250 <Yrain per mi ll ion. 
a:hnite ha been reported pron·ill and haffee 

1957 · Morrill and other , 195 ) from one local it. in 
centl~al ermont, the T agge rt mine, whi h i about 
200 mile north -northwe I of 1\Iartha' \ ineyard, and 
from several localities in southwe tern Main e, about 
200 miles east-northea t of Ma r-tha' Vineyard. Clo r 
to Martha's \ ineyard, and a much more likely som·c , 
i the occmTence of gahnite in the Ha wley Schi t in 
the vicinity of Rowe and harl emont (5 and 6 on fig. 
1) in northwestern Ma achuse! ts (Dana, 1 7 · Flin t 
190 ) . This is abou t 140 mil e from M artha ' Vine­
yard and in the same nortlnYe t azimuth a P elham, 
l\rfa s. In the Rowe-Charl emon t area, cry tal up to 
5 inche acros a re a . o iated with pyrite in chlorit 
and sericite chist. The gahnite of the beach sand wa 
compared with sample from both Rowe and harl -
mont in the mineral ollection of HatTard niver ily . 
Quarter-inch crystal from both lo alities are opaqu 
black to greenish black. When cru heel to and- ize 
fragment the gahnite from Charlemont i indi tin­
gui hable from the bea h- and gahnite under the petro­
<Yraphic mi cro cope as to color cla rity, and general 
ab ence of inclu ion . The index of refraction of 
gahnite from both places is the same ( n= 1. 02). On 
the other hand, <Yahnite from Rowe i more blui h, 
contains abundant minute inclusion s, and ha s a ome­
what higher index of refraction ( n= 1. 0 ) . Al ­
thou<Yh the evidence doe not preclude an origin le 
distant from Martha's Vineyard, the presence of other 
min ral in th and with known occurence in "·e tern 
Massachu ett increases the probability that the beach­
sand gahnite do come from the belt of H aw·ley ch i t 
in the vicinity of Charlemont. 

GOLD 

everal grain of gold ''ere found in the sand dur­
in<Y canning. Additional grain were found in non­
magneti c eparates. The highe t concentration noted 
wa about 5 grains per million. 

NATIVE COPPER 

Two rounded, irregular-shaped blue-green grain 
resembling turquoi were noted whil e scannino-. The 
large t <Yrain wa 1.4 mm in len<Yth. nder the mi.cro-

op the blue-gr en mal ria l wa en Lo b a. surface 
coatin<Y over n har 1 co r . Th urfac<' aling wa 
f und by X -ray powder fUHtly i to con i L of a mix. 
lure of the min<.'ral parala amit , u2( 0HL I and 
l r amount of the m noclini modifi ·alion of g r­
hardtit e, C'u 2 (NO:, ) (OIIh Th ore cons ists of e] . 
m ntal coppe r and ome cuprite, u20 . 

It i of cour po ibl that thi 
made material and repr ' · en! pie e of c lcc tri wire 
opp r rod , and so forth. However, !hi c m I 

pr bable than a na tural o cutT nee. Pala he and 
other (1944, p. 101) r [ ort opper from the Tria ic 
and tone and ba all of Ma . a hu tl and nn cti. 
u and mas e of copper U[ t 20 p ounds in w i~ht 

in the gla ial drift nen r J w Haven (.9 on fi g. 1) . A 
the color d orund um and gahn i te of the 0<'!1 h and 
probably ca.me fr m th b rd r of th Connectieut 

alley in we te rn 1a a hu ett , it em more rea-
onable for th copper to ha,~ com from th re than 

for it to b an ad\' ntil iou artifa t. Th rea. oning 
on which thi judgment i ba ed i thal th on lanl 
on-b ach- off-bea h mo' m nt of and omuin cl with 
the long hore tran port, that i characle r i ti c of lh~ 

waYe- w pt b a h at a haqui a ha the e fl'ect of 
rapidly di per in g to nn xtreme ly lilut oncentra­
tion any fragment d contami nati on (. 11 h a a ma 
of wire broken clown by CO tTO ion to . and-. iz parti­
cle ) . Th probability f findi ng two grain in a ~rab 
ample taken from I h fa e of the bea h in th d ert ed 

wint r ea on m mall inde d. 

REFERENCES 

Adams. J . H ., 1 70, ~Oti <" of asbe ·to and co rundum with 
other minera ls at Pelham, l as . : Am. J ur. S ·i., Re r. 2. 
V. 49, p. 271- 272. 

'a· icly, W . A .. a nd other , 1964, o ·mi du ' t: :"\ w York 
Acad. ci. Ann ., Y. 119, 36 p. 

Crozif' r. W. n ., Hl60, Rln k , mngn<'tic s ph rul 11 in ><Nlimt•ntg: 

Jour. Geophy . R ea rcb, v. 65, p. 2971- 29T. 
-- 1962, Five y ar · of continuous colle tion of bla<'k. 

magn tic spb rule from the atmo phere : .Tour. Geopbys. 
Re ea rch, v. 67, p. 2:>4 254 . 

Dana. A. G., 1 7, n th gah ni te of Rowe. i\la . : Am. Jour. 
ci. , r . 3, v. 29. p. 45:- 56. 

Erner on, B . K. , 1 9 , Geology of old Hampshir ounty, )Ia ·. 
compri ing Franklin, H ampshire, and Hampden ounti ·: 
U .. Geol. urvey 1\Jon. 29, 790 p. 

-- 1902, ~ote on corundum and a graphi ti e. onite from 
Barkham t d. onn.: Am. J ou r . Sci., er . 4. v. 14, p. 234-
236. 

-- 1917, Geology of Ma acbusett · and Rhod I land: l.:. '. 
Geol. un·ey Bull. 597, 2 9 p. 

Flint, G. l\I., 190 , Gahnite from barlemont, :.\la . : Am. 
J our. 'ci.. ser. 4. v. 26. p. 5 . 

Fredrik on, K .. and l\lar t in , L. R , 1963, The origin of black 
pherule found in Pacific i. land , deep-. ea sedim nts, and 

Antarctic i e: Geochim . o mochirn. Acta, v. 27, p. 245-24 · 



KAYE AND MROSE D43 

gondY, R. L. , and Davidson, D. T. , 1953, On the curious r e­
eroblllUce between fl y ash and meteoritic dust: Iowa 

Acad. Sci. , rroc. v. 60, p. 373- 379. 
Hodge, P. W., a nd Wright, F. W. , 196-!, tudi es of parti cles 

for extraterrestrial origin , pt. 2- A. omparison of micro­
s opic spherules of meteoritic and volca ni c origin: Jour. 
Geophys. Re ea rch, , .. 69, p. 2449- 2454. 

Hodge, P. W. , Wright, F. W. , and Langway, C C., Jr., 1964, 
Ntudi es of par.ti cle. for extraterrestrial or igin , pt. 3-
Analy es of dus t particles from polar ic depo it : Jour. 
Geophy . Re. em·ch , v. 69, p. 2919-2931. 

Kaye, C. A. , 1964a, pper retaceou · to R ecent stratig raphy 
of Martha 's Vineya rd, Ma · . [abs.] : Geol. Soc. Ameri ca 

pee. Paper 76, p. 91. 
_ 1964b. Outline of P leistocene geology of Martha'. 

Vineyard , Ma . achusett ·, in Geologica l Survey Resea rch 
1964: .S. Geol. Survey Prof. Pap r 501-C, p. C134-C139. 

La ngway, ., Jr. , and Marvin , . B. , 1964, Some charact r-
i tic of black spherule : I\'ew York A ad. Sci. Ann. , Y . 

119, p. 20:- 223. 
Milner, H . B ., Ward , A. M., and Higham, Frank, 1962. edi-

menta ry p trography, 4th ed.: ew York , The Macmillan 
Co., v. 2, 715 p. 

7 8 1- 906 0 -65 

Morrill, Philip, and baffee, R. G., 1957, Vermont mines and 
mineral localiti es, pt. 1- Soutberu Vermont: Hanover , K. 
H. , Da rtmouth Coil . ~lu .· ., 43 p. 

Morrill, Philip, and others, 1958, Maine mines a.nd mineral s, 
we. tern 1aine: X a pies, ?\la ine, Dilligham Kat. History 
Mus., 80 p. 

Palache, Cha rles, Berman, H a rry, a nd Fronde!, Clifford, 19-!4, 
The system of mineralogy of James Dwight Dana and 
Edward Sali bury Dana, Yale Un iversity 1837-1 92, 7th 
ed. , v. 1- El ements, . ulftd es, sulfosalts, ox ides: New York, 
John Wiley an d Sons, Iuc., 834 p. 

Pratt, J. H. , 1906, orundum and its occurrence and distribu­
tion in the nited States: U.S. Geol. Survey Bull. 269, 
175 p. 

Thiel, Edwa rd , and Schmidt, R. A., 1961, Spherules from the 
Antarctic ice cap: Jour. Geophys. Re ea rch, v. 66, p. 307-
310. 

Trask, P. D., 1930, Mechanica l analysis of sediments by cen­
trifuge : Econ. Geology, v. 2.'5, p. 5 1- 599. 

Wright, F. W ., Hodge, P. ,V. , and Langway, C ., Jr. , 1963, 
Studies of particle. for extraterre trial origin, pt. 1-
Cbemical analyses of 11 particle : Jour. Geopby . Re­
search, v. 68, p. 5575-5587. 

• 



GEOLOGICAL SURVEY RESEARCH 1965 

ZEOLITIC AUTHIGENESIS OF TUFFS IN THE RICARDO FORMATION, 

KERN COUNTY, SOUTHERN CALIFORNIA 

By RICHARD A SHEPPARD and ARTHUR j. GUDE 3d, 

Denver, Co lo . 

Ab tmct.- Vitric tuff in the Hi ardo !<"'ormation of the E l 
Paso Moun tains are altered to clinoptil oli te, opa l, and (or ) 
montmorillonite. The pattern of alt ration indicates that the 
altera t ion wa · a compl i bed by ub. urface meteoric water 
after the formation wa tilt d nor thwestwa rd . A compari on 
of chemical ann lys . indicate that the formati on of linopti­
loli te f rom rhyoli tic gla · involves mainly "'a in of H,O nnd 
CaO and lo e of SiO, and K,O. 

The Rica rdo Formation of Pliocene a<re i well ex­
posed in the El Paso Mountain of south-cen tral ali ­
fornia, where it consi ts mainly of fluviatile and 
lacustrine edimentary rock.. Lava flow and volcanic 
breccias are locall y common, parti ul arly in the lower 
half of the formation. The formation ha a maximum 
th ickness of 7,000 feet and dip 15° to 20° r.w. (Dib­
blee, 1952) . Near the middle of the formation in 
member 4 of Dibblee (1952) are everal well-bedd d 
units of white to light-gray tuff. The thicke t and 
most continuous of these tuff ha been mined for 
pumicite on the west side of L a t Chance anyon 
(Che terman, 1956, p. 68) where it is free of altera­
tion. Only this con picuou tuff wa examined in 
detail. The other tu ffa ceou unit., trati<Yraphicall y 
belO\\ and above thi tuff, were examined in a recon­
nai ance fa hion . 

Ex ellent expo ure of the con picuous tuff along 
the ea t face of R ed Butte (fig . 1) afford the oppor­
tuni ty to tudy the sta<res of alteration from fre he t 
glass to complete repla ement of vitric material by 
clinoptilolite and other dia<reneti ili ates. Analy i 
1 (ta,ble 1) hows that even the fre he t gla contain 
5.96 weigh t percent total water and indicates that the 
glas ha under<rone mu h hydra tion. The individual 
authi<renic ilicate mineral cannot be identified in the 
fi~ld becau e of their very fine cry tallinity. X -ray 
diffractometer analy es of bulk amples upplemented 
by thin-section examination were uti lized in this tudy . 

The authirreni ilicate mineral can b r adi ly i lonti­
fi ed from th difl'm ton1 t r pattem ( fia. 2) . 

Th f r h tuff i "-hit to l ight ()'ray and 6 to 2"' feet 
thick. It con i t f individua l beds that ra ng from 
thin laminae to be~ 30 inch t hi k. ro b dcling 
and channeling ar locally pr nt. Th b d ar gen­
erall) fin arain cl friabl , and on ist mainly of vitric 
materi al and to 10 r rc nt fragm n Ln l ry tal of 
ani line, plagio la (. n ~o~ - tu), quartz, and biotit. 

11 th e cr tal ar pr , umably py rog ni . The ,·itric 
parti le ar mainl har l but in lud 0111( mall 
a.ngular fra.gm nt of Jon a -tub pumice. \ n analy i 

CONTOUR INTERVAL 100 FEET 
DATUM IS MEA SEA LE EL 

FIG HE 1.- lndex map of Red Buttes a r a , Kern oun ty, how· 
ing sampled locali ti .· (dots) . X-ray a na ly. is of . nmples 

i\·en in table 2. 
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F!OtJRE _.- Diffractometer pattern of a l ter ed tuff. sbo,v ing 
prin·ipa l authigeni c ilicate mineral. ·. A ll diffractometer 
patterns of opal . ho,,· p ak at 4.~6A , 4.22A, -l.lOA, and 
2.5-A. Radiat ion i s uKo: (A= 1.5417A) . C, clinopt iloli t ; 
M. montmor illon ite: 0 , opa l. 

(table 1 No. 1) of the fre h tu ff hows that it 
rhyoli t i m ompo ition. 

DESCRIPTION OF ALTERED TUFF 

Alter d tuff i r adi ly d i tinrrui hed from fresh tuff 
in the fi ll. Th alter d tuff ha a on hoidal fra -
ture (fig. , ) ea rthy rather than vitr ou lu ter, and 
oTeater hardn . Color i the 1 a t di tingui hing fea­
ture, but rrenerally the zeolitized tu ff i white or very 
li h pink. The vit rocla tic texture and primar; edi­
mentary stru tures are 'veil pre erYed, althoucrh no 
gla remain . P yrogeni cry tal in the tuff ar un­
altered. Th in len es and ir r gular egregation of 
ligh -aray opal or opal-ri h tuff oc ur in the upper 
an l lowe t· part of al•tE:' rE:'d tuff. The len e are ub­
pa rall E:' I to I dd ing and h:we in gular gr,tdational 
conta t . 

Th tran iti n b tw n fr h tuff and 
alt r d tnff i. gradati nal throurrh n ,. rti a] di tan e 
of apJ roximat I · 2:50 feet. Tab! 2 . h ,..,. th 
va riation in authig nic iii at min raJ 
rit ri tuff to mpl t ly altered tuff. Th omplet ly 
altered tuff consist. mainly of clinoptil li t but the 
I . alter d tuA' g nern.Jly on , i. t. of m ryina am un t 
of l inopti lolit pal montm rill onit and r li t 
gla. ·. Th up[ r an 1 lower t ratigrnphi part of the 
tu ff ar gene rally more altE:'l'rd than th middl part. 
\\'h re , It rati n i. only light the middle part i 
1maller d. E,· n though the tufl' i lightly alter d at 
an el vat ion f 3,165 f et the alt rat ion i not ob,·iou 
in out ·r·op .x pt at leYation. lower than 3,0 0 feet. 

TABLE !.-Chemical analyses and chemical comparison of fresh 
tuff, altered tuff, and clinoptilolite 

Analysis (weight percent) 

Constituent 2 3 4 

a a b c a b c a b c 
- - --- - --------- - --

SiO•- - -·- .. -· 72. 49 ~ ~ : ~~ 73.77 +1.28 6 . 92 74. 10 +!.61 68. 11 65. 15 -7.34 
AI,Oa •... _. __ II. 87 II. 7 .00 II. 04 II. 7 .00 12. 41 II. 7 . 00 
FetOa .... _ ... . 63 . 97 1. 04 +.41 . 95 1.02 +.39 . 77 . 74 +. II Feo ___ __ __ __ . 14 . 04 . 04 -.10 .04 . 04 - . 10 .00 00 - . 14 
MgO - - -- .... . 13 I. 37 I. 46 + !. 33 I. 51 1. 62 + !.49 . 19 . 18 +.05 
CaO ... ...... . 57 .94 1.00 +.43 1.10 1.1 +.61 1. ?~ I. 70 +1.13 
Na,o. _ ...... 2. 46 I. 75 1.87 - . 59 1. 46 1. 57 - 9 2.39 2. 29 - . 17 
K ,O·-- -·-··- 5. 39 1.77 I. 9 -3.50 1.54 1.66 -3: 73 3.86 3. 69 - 1. 70 
H,O• .... ... _ 5. 44 4. 83 5. 16 - . 28 4. 70 5. 05 - .39 5. 01 4. 79 - .65 
H,o-- . . ..... . 52 7. 67 . 20 +7. 68 . 23 . 85 + . 33 4. 84 4. 63 +.4. II 
TiO, ......... . 12 . 14 . 15 +.03 . 14 . 15 +.03 . 03 .03 - . 09 
P,o . .. . - ..... .02 . 03 .03 + . 01 .03 . 03 +.01 .02 .02 . 00 
MnO ....... _ . 05 . 14 . 15 +.10 . 10 . II +.06 . 01 . 01 - . 04 
c o, .. .. - .... .01 . 02 .02 +.01 .00 . 00 -.01 --- --- ------ ------

!. ._ ........ .06 . 01 . 01 - . 05 .01 .01 - . 05 ------ ------ ---- --
F . . .. -·- - ---· . 03 . 04 . 04 +. 01 .05 . 05 +. 02 ---- -- ---- -- --------------------------

TotaL. .. 99. 93 99. 80 106.70 +6. 77 99. 2 107. 31 +7. 38 99. 42 95. 10 - 4. 73 

I. Fresh vilric tufT; serial o. D I00515. Analyst : E . . Daniels . Mineralogy : 
gi ns.~ (n = 1.497) and approximately 4 percen t crystals (snnidine, plagioclase. 
quartz, and biotite) . Locality: No . 3 (fig. 1) , SE J4 W J4 sec. 5, T. 29 S ., R . 38 
E .. Kern ountr, Cali!. 

2 . Altered tuff, middle part; serial No. D l00516. Analyst : E . . Daniels . :\1lneral· 
og y: clinoptiloll te, 30 percent; opal, 20 percent; montmorillonite, 30 percent ; 
glnss, 20 percent. Locality : No. 19 (fig . 1) , N W)4 KE J4 sec. 1 , 1' . 29 S ., R. 38 
E., Kern County, Cahf. 

3. Altered tuff, upper part; serial -o. DI00517. Analyst : E. . Daniels. Mineral· 
ogy: clinop tiloli te, 30 percent; opal, 20 percent; montmori llonite, 40 percent; 
glass, 10 percen t. Locality: ' o. 19 (fig. 1) , N W J4 N E l4 sec . 1 , T. 29 ., R . 
E ., Kern ounty, Cali f. 

4. Clinoptiloli te; serial No . D I00245. An alyst: E . L. 1unson. epa rated from al· 
tered vitric tuff ofmember 2 or D ibblee (1952) . Locality: W H E ~ sec. 17, 
T . 29 ., R. E ., Kern Coun ty, Calif. ( beppard an d others, 1965) . 

a . Uncorrec!Rd ana lysis. 
b. Recalculated, uming Al20 1 content of analysis Ia. 
c. Gains <+ > and losses ( - ) in weight percent ; differences between "b" nd a nnly· 

sis Ia, assuming no gain or loss of AhO a. 

TABLE 2.- Mi neralogic composition of tuff estimated from X -ray 
diffractomet r patterns 

Elevation X·rny analys is (parts of ten) 
(feet 

ample (fig . I) above 
sea level) G lass Cllnop- Opal MontmoriJ. 

tilolite lonite 

3 __________ ______ _ 3, 0 10 -------- ------ --------5 _______ ________ __ 3, 265 10 -------- --- - -- --------9 _____ _______ ____ _ 3, 165 9 Tr. 1 Tr. 

15- - --- ---- ------- 3, 120 9 1 ------ Tr. 
23 ________________ 3, 090 10 ----- --- --- - -- --------25 ________________ 3, 040 9 Tr. 1 Tr. 
17 __ ______________ 3, 025 1 1 Tr. 22 ________________ 2, 995 Tr. 7 3 
I ( u ppcr par t) _____ 2, 94- 2 5 3 2 
I (middl part.) ____ 2, 945 7 2 1 Tr. 
1 (lo w r part,) _____ 2, 945 3 6 1 Tr. 
19 (upper par t.) _____ 2, 910 J 3 2 4 
19 (middl part) ___ _ 2, 910 2 3 2 3 
37 ________ ____ ____ 2, 65 2 Tr. 

Thin- e ti n xamination of altered tuff how that 
Jinoptilolit ur a. p eudomorph of the laraer 

Yi t ri pa rti I and in th finely cr talJine matr ix 
a iated with montmorillonite and pre umably opal. 
Ea h 1 eudomorph consi t of many ra.ndomly oriented 
pri mati c or tabular ry tal of cl inoptilolite. P etro­
graphi tudy of fr h tuff indi ate that the fin ly 
r talline matrix of alte r d tuff originally con i ted 

of fine Yi tri mat ria 1. The \' i t r la tic texture of the 
matrix appar ntly ' "a not pre n ed by the authi-
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Fro 1m 3.- Aitered tuff, . howing conchoida l f ra cture. Bedding 
dips toward left of photograph. 

rrenic minerals. Fre h 2:lass, ''"hen pr sent, generally 
0 ~ . 

is found only in the interiors of the larger part1cle . 
The birefringence of clinoptilolite i. Yery ]o,,. , a.nd the 
mean refractive index range. from 1.475 to 1.479 
(±0.001). 

Montmorillonite occm in the mat rix and as a. thin 
film surrounding shards pseudomorphed by clinoptilo­
Jite. The e occurrences suggest that the montmoril ­
lonite formed early, assuming it "-as derived directly 
from glass. 

Reconnaissance of other tuffaceous units in the Ri ­
cardo Forma.tion, both stratigraphicall y below and 
above thi tuff, shows that in general the pattern of 
alteration is imila.r to that described abo' e. Tuffa­
ceous units throughou t the formation are o-enerally 
fresh above an eleva.tion of 3,000 feet but altered be­
low that elevation. The "surface" eparating the two 
phases apparen tly is uneven, however, and has a local 
relief of at least 500 feet. For example, a lapi lli tuff 
stratigraphically lower in the section and expo ed 
along the outh side of Last Chance Canyon in the 
NW1/ 4 sec. 9, T. 29 ., R. 3 E., has been altered to 
clinoptilolite, opal, and montmorillonite at an eleva­
tion of 3,530 feet. 

CHEMICAL CHANGES IN ZEOLITIC AL TERA liON 

Chemical analy e of fresh and altered tuff are given 
in table 1. AnaJy es 2 and 3 are of altered tuff that 
con i ts of clinopti lolite, opal, montmorillonite, and 
relict glass. Analysis 4 is of a relatively pure clinopti­
lolite that was separated from an altered tuff in the 
lower part of the section by a heavy-liquid mixture 
of bromoform and n,n-dimethylformamide ( heppard 
and others, 1965). 

Approximate chano-es in chemical composition from 
fresh to altered tuff are inferred by assuming that 

alumina remained 011 tant dur.ino- alteration (table 
1). re alculation of th e a.na.ly s of al Le red tuff then 
show large gain of H20 and maller gains of iQ

2 

Mo-O, and aO (firr. 4 ). Alka.lie , patti ularly l\
2
0 

have be n lost. 
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FIGURE 4.- 'bemica l ompari Oil between A, 
fre h tuff and altered tuff and B , fre ·b tuff 
and cliBoptilolite. Altered tuff is average 
of analyse 2 and 3, table 1 ; clinoptilolite, 
analysis 4, table 1. 
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Compositional ha.n<Yes from f resh rhyoliti c g las 
to clinopti lolite a re inferred by a suming that the 
analyzed clinoptilolite is rer re en tative of the clinop­
tiloli te occurrin <Y in the tuff (table 1) . On this basis 
the major chancr are lo es of i02 and K 20 and 
gain of H 20 and aO (fig. 4). Ina mu h a clinopti­
lolite onta ins only a small amount of MO'O, the in­
crea eel 1g0 of the altered tuff proba.bly is ontaine l 
in montmorillonite. H ydration and lo , of ilica ap­
pear to be the principal chancre in the alterat ion of 
rhyolit ic gla . to clinoptilolite. The p roportions of 
the ma.jor c.<ttion Ca, Na, and K , could have chan<Yed 
ince alterati on by ion exchange in clinoptilolite and 

montmorilloni te. 
ORIGIN 

Ina mu h a the zeoli t ic alteration t ransect bed­
ding, the alteration probably oc urred after the R i­
cardo Formation was tilted. The surface eparating 
fr h <Yla s from zeolitized gla is nearly horizontal 
nlthotwh locall y une,·en. Th rei no eviden e to indi­
cate that hydrothermal olution '"ere re ponsible for 
the alteration . Typi al hyd rothermal minerals uch as 
alunite, kaolinite, and flu ori te are ab ent. The re<Yional 
extent of the alt ration and it re t ri ct ion to lo,Yer 
elevation is trong eYidence again t hyd rotherm al 
alteration. Authigeni mineral are not localized 
within or along fracture a might be expe ted if the 
tufl' were hydroth rmally alt r d. Evidently the d if­
fer nee in hemical ompo ition and mineralogy of 
tuffs abo,·e and b low the nearl y horizontal urface 
were produ ed by ub urface water. The preexi tin<Y 
topography during alteration probably controlled the 
configuration of the urface, but data are lacking a 
to th nature of the topo<Yraphy. The unevenness of 

the surface may be in par t due to local vari ations in 
impermeabili ty. 

Studies of Quaternary lakes (Hay and Moiola, 
1964) and experimental work (Remley, 1961) indi­
cate that zeoli tes form in an environment of moderate 
to high pH and hi<Yh salini ty. Hay (1963, p. 239-244) 
proposed solution and hydrolysis of vit ric material by 
subsurface water to account for the zeoli t ic diagen i 
of tuff and claystone in the lo,Yer part of the T ertiary 
John Day Formation in central Oregon. A imil ar 
mechanism probabl y accounts for the zeolization of 
tu ffs in the Ricardo Formation. The ubsurface water 
which originated as meteoric water increased in pH 
and concent ration of alkalies as it mO\ eel downward 
th rough the formation . The early alteration of rhyo­
l itic gla s to montmorillonite also " ould in rease 
the pH and salini ty of the water, thereby pro idin<Y a 
chemical environment more favorable for the forma­
tion of zeolite (Hay, 1963, p . 240). 
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THORIUM-BEARING MICROCLINE-RICH ROCKS 

IN THE SOUTHERN CABALLO MOUNTAINS, 

SIERRA COUNTY, NEW MEXICO 

By MORTIMER H. ST AA TZ, JOHN W. ADAMS, 
and NANCY M. CONKLIN, Denver, Colo. 

Abst?·act.- Anomal ously radi oacti\·e rock , on i ting chiefly 
of brick-red microcline, are found a elongate bodie a much 
a 300 feet long in quartz monzonite in the outhern aballo 
Mountains. These rock , belie,·ed to be comparable in origin 
to fenite , a re thought to ha Ye been produ ed by the reaction 
of a lka lic olution · on the qua r tz monzonite. The solu tion 
probably originated with unspecified alkalic rocks located at 
some unknown depth or di tance f rom the mi cr cline-rich 
bodi s. Most of the radioactivity of the mi rocline-rich bodie 
is due to thorium contained in tllorite. ranium is pre ent 
locally in uranopha ne, and the ra re-ea r th flu orocarbonate, bast­
naesite, was found in one depo it. 

Radioactive syen ite dikes contam1110' thorium and 
uranium were reported by Boyd and 'H olfe (1953, 
p. 141) in the southern Caballo Mountain s. As this 
type of thorium occurrence appeared unique, taatz 
and Adams visited th is area in September 1964 and 
studied and mapped the deposit (fig. 1). Sample 
were taken of the deposits for thin ection , pectro­
graphic analyses, and mineralogic examination. ub­
sequent study of the e material and their occurrence 
has led us to the conclu ion that the e so-called 'sy­
enite dike ' a re really meta omatic bodies compo ed 
chiefly of microcline. 

These unusual microcline-ri ch boclie occur within 
an area of abou t 3 quare miles in the outhern part 
of the Caballo Mountains (fig. 1). The center of thi 
area i approximately 2% miles southeast of the Ca­
ballo dam. More than 45 such bodies were noted in 
this area. They occur in a coar e-grained quartz mon­
zonite that is cut by many irreo-ular dikes of fine­
grained quartz monzonite and small dikes of perthite­
quartz pegmatite. Two small diabase dikes also occur 
in the mapped area (fig. 1). These rock , all of prob­
ruble Precambrian age, a re bounded on the northeast 
and southeast side by the Bliss Sandstone of Cambrian 

and Ordovician aO'e and the E l Pa o Formation of 
rdoYi ian ao- (fig. 1). Th t ratirrraphy of the Pa­

l ozoic rock of thi ar a i de ribed by K ell y and 
ih·er (1952 p. 33-56). To the a t and w t the 

Precambrian rock are bounded by Ia ti rock of 
Tertiary and Quaternary ao- . 

The microcline- rich bodies ar lono-ate and range 
from a few fe t to 300 f L in length and from le 
than an in h !'o 20 fe t in width . • \. lthou o-h from the 
uda.ce, many app a r t.o be dik lik , xpo ur of · r-
ral of thee bodi in mall ut indi at that om 

are pip like in hape. Th e bodi t r nd . 10° E. to 
N. 5° E.; in the northern part of th ar a thy trend 
o-enerally north -northea t and in the outh rn pa1i 
generally eat-nor th at ( fig. 1). Dip a r ommonly 

teep . vVhere the conta t o ur along mall h ar, 
th y are harp (fig. ~) but in mo t pla th y are 
irreo-ular, and ma ll apophy es into th quartz mon­
zonite a re common. Many of th ontact between 
the mi croclin rna e and quartz monzonit ar 6rada­
tional and the t xture of the quartz monzon it an be 
t raced into the marginal part of the f ld par-rich 
bodies. 

The composition of the mi rocline-rich bodie 'arie 
con idembly in detail dependino- on th completeness 
of the metasomatism of the country rock ,.,-hi h i a 
fine- and coar e-grained quartz monzonite con isting 
principally of microcline, plao-io Ia e, and quartz. Th 
two feld par are approximately equal in abundance. 
Mafic minerals make up from about 1 to 20 percent 
of the rock, and the prin i pa.l mafi mineral is h lorite ; 
muscovite, bioti te, and phene o ur in minor amount· 
In most place during meta omatism thee mineral 
were replaced or partly replaced by a tu rbid brick-red 
microcline whose turbidity and color are caused by 
many tiny specks of included hematite. The micro-
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r10 K~C I.- Geolog ic map of the thorium di triet in the 
i\1. H . taatz and J . W. Adams , 1964. Bas from 
· a level. 
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FrouRE 2.- 1\Ii rocl ine-rich body ( m ) cutting tine-grained 
(fqm ) and coa r e-grained (cqm ) quartz monzon ite. Con­
tact on right of the feldspar-ri ch body foll ow mall bear 
and is harp and fair ly stra ight: contact on left i grada­
tiona l and irregula r . 

cline has highly irregular o-ra in boundarie . Thi feld-
par is identified by it X -ray pattern, as the turbidit 

rna ks mo t of the cro hatch b ,·innino- normally een 
in microcline. I n a few place , howe,·er, a quartz­
ch lorite ro k i produ ed either a small separate 
bodies in the quartz monzonite or a lo al eo-r egations 
in the micro line-rich rock. The amount of plagio­
clase, mi crocline, and original quartz and chlori te de­
pends on the degree of meta omatism, and hence i 
o-reater adjacent to the contact with unaltered quartz 
monzonite. 

In addition to feld par and chlorite a number of 
erratica1ly di tributed mineral are found in ome of 
thee microcline bodies. Mo t of thee mineral a re 
not recognizable in hand specimen , but they wer 
recovered in mineral eparates and identified by X -ray 
diffraction. The mo t abundant i hematite, ''hich 
o cur both a pecularit and a earthy hematite. 
Magnetite and limonite are al so found in mo t peci­
men . L e common mineral are thorite, rutile, yel­
low mu COYite and apatite. Mineral found in one 
or only a few of the mi cro line bodies are anatase, 
barite, ba tnaesite, calcite, fluori te, pyrite, uranophane, 
and zircon. 

11 the micro line bodi are abnormally radioa ti•·e. 
The radioactivity value of mo t of them, ho"·eyer, is 
only several time the background Yalue and hence 
the bodies ontain only in ignificant amount of either 
thorium or uranium. Four bodies have a.t least some 
part in whi h the radioactivity value is greater than 
40 times the background value. T"·o of the e bodies 
are on the Red Rock claim (locali ty 1, fio-. 1), one on 

the Pl a. inview No.6 laim ( Joe. 2, fig. 1), and on on 
an unidentified !aim (l . 3, fio-. 1). On of those on 
the R ed Ro k claim can be tra l only about 10 fe l· 

the oth r one, expo d in an opencut, i at lea t 130 
fe t long. The laro- r mi ro lin body is abnormally 
radioact iYe th roug hout it s length and i un iformly 
the mo t ra.dioacti ' on in th a.ballo Mountain . 
On the Plainview o. 6 !aim, abnormall y hio-h radio. 
activity is found in a f " . mall parts of a microcline 
body "h ich i 300 feet lono- and 20 fe t wide; it i 
the large t mi ro line ma in th ar a . The body at 
lo ality 3 (fio-. 1) i expo. ed for le than 10 feet, and 
it radioa tivity varie erratica,lly in int n ity at di f­
fer n.t. pla e in th exposure. 

Four ample from the mi ro lin -ri h bo li were 
taken for pectrooTaphic analy e of ele ted lement 
(see a.c ompanyino- tabl ) . Two ,,.ere cut aero s the 
large highly radioactive b dy on the Re l R k prop­
erty, on wa a g rab ample of om of th more 
radi a tive mat rial on th Plainview o. 6 lnim 
and one wa a o-rab ample of mat rial from on of 
the le radioa tive bodi (lo . 4, fio-. 1). Quant ita tive 

were mad for thorium, r tain rar - arth 
lement and n iobium by Conklin; emiquantitativ~ 

analy e , al o by onklin, ' '" r made for uran ium. 
Thorium, th e dominant radioa ti ,·e lem nt o cur 
principa.J.Jy in the mineral thorite in everal micro line­
ri ch bod ie . r ranium i pr ent in uranophan ' which 
wa found only in minor amount in th Iaro-e body 
on the Plaim·iew No. 6 laim . 

The erium-group elem nt. re.pr nt din th analy­
e by La Ce and d are not abundant and of the 

only La., \Yhi h i the mo t r aclily di tingui . he l by 
pe trographi m thod , wa dete ted in m a urable 

amounts. Cerium-group el ment o ur in ba tnae itc 
found as a spal'Se ace ory in materi al from th Pl ain­
view No. 6 claim. EJse,vhere the cerium -group le· 
ment are probably contained only in thorite. Nodi-
rete mineral of the yttrium -group rar earth were 

found. Qualitative I e tro opi examination of min­
eral fraction indicated that ome of the element 
are pr ent in thorite, but a th ratio of Y to T h in 
the four ample ( ee table) is far in exc of that 
found in thorite, it mu t be a.. umecl tha ytt rium­
,!!roup element are p r ental o in om ot her mineral. 
As abnormal amount of niobium commonly o ur in 
a.lkali ro k , the ample wer analyzed for thi ele­
mental o. In t hree of these, niobium content w et uffi­
ciently high to . uggest enrichment, but it i · not pre ent 
in amounts that " ·ould be of economic interest. 

From our in ve tigation of the e radioactive mi ro· 
cline-r i h bodies we con lucle that they a re not intru· 
sive syenites, but rather are metasomati call y altered 
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Spectrographic analyses of microcline-rich bodies from the Caballo Mountains 

{Analyst, Nancy Conklin] 

-
Location Type of sample 

Minor elements (weight percent) 
sample o. 

Th La Ce Nd Yb y Nb u 

HR-1- 64 _____ North end of large 6-inch chip ____ 0.44 0.012 <O. 05 <O. 05 0. 011 0. 11 0.013 0.03 
microcline-rich body 
on R ed Rock cla im 
(Joe. 1, fig . 1). 

RR-2- 64 _____ ear center of large 15-inch chip ___ . 16 <· 007 
microcline-rich body 

<.05 <· 05 . 0060 . 040 . 011 0 

on Red Rock claim 
(Joe. 1, fig. 1). 

R R-5-64 __ --- ear center of micro-
cline-rich body 

Gra b _________ < .05 <. 007 < .05 <.05 . 0024 . 016 . 0022 0 

(Joe. 4, fig. 1) . 
RR-6-6L--- Large microcline-rich Grab of . 086 . 017 <.05 <. 05 . 0052 . 037 . 00 1 . 07 

body on Plainview abnorma lly 
No. 6 claim (Joe. 2, radioactive 
fig. 1). dump 

materia l. 

All analyses are quanti tat ive except those for U, which are semiquantitative. 
Quantitative ana lyses have an overa ll accuracy of ± 15 percen t except that they are less accurate near limits of detection, where only 

one digit is reported 
Uran ium ana ly es are reported in p rcent t o t he nearest number in the eries 1, 0.7, 0.5, 0.3, 0.2, 0.15, and 0.1 , and so fort h, which 

represent approximate midpoints of group data on a geometric scale for a 6-step method of analysis. The assigned group or 
midpoint for t hese r sui ts will include the quantitative va lue a bou t 30 percent of the time. 

quartz monzonite. ontacts are commonly gradational, 
and thee hybrid ro k are believed to have formed 
from potas ium-ri h fluids that entered the quartz mon­
zoni te along fracture . In hand specimen these brick­
red microcline-ri ch rock resemble the fenite that 
urrounds the lar o-e alkalic intrusive body in the Wet 

Mounta-in (P arker and Hildebrand, 1963, p. E9). 
The turbidi ty of the feldspar and the irreo-ular bound­
aries are similar to tho e of some of t he feni te at Alno 
I land described by von Eckennann (194 , p. 27-43) . 

Fenites were d fined by Brogger (1921, p. 156-166) 
a Jeuco rati contact rocks that con i t of 70 to 90 
percent a lkalic feldspar and from 25 to les than 5 
percent maJi. minerals. As redefined by von E cker­
mann (194 , p. 13) feni tes include all ontact rock 
form d b. alt ration of old r r k by fl uid d riY d 
from alkali . magma. . Fenite , therefore may b a 
highly varinble in natu r a the wallro k from wh ich 
they w r fo nn <>d . I n g n ral how ' r f nit 
form d from coun t r ro k by major add it i n of K 2 

and a major ubtra ti n of 
A11:hough th mi r clin -ri h ro k of the outhern 
, ballo fountain may lo ely re embl known fenite 

of m a r a in phy i a 1 and hemi al appearan e, 
they nnot tri tly Ia ifi d a fenit according to 
th original d finitio n by Br .. o-g r (19~1 p. 156-157) 

as they are not in c.ontact with alkalic rocks. The 
lack of alkali c rock outcrop in t he small area of Pre­
cambrian terrane in the southern Caballo Mountains 
does not mean, however, that some hidden alkalic body 
was not the ource of the fluids which reacted with 
the country rock to form microcline-rich bodies. Fur­
thermore, as alkalic rocks commonly have a high 
thorium, rare-earth, and niobium content, another tie 
is suggested between an alkalic source and the micro­
cline-rich bodies of the Caballo Moun tains. 
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VOLCANIC ORIGIN OF FLINT CLAY IN THE FIRE CLAY COAL BED, 

BREATHITT FORMATION, EASTERN KENTUCKY 

By VICTOR M. SEIDERS, San juan, P.R. 

W01·k done vn cooperation with the Kentucky Geological Sm·vey 

A.bstraot.-The flint-day pa r ting of the F ire Clay coa l bed 
in the Breathitt Formation of ea tern Kentuci'Y i composed 
chiefly of kaolinite and 1 ar e angular grain of quartz and 
anidine. The mineralogy and texture indi ate that the rock 

fo rmed by alteration of volcanic ash in a coa l wamp. 

The Fire Clay coal bed in the Breathitt Formation 
of Pennsylvanian age contains a thin but persistent 
parting of flin t clay. This parting is very extensive 
in eastern Kentucky, and also occurs in correlative 
beds in Tennessee, Virginia, and West Virginia (Hud­
dle and P.a!Jterson, 1961, p. 1646). ear Hazard, K y., 
where the flint clay was exami11ed by the writer, it i 
generally 3 to 4 inches thick, rarely a much as 
inches thick, and th roughout eastern Kentucky i re­
ported to be between 0 and inches thick. It may 
occur immediately above, below, or within the coaJ 
bed but generaJ!ly occurs wi.thin the lower third of the 
bed (Huddle and Paterson, 1961, p. 1646). Locally 
the flint clay is absent where the coal bed is present, 
and in some areas both flin t clay and coal are absent. 
The writer has found flint clay only where it i a o­
ciated with coal or carbonaceous hale. The flint clay 
i ]i<Yht to dark gray, locally browni h gray, and com­
monly shows a slightly mottled appearance on fresh 
surfaces. The rock has a Mohs cale hardness of about 
3 and breaks readily with a hackly to conchoidal frac­
ture. It is nonfis ile and generally sho\Y no conspicu­
ous bedding feature except for rare well-graded 
Vs- to l-inch beds of silt- to fine-sand-size material. 
Well-preserved imprints of plant leave , stems, and 
root are abundant. 

PETROGRAPHY 

In thin section the rock is seen to be compo ed of 
0.5 to 4 percent of 0.1- to 0.5-mm grains of quartz and 

sanidine in a groundma s of lay min rals. Th quartz 
i un trained and in Jude both ha.rply angular frag. 
ment and grain \ri th cry taJ fa ome grain have 
the mooth embaym nt and round d co rn rs (fig. 1) 
which are chara teri Li of vol anic quartz (Will iam 
and others, 1954, fig . 50 B- ) . anidin ( mall 
2F (-)) occurs a irre<Yular arain and w 11 -formecl 
lath- haped cry tals, ome o£ whi h ho\\' 001 leavagc. 
Mo t grain ar 1 ar and unalt 1 d, but ome ar 
partly to completely r pia ed by fine-grain d kaolinite. 

The clay mineral of a t pi al ample of flint clay 
wa identified by P. D . Blackmon, .,. .. Geolo<Yical 
Suney, by X-ray diffraction as kaolinite. ~\.n unu ual 
ample, notably ofter than the normal flin t lay, wa 

found by H. . Tourtelot, 1 . . Geologi al urvey to 

Fro HE I.-Photom icrograph of flin t clay , bowing sanidine 
(S ) and angula r and em bayed quartz grains ( Q ) . Ordinary 
light. 
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contain iJlite and mixed-layer illi te-montmorillonite 
in addition to kaolinite. 

Examination of heavy mineral f rom one sampl e of 
ftint clay by P. D . Blackmon showed only anatase, 
zircon, and rutil e. Both rounded and euhedral zircon 
are pre ent. Ca rbonaceous matter i present in varia­
ble amounts in most thin sections a irregular st reaks 
or in w€0\ll -preserved pl ant form s. 

In thin ections of some samples the clay around­
mas is uniformly cryptocrystall ine to micro rystalline 
and appears nearly i otropic under crossed nicol . 
Other ample ontain abund ant anaular to rounded 
globul e of crypto rystalline to coar ely crystalline 
kaolinite (fi a . 2). In th e aroundm a s of ome amples 
are a few mall vermicular cry tal of kaolinite show­
ing a good cleavage perpendicular to the direction of 
elonaation. u h cry tals are ommon in flin t clay , 
and tach (1950, p. 43-45) has uggested th at they 
form dir tly by the alt rat ion off ld par . The or igin 
of the vermi cul ar kaol inite cry. tal in the F ire lay 
flint lay i not known, but they do not seem to haYe 
formed dir tly from anidine, b cau e in all examples 
of partly alter d anidine the kaolinite i finely granu­
lar rather than Yermi cular. 

ORIGIN 

The origin of the flin t-clay par tina in the Fire Clay 
coa l bed ha puzzled aeoloai t for man year because 
thi t hin uniform widely di tribnted bed ontra. t 
harply with the varia ble, di ontinuou nature of mo t 

other edimentary unit of the oal mea ure . Although 
conch1 iYe evid nee ''"a lacking h ley ( 192 , p . 63) 
~~a the fir t to ugge t a volcanic origin · H uddle and 
Patter on (1961, p. 16-!6-1647) have hown that the 
1ride eli t r ibution and unique character of the fl int 
clay require an unu ual origin. The F ire lay flin t 
clay along with imilnr rock. fr m many part of th 
IYOrld, " ·n. examine l in I oli.h d . tion by H oehne 
(195"), who belieY d that the qun.rtz grail; form d 
in pla and n lucl c1 that these rock. originat d by 
th ali ration of cla ti non1·olennic parent edim nt . 

Th volcanic origin of the Fire lny fl int lay i 
indicat d by the pre.· nee of learl) cla ti o-rain of 
sanidin e and C'mbayed quart% nnd the ah n e of any 
obviou ly n nvol ani lebri: except cn rbonnceou mat­
ter. I n spe im n containing lnwl inite globul s the 
poor orting th angularity of the quartz anidine . 
and som kaolinit grain , and the l a l pre en e of 
/!racled b d are all on i t nt 11·ith an origin n a 
wate r-laid tuff. The fa t that the globul es lune been 
completely om-erted to kaolinit wherea th quartz 
and sanidine ~ave not , urra t that th o-lobule oriai -
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l!'IGUHE 2.- Pb tom icr ogr apb of flint lay, bow ing turbid 
ka ol ini t gl obules and clear· quar tz and sanidine grain . 

nllilly '"ere compo d of Yery un table material, prob­
ably volcanic a las . 

{ineraloai a.lly pla t i u11derclay differ from flin t 
clay in that it is richer in clay mineral other tha n 
kaolinite. A orclina to ome authors (K ell er and 
others, 195-1; Hudcll and Patter on , 1961) both pla tic 
lay and flint lay form by the in-pla e altera tion of 

sediment in an acid environment, and flin t lay rep­
resent the more advanced taae of uch alteration. 
Huddle and Patte r on (1961, p. 1655) al o point out 
that althouah detrital f ld par is common in pla ti 
under lay it generally i not pre en ecl in flint clay. 
Th pre ence of sanidine in the flin t clay of the Fire 

lay coal bed, therefore eem anomalou . The expla­
nation probably lie in the nature of the ori rr inal ma­
terial ; the alteration to flint clay was probably 
achiHed b u e of the highly unsta ble nature of the 
original yo] anic gln . . Environmental condition may 
haYe been no more ,·ere than those whi h would pro­
clue pla tic lay from a nonvitri ediment. 

The angularity of mo t arain and the presence of 
th Yery delicat kaolinite "worm ., indicat that the 
Fir C'lay a h fall wa altered to fl int la_ in place 
and annot ha1· originated by depo ition of clay min-
raJ deri 1·ecl from an inten iYel weath red ource 

aren a_ ugl!e ted by hultz (195 ) for many pla tic 
under lay . 

Jo other orth American flin t clay has been dem ­
on trated to ha Ye form d from Yolcani ash, but Fran­
i (1961) ha de r ibed kaolinitized tuff bed from 

the C'arboniferou of cotland that are ,·ery similar 
to th Fire Clay flint cl.ay. H e was able to recognize 
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all stao-e of alteration f rom \·olcanic glas to kaol ini te 
and to trace t he altered tuff bed into a nearby vol­
canic source area. The ton tein b d of we tern Europ 
( tach, 1950; Scheere, 1957) a re a] o very simil ar , 
but opinion is divided as to wh ther they formed 
from volcani c ash. 
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PREHNITE AND HYDROGARNET(?) IN PRECAMBRIAN ROCKS 

NEAR BOULDER, COLORADO 

By CHESTER T. WRUCKE, Denver, Colo. 

Abstract.- Prehnite and a hydroga rnet( '?) occur as acces-
ory minerals in several rocks of Precambrian age that crop 

out near Boulder, Colo. The principal ho t for these minerals 
i the Boulder reek batholith, but gabbr oic and dioritic 
rna es intruded by the batholith a ! o conta in them. Both 
minerals form small len ·-shaped rna se in biotite. Prehnite 
i interpreted as having crysta ll ized from aO-rich deuteric 
solution that originated in the Boulder Creek batholi th , but 
a metamorphic ·origin is pos ible. The hydrogarnet ( ?) may 
ha1·e formed from the prehnite later in t he deuteri c period. 

Prehnite and a mineral tentatively identified as a hy­
drogarnet occur as lrute accessory constituents in rocks 
of Preca.mbrian aO'e that crop out on the east flank of 
the Front Range near Boulder, Colo. (fig. 1). These 
rocks are the Boulder Creek Granodiori te (Lovering 
and Goddard, 1950; Well and others, 1964) and rocks 
of gabbroic to dioritic composition intruded by the 
granodiorite and labelled "metaO'abbro" on figure 1. 
The prehnite and hydrogarnet form small len - haped 
masses in biotite, a somewhat unu ual occurrence, as is 
the presence of hydrogarnet in a O'ranitic rock. These 
minerals may have crystallized from deuteric solutions 
that ori<Yina.ted in the O'ranodiorite, but a metamorphic 
origin is po ibl . 

The l n - hap d aO'O'r CYat of pr hnite av raO'e 
about 0.04 by 0.35 mm in iz . Th l n ommonl 
compri v ral thin g ntly urving band . Biotit 
lam llae 0' n rally pas mooth ly a round th len as 
thou h the urowin pr hnite had pu h d them a ide 
(fig . 2). Mor ov r, optical dir tions in the hot and 
in the outer parts of th I n es UO'O' t pitaxi <Yrowth 
of prehnite on biotite. 

Identification of the prehnite ' a made from X-ray 
powder patterns (by Theodore Botin lly) and from 
optioa.l data. Mea urements of the optic axial angle 
were made on a univer a! staO'e; in dice were d ter­
mined by u ing a pindle stag and central rna. kinO' 

techniques ( Cherka.sov, 1957) . Several grains from the 
metagabbro show the following optical properties: 

nx=l.614 to 1.617+0.001 
ny = 1.621 to 1.624+0.001 
nz = 1.640 to 1.643+0.003 

n. -nx = 0.026 
2'V,=5 ° to 61° 

The range of the optic axial anO']e i sliO'htly lower 
than usually reported for prehnite (Deer and other , 
1962) . Interference color in standard thin section 
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Fro RE 1.- Geol gic ketch map of part of nor th-central 
Colorado, bowing location of the Boulder reek batho­
li th. g, metagabbro (Precambrian) ; b<, Boulder Creek 
Granodior ite and related granitic rock (Precambrian). 
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ydrogarne t (?) 
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B 
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l~ I OU RJ:: 2.-'l'bin- ·ection ketcbe of Boulder Creek Granodio­
ri te. A, Prebnite a nd bydrogarnet ( "!) in biotite. 8 , Prehni te 
partly replaced by bydroga rnet ( ?) . Plagiocla e i partly 
seri c itized. 

ommonly do not xce d first -order r d. ome crrains 
show fine g rid-twin lam llae re mblinrr tho e of micro. 
line, and thee rrra ins commonly have anomalou bl ue 

interfer n e olor . A "bow-tie stru ture o ut· in 
some arrrrregate . In thin ction, prehni1 e from ither 
th m ta<Ya,bb ro or the Dould r reek Granodiorite i 
olorles · in hand pe im n it i \Vhite. 
The nam "hydroga rnet" i u d h r a a cr nernl 

term for hydroxyl-bearing garnets. The hydrocrarnet 
r ported h re wa det rmined (by F. A. Hild brand 
from a pe imen ollected in the Boulder reek bath­
olith) to have th t ru ture of th rrarnet and a cell 
ed rre of L.OO+O.OlA. In thin tion the mineral i 
colorle to very pale brown and generally turbid; in 
reflected light it i sih ry whit . 1o t g rain have a 
refractive index rangi J) g from 1.793 to 1.79 · a few 
grains ha' e an index as low a 1.790, and ome a high 
a 1. 02. A small p r en tage of the g rain hav an 
index ligh tly aboYe 1. 02, th index of the hirrh tim-
mer ion oil u d. 11 rrrain a re anisot ropi ; under 
crossed ni ols the rr rain appear mott led in had of 
dark to lirrh t gra y, r ultin g from th myriad of tiny 
interlo king grain that form th hydrogarn t ma e. 
The refra ti ,1e inde , i too hirrh for hydrogro ular 
the commonly report d hydrogarn t but th color and 
birefrin<Yen e and th hug cell eel()" otherwi ugo- t 

a hydrogarnet. Th data u <Yrr t that th h drogarnet 
may be a hydroxyl-bearing memb r of th gro ularit -
andradite rie , but po itiv id ntificat ion must await 
a chemical analysi . 

Hydrogarnet in the Bould r, olo., ar a o ur· 
within prehnite len es and a epa rat m, (fi o-. 28). 
It forms pseudomorph aft r pr lmit , a indicat d by 
its occurren e in 1 n e ha' ing th am o-eneral ize 
and hape, fra tur patt rn , and a-ranular appearance 
as the prehnite. 

PETROLOGY OF THE HOST ROCKS 

udy of the ea t rn half of th Bould r reek 
batholith, a ynkinematic pluton ompo d mainly of 
Boulder reek Granodiorite, indicat that pr hnite 
and hydrogarnet are rather ev nly di tributed in the 
central part of the body. Ea h of the e min ral form 
about 0.3 percent of the rock, a determined from 
examination of abou t 100 pecimen but pr liminary 
study reveal that they are slio-htly more abundant in 
reaction zone around ome hornblencle-b arin g inclu­
sions. Jeither mineral occur at t he p r iphery of the 
batholith within 1 mile of the conta t. Prehnite not 
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associated with biotite occurs in a few veinlets y2 mm 
wide at one place in the batholith. 

The central part of the Boulder reek batholith in 
the area studied ranges in ompo ition from quartz 
diorite to quartz monzonite but has an averaa-e com­
position of a-ranodiorite. Some local variation in com­
position resulted from digestion of biotite- and horn­
blende-bearing inclusions. Most exposures exhibit a 
weak to moderately strong foliation. Plaa-ioclase 
(An 2 - s2 ) i weakly zoned to unzoned. Microcline 
loca lly forms pheno rysts as mu h a 2 inche long . 
Green i h-brown biotite is the principal varietal mineral , 
but green hornblende occurs in varietal amount locally 
and especially in the vicinity of hornblende-bearing in­
cl u ion . ccessory mineral in addition to prehnite 
and hydroa-arnet include hornbl nde, allani te, epidote, 
phene, apatite, zircon, and maa-netite. 
The border zone of the batholi th, in contrast to the 

central part, a-enerally exhibit a t rong foliation and 
conta ins brown biotite similar to that in the meta edi­
mentary country rock. Prehnite and hydrogarnet do 
not occur in thi rock . 

The prehnite- and hyd rogarnet-bearing central part 
of t.he ba.tholith is interpreted as being of igneous 
origin, wherea the mineral of th border zone are 
thought to have recry tallized during metamorphi m 
ynchronou with emplacement of the granodiorite and 

duri ng a po tgranodiori te deformation. 
The gabbroi and dioritic rock form irregular 

bodie , generall a few hundred feet across, within and 
adjacent to the Boulder reek batholith. They have 
been metamorpho ed by the Boulder reek batholith. 
Prehnite on titute 1.5 to 3.0 per en t of these rock , 
but hyd rogarn et o urs only in trace amount . The 
gabbroic rna e oc ur at the marg in of the ba.tholi th 
and on i t 1 rin .ipall y of alci labrad orite cumming­
toni! , ho rnblen le and biotit . The lioriti c bo lie. in 
th interiol' of th batholith aLo ontain hornbl nd 
and bi tit but cummington it· i par and th plagio-
dn. i no mor alci than ande.- ine. T hi . rock i 
thought to be a trongly m tamorpho d eq ui1·alent of 
th gabbroic mat rial, for b th haYe imilar t xtme 
and little or no fo liation, hut it might have forme(! 
from hornbl cnd g n is . Quartz occur in varietal or 
ace or amount. in both rock. and acce ory min-
eraL includ ep idot phcne HJ atit e, and maa-n t ite. 

Pre ambrian d formation during n.nd ub equ nt to 
empla ment of th Bould r ,r ek rranodiorite had 
littl e fl'e ton th gabbroi and liorit i ma 

ORIGIN OF PREHNITE AND HYDROGARNET 

The restriction of prehnite and hydrogarnet to the 
central undeformed part of the Boulder Creek batho­
lith and to the adjacent and included gabbroic and 
dioritic masses sua-gests that these mineral s formed by 
igneous processes related to the Boulder Creek batho­
li th . A deuteric origin would account for thi re tricted 
o curren ce and for the fairly even distribution of the 
mineral . 1oreover, crystallization from late olution 
would have allowed prehni te to a-row at favorable 
structural sites in biotite. However, additional e' i­
dence of deuteric processes wa not found, ·and the re­
lation of prehnite and hydrogarnet to epidote, another 
late mineral of uncertain oria-in common in the Boulder 
Creek batholith, was not determined. The po sibility 
that the prehnite and hydrogarnet formed by other 
processes, perhaps under low-a-rade metamorphic con­
ditions, should not be excl uded, because the Preca m­
brian rock of the Front Range have had a complex 
hi story not fully under tood. evertheless, compellincr 
evidence of a metamorphic oria-in of these minerals wa 
not found, and it may be significant that the prehnite 
does not occur wi th albi tized plagioclase typi al of 
p rehnite formed by regional metamorphism. 

Late solutions in the granodiori te might ha' e be­
come ri ch in CaO from breakdown of cal ic plaa-io­
la e during digestion of hornbl ende-bearing inclu ­
ion . Hornblende-bearing co un t ry rock , a likel ource 

for the e inclu ion , commonly contain cal ic plagio­
clase. orne CaO al o may have come from conver ion 
of hornblende to biotite, a process thought by Lovering 
an d T'Yeto (1953, p. 15) to have o cm·red ''"idely in 
the Boulder Creek Granodiorite durina- a imilat ion 
of hornblende chist. 

Prehnite in the gabbroi and diori t ic ro k may have 
orip:ina.ted from flu ids that emanated from the Boulder 
C r k batholi th. ignificantly, many gabbro that con­
tain prehnite lut1· b n p n trated by solu tion from 
g raniti ma e (Wat on, 19-:1:2, p. 643- 644). However 
breakoo 11·n of plagio la in the p:abbroic and dioritic 
ro k may haYe cont r ibuted to th de,-elopment of 
prehn ite for th mineral i more abundant in thee 
ro ·k than in th Boulder Creek. Neverthele , t he 
po ibility of other mode of origi n, a mentioned 
abov , hould not be di reg.ard d. 

Th ab enc of p rehnite and hydrogarnet from the 
bord r zone of the B ulder reek ba tholith and from 
the adjacent meta edimentary country ro k indica te 
ei t·h r that thee mineral wer obli terated in them 
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during penetrative deformation or tha t they never 
exi ted in tho e rocks. 

The hydroo-arnet may have formed from prehnite. 
Fyfe and other (195 p. 168- 169) have. ho,,.n th~t 
hydrogarnet can form from glass of prehmt composi­
tion at pre sure - and to a le ser extent temperature 
- lower than tho e in the stability rano-e of prehnite. 
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GEOCHEMICAL PROSPECTING IN THE BROWNS CANYON FLUORSPAR DISTRICT, 

CHAFFEE COUNTY, COLORADO 

By RALPH E. VAN ALSTINE, Washington, D.C. 

Work done in cooperation with the Coloracl o Mimi ng lnd ust1'ial D et •elopment B oard 

Abst?·act.- In the Brown anyon di trict, geochemica l pro -
pccting inYe tigations revea led abnormal flu orine concentra­
tion· in re idua l soil directly above and down lope from a 
ft uor ·par vein, and in alluvium down ·tream from the vein. 
The large t anomal ies a re approx imately 6 to 20 t imes the 
background in the oil and 3 times the background in the 
alluvium. F luorine contents of soil n a r a con ea led fault are 
too tow to ugge t the pre ence of an underlying flu or par 
depo it. Although geochemical pro pecting methvd have been 
reported as not especia lly uited for locatiug flu or par deposit 
di rectly, fluorine actua ll y ca n be a favorabl e indica tor ele­
ment for this purpo e. 

Geochemical anomalies based upon 44 flu orine anal­
yse resulting from inve tiO'ations in the Browns Can­
yon district how that fluorine i a favorable indicator 
~lement in both residual soil and alluvium derived 
pa rtly from the fluor par depo its. Fluor ite appar­
ently ha a lower mobility in re idual soil and al­
luvi um than previou ly reCOO'nized, and additional 
eochemical prospectinO' work in fluor par di tr iot 

might reveal significant anomalie that will lead to the 
di coY ry of or bod i . 

Variou opinion have b n exp re d on the valu 
of eo h mi al pro p tinO' m thod in findinO' fluor­
.pa r d 1 o its. och mi al m thod ar reO'a rded 
(Grogan, 1964) a not e p ially ftdapt d to locating 
ftuo r par depo it dir tly by ear hinD' for anomalou 
cone ntration of fluorine. On th oth r hand H a>Yke 
and Webb (1962 p. 365) tat d that th fluorin con­
tent of oils may b u eful as a gui de in locating fluor­
spar d p it . Thi con lu ion, however wa ba d 
mai nly on the r ults of an xten ive O'OOChemica l t udy 
of r idual oi l above beddin0'-1' pla ment and vei n d -
po it in the Illinoi -K entu ky di t ri t by a kow ki ' 

1 M. 0 . a kokswl , 1952, Geochem ical prospecting npplled to the 
llll nols·Ken tucky fluor pnr nr a : Mi ssouri Unlv. Ph .D. thes is, 144 p. 

(1957, p. 378) , who actually concluded that in that di -
tr ict "fluorine is technically un ui ted as an indicator 
element for preliminary fluorspar exploration. Evi­
dently the topography, climate, or O'eologic environment 
in this area was unfavorabl e for flu orine to be hi D'hly 
concentrated in the soil. Hi auO'er sampl con i ted 
mainly of residual soil beneath about 20 feet of loes ; 
the oi I overlies fluorspar ore in lime tone , hales, and 
and tone in a maturely dissected plateau area where 

the annual precipitation i about 46 inches. The re­
ported ma ll positive fluorine anomalies there amounted 
to only 21 percent above ba kground for the bedding­
replacement depo it and 54 percent above background 
over a vein depo it where the background value wa 
0.065 percent fluorine. Some la ter auger drilling and 
geochemical investigations in the distri t revealed 
areas ''i th Z-fold and 3-fold anomali , ba ed on a 
background value of about 0.035 percent fluorine, 
which were diamond drilled and found to contain 
fluori te-bearinO' calcite veinlets and no minable bodie 
of fluorspar. 

imi larly allm·ium ha not been regarded a u eful 
in pro p tinO' fo r fl uor par. \.c ording to Grogan 
(1960 p. 375), fluor I ar does not la t lonO' in the bed 
of tr am be au e of its oftn and extreme cleava-
bilit , and ord inarily cannot be tra ed by panning. 

pecial thank ar due Lyman . Huff, of the 
Geolorrical urv y, for help in ollectinO' the ampl 
and for pr paring th m for analysi . 

LOCATION AND GEOLOGIC SETTING 

The Browns anyon fluorspar di t rict i in the Pon­
cha pr inO' quadrangle, Chaffe County, Colo. , about 
100 mile outhwe t of Denver and about miles 
north we t of al ida . It extend "'e t from the Ar-
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kansas River and i readily acces ible from .. High­
way 2 5. The tenain i mountainou , a~1d th. t~ep 
outhwest-facing lope in the area under mvest~ga~1on 

has only a thi11 oil. The altitude of the prmc1pal 
depo its rano-e from 7,360 to 7 720 fe t. The a~nu~l 
precipitation i les than 10 inches, and 'egetatwn 1 

parse. . 
The fluor par depo i shown in fio-ure 1 o cur ch1 fly 

as pithermal veins ~dono- a ste ply dippin_g, northw~s~ ­
trendino- normal fa.ul zone between Tertiary rhyoht1c 
welded tuff and Precambrian banded p:neis , horn ­
blende anei s, and anei ic quartz monzonit · mo t of 
the other fault are not kno,Yn to contain commercial 
l po it of fluor par. The Yein aenerally how abrupt 
li kensided wall " ·ith iii ification and slight replace-

ment of wallro k by fluorite. The Precambrian rock 
trike northea t and dip teeply northwe t and south ­

ea t, wherea the rhyoliti c " ·elded tuff strike north­
west and dips gently soutlw.-est. A black vitrophyric 
welded tuff ne.-·u the ba e of the rhyolitic welded tuff 
was dated by the IC-Ar method (analyst H. H. 
Thomas, R. F. Marvin, P. L. D. Elmore, and H. 

mith, of the .. Geoloo- ioal urvey); becau e biotite 
and the glassy matrix ea h howed the a.o-e to be 34 
million yea.rs ( -+-3 m.y.), these volcanic rock are re­
garded as Oligocene. 

The district yielded about 130,000 short ton of 
fluor par concentra.tes between 1929 and 1949. Al­
though the depo its a.re not no''" being mined, they 
con titute a. resource of more than a million tons of 
fluorspa.r containing more tha.n 15 percent CaF2 (Van 
AI tine, in .S. Geol. urvey, 1964, p. \10-All) . The 
maximum thickne s of the veins is about 40 fe t, and 
the CaF2 content range from 15 to 75 percent. The 
fault zone mentioned above i mineralized with fine­
grained fluorite and chal edoni quartz almo t continu­
ou ly for nearly 3,000 feet in ec . 34 and 27, T. 51 r., R. 

E. To the north,ve t, in ec. 2 , this fault zone con­
tain fluor par, as reYealed in drilling, and is joined 
by h,-o other faults that have yielded commercial 
fluor~par. Mo t of the geochemical inYestiga:tions '"ere 
made in thee three ection of land a.long the prin ­
ipal mineralized tructure, in order to te t the u e-

fuln of the fluorine ontent of residual oil and 
alhn·ium a an indi ator in pro pecting for fluor par 
depo its. 

FLUORINE IN THE RESIDUAL SOIL 

Thirty ample on isting largely of re! ·iclual soil 
" . re ollected from depth of about 6 inche along 
1TaYerses made from northeast to outhwest crossino-

' b 
the main vein at right angle in order to include back-
ground and anomalon samples. The samples were 

EXPLANATION 
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tkrown side 

75 

Strike and dip of beds 

80 

Strike and dip of foliation 

"-l 
Shaft 

>­
Portal of adit 

Geochemical traverse site 
Num~r referred to in tables and text 

x 22 

Alluvial· sample locality 
and number 
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taken every 50 feet along th ree 450-foot traver es ~own 
the south"e t-facin()' lope ( fig. 1), eros ing the vem at 
altitudes of about 7,700 feet. L. C. Huff sieved the 
samples to minus-80 mesh, and S. l\1. Berthold, of .the 

.S. Geolorrical urvey, analyzed them for fluorme, 
usin()' a modification of the di tillation and colorimetric 
method of Willard and Winter (1933 ). The re ults 
are shown in table 1. 

TABLE I. - Fluorine content of soil samples along traverses. ! , .11. 
and 3, crossing a fluorspar vein, Browns Canyon dtstnct, 
Colorado 

ample 

I 
F (weight I 
percent) 

31_ ____ ___ _ 
32 ________ _ 
33 ________ _ 

34 - - - - - - - --35 ______ __ _ 

36 ---- -----37 ____ ____ _ 

38 - - - - - - - - -39 __ __ ____ _ 
40 ______ __ _ 

1 ____ ____ _ _ 
2 ____ __ ___ _ 
3 ________ _ _ 
4 _____ ____ _ 
5 _____ __ __ _ 

6- - - - -·--- --7 _________ _ 
g ____ _____ _ 

9-------- --10 _______ _ _ 

11 _____ ___ _ 
12 ____ ___ _ _ 
13 ___ ___ __ _ 
14 ____ ____ _ 
15 ________ _ 
16 ____ ____ _ 

17---------
18 - - - -- ----19 ________ _ 
20 ______ __ _ 

0. 29 
. 54 
. 47 
. 39 
. 58 

4. 84 
. 32 
. 18 
. 20 
. 08 

0. 18 
. 08 
. 24 
. 18 

2. 28 
2. 00 
. 87 
. 36 
. 25 
. 37 

0. 10 
. 06 
. 06 
. 10 

1. 52 
. 40 
. 50 
. 13 
. 32 
. 56 

nderlying bedrock 

Traverse 1 

Gneissic quartz monzonite. 
Do . 
Do . 
Do . 

Fluorspa r vein . 
Rhyolitic welded t uff. 

Do . 
Do . 
Do . 
Do . 

Traverse 2 

Banded gneiss. 
Do . 
Do . 
Do . 

Fluorspar vein . 
Rhyolitic welded t uff. 

Do . 
Do . 
Do . 
Do . 

Traverse 3 

Banded gneiss. 
Do . 
Do . 
Do. 

Fluorspar vein. 
Rhyolitic welded tuff . 

Do. 
Do. 
Do . 
Do. 

The lowe t fluorine values in soil samples collected 
down lope and up lope from the vein are 0.0 and 0.06 
percent, which are similar to the fluorine contents of 
certain rock . They compare favorably with fluorine 
content of 0.065 percent for the contine~tal rocks of 
the earth'· cru t (Flei cher and Robin on, 1963, p. 67), 
0.066 per ent for igneous rock (Green, 1959), and 
0.08 percent for the earth's cru t (Goldschmidt, 1958, 
p. 74). The median fluorine value of more than 170 
ample of ilici c glassy volcanic rocks in the Western 
tates is 520 part per million, or 0.052 percent (Coats 

and others, 1963). Two of the principal wall rocks in 
the Browns anyon di trict, Precambrian gneis ic 
qua rtz monzoni te and T r ti·ary rhyoliti welded tuff 
ontain 0.0': and 0.0-:1: percent fluorine, respectively; 

the bla k v1trophyr n ar the ba e of th welded tuff 
ontain 0.0 1 ere nt fluorin , and the older rhyodacite 

fl·ow con ta in 0.11 percent fluorine (Jes Warr, Jr. 
. . G ological Survey, analy t). 

value of 0.25 per ent fluorin i on 
background for the soil along the 3 t t·aver es. Thi 
figure i baed upon the averag for 12 amples of oil 
overlyin()' Precambrian rocks up lope f rom the vein 
and the avera()'e for 12 sampl of oil overlyin()' rhy0. 

li tic w lded tuff downslop from the ' ein. Examina. 
tion of backrrround ample with a petrographic mi. 
cro cope failed to reveal the pre n e of fluorite or any 
other effect of the fluor 1 ar mineralization; their 
fluorine content i attributed to the abundant biotite 
and (or) g reen hornblende. 

The highe t fluorin e value ( 4. 4, 2.2 , and 1.52 per· 
cent) in the 3 traver repr ent abnormalities of 
about 2'0-fold, 9-fold, and 6-fold, if 0.25 percent fluo· 
rine i u ed a background. The ampl s adjacent to 
the fluor par vein contain an()'ular rrrains of cla tic 
fluorite and partly weath r d ro k debri . The di tri· 
bution of the greate t fluorin value in the first two 
traver es UO'O'e t that the fluorite is di per d on the 
down lope or outhwest side of the vein, pos ibly by 
proce e of lope wa h and oil creep, but in t ra' er 
3 the g reatest anomaly i dire tly a,bove the vein. The 
large anomalies and the close spatial relati on hip to 
the vein how that fluorine in the soi l can be u ed a a 
direct indicator elemen t in pro pe tin()' for fluor par 
here. 

L. . Huff panned a large ample from lo ality 5 of 
traverse 2 (table 1). The pannin()' concentrate con· 
tains 3.56 per ent ft uorin , ompared with 2.2 p rcenl 
fluorine in the unpann ed ample. Many cleavage fra · 
ments and fine-O'rained arrgre()'ate of olorless fluorite 
are evident amon()' more abundant CYrain of quartz. 
feldspar, biotite, CYreen hornbl ende, and magnetite, 
when the sample i viewed under cro ed nicol of n 
petrographic micros ope. The flu orite is readily di · 
tingui hed from imilarl y i ot ropic, bro,Yni h garnet. 

FLUORINE IN THE A'llUVIUM 

Three ample of alluvium, con i ting mai nl y of 
sand ta ken from a depth of about 1 foot, were col· 
lected from lo ali-ties hown in the northwest part of 
figure 1. ample 22 from a gul hat the . outheast edge 
of sec. 2 , T. 51 N., R. 8 E., about 900 feet down tream 
from the outcropping fluor par vein , contains 0.16 per· 
cent fluorine and grains of fluorite. Thi value repre· 
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sents a 3-fold anomaly in contrast with sample 23 of 
the alluvium containing 0.05 percent fluorine and no 
risible fluori te, collected about 300 feet upstream from 
the vein. Concentr·ates that Huff panned from large 
samples at these 2 locali ties contain 0.94 percent fluo­
rine and 0.39 percent fluorine, re pectively; biotite or 
()'reen hornblende, both of which are relatively more 
=.bundant in panned sample 23 than in the unpanned 
ample, probably accounts for the fluorine content of 

this sample. 
In a small er gulch that cuts the fluorspar vein be­

tween traverses 2 and 3 (fig . 1), alluvium was collected 
about 700 feet downstream from the vein. The sample 
(No. 21) contains vi ible flu orite and 0.30 percent flu o­
rine, which represents a 6-fold increase over the 0.05 
percent fluorine content of fluori te- free alluvium in the 
ad jacent gulch to t he nort h and upstream from the 
vein. The concentrates from a large quantity of sam­
ple 21, panned by Huff, contain fluorite grains and 1.38 
percent fluorine. 

The above resul ts imply geochemically significant 
fluori ne concent rations in alluvium downstream from 
the fluorspar vein and sugcre t that, in general, panning 
may be helpful in detecting the presence of fluorspar 
vein . Even though fluori te is a fairly oft (hardness 
4) mineral that commonly breaks readily alonrr ex­
cellent cleavage, it is relatively insoluble, resistant to 
weathering, and heavier (sp g r approx 3.2) than most 
of the common nonmetallic minerals. The per i tence 
of fluori te in ul che for hort di tances downstream 
from the vein in the Browns Canyon district may be 
due partly to it fine rrrain ize and to the fact that in 
places it is interrrrown with hard chalcedonic quartz. 
In districts '"here fluori te persi t in alluvium and can 
be recognized readily under a hand lens or microscope, 
exami nation of panned concentrate from a lluvium and 
e timation of the flu orite conten may be an effective 
and heap '"ay to pr . p ct for fhwr pard po it . 

GEOCHEMICAL RECONNAISSANCE OVER AN 
UNEXPOSED FAULT ZONE 

During geologic mappinrr in thi area the writer 
mapped a fault zone eparating rhyoliti welded t·uff 
and older rhyoda iti c volcanic ro ks (fi.rr. 1) but 
largely con ealed by Re ent alluvium and lay silts, 
and , and graYel of th Dry nion Formation of 
Plioc n age. The fau lt. zon "-a cut. in an adit. at a 
fluor par mine, near the outhea t corner of the map 
uea, wher veinlet ontain alcite and fluori te. Th 
fau lt zone wa inferred to extend northw st to th west 
edge of 1 .. Hicrh way 2 5, wh re even re idual oi l 
ampl were coll e ted from outh to north (traverse 

4, fig. 1) . At thi locali ty the fault zone i covered by 

Pliocene sediments between an outcrop of rhyodacitic 
volcanic rocks and an outcrop of rhyolitic welded tuff 
about 200 feet to the north. The rhyodacitic volcanics 
are locally whitened, altered, and cut by veinlets of 
chalcedony, oalcite, and rrypsum; t he rhyolitic welded 
tuff is silicified. Fluorite, however, was not dbserved in 
the volcanic rocks or Pliocene sediments here. 

The 7 soil samples collected at 50-foot intervals near 
the edge of the roadcut have fluorine contents (table 2) 
'below the 0.2!5-percent fluorine .background value used 
fur delineating anomalies in the other 3 traverses, 
and fluori te was not found when the samples were 

TABLE 2.-Fluorine content of soil samples along traverse 4, 
crossing an inferred fault zone, Browns Canyon district, 
Colorado 

Sample 

24 ____ ____ _ 
25 ___ _____ _ 
26 ________ _ 
27 ________ _ 
28 ____ ___ _ _ 

29 - - - -- ----
30 - - - -- - ---

F (weigh t 
percent) 

0. 16 
. 16 
. 15 
. 16 
. 21 
. 18 
. 12 

Underlying material 

Rhyodacitic volcanic rocks. 
Do. 

Pliocene sediments. 
Do . 
Do. 

Rhyoli t ic welded t uff. 
Do. 

examined under the microscope. Nevertheless the high­
est value, 0.21 percent fluorine, is in soil aboYe the 
Pliocene sediments and at the probable location of the 
fault. Possibly deposition of the ediments, which was 
later than the mineralization in the Browns Canyon 
district, removed or obscured any anomalous concen­
t ration of fluori te along the fault at this locality. The 
ratio of the highest fluorine value (0.21 percent ) to the 
average fluorin e value (0.16 percent) shown by the 
samples of this t raverse does not exceed the 2/ 1 ratio 
usually required for anomalies to stand out signifi­
cantly above normal backrrround variations (Hawkes, 
1959, p. 64). Thus, the O'eochemical t raverse fails to 
indicate the presence of a fluor par body along the un­
exposed faul t at thi site. Thi fault zone is covered 
by alJm ium southeast of the highway, however, where 
it might contain fluor par deposits similar to tho e in 
the prin ipal faul t zone less tha n half a mile northeast. 

CONCLUSIONS 

Abnormal fluorine concentrations in residual soil 
and alluvium are spatially related to sizable fluorspar 
deposits in the Brown Canyon district. Study of these 
geo hemical anomalies suggests that the fluorine con­
tent of oi l and alluvi um might be profitably investi­
gated in rreologically similar fluorspar dist rict of the 
We tern State . S ince mo t of the western fluorspar 
deposits are epithermal, T ertiary in age, and lacking 
in sulfides of metals corrunonly useful for geochemical 
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or geophy ical pro pecting, the dire t earch for fluo­
rine anomalies might be useful in preliminary explora­
tion work. Caution should be exer i ed in interpr tin()' 
analytical results in any area where beds of fluorin -
bearinO' phosphate rock or the u e of pho phatic fer­
tilizer may have caused abnormal fluorine concentra­
tion that are unrelated to fluor par deposits. 
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HEAT AND FREE ENERGY OF FORMATION 

OF HERZENBERGITE, TROILITE, MAGNESITE, AND RHODOCHROSITE 

CALCULATED FROM EQUILIBRIUM DATA 

By RICHARD A ROBIE, Silver Spring, Md. 

Abstract. - Improved value for the heat of formation of herzen­
bergite ( nS), t roili te (FeS), magne ite (?vlgC03), and rhodo­
chro ite (M nCOa) have been calculated from high-tem perature 
equilibrium data u ing '"third law" method . The new value for 
t~ Hi.2g ,u are: Sn =- 25,350± 150 ca l mole-1, FeS=-24,015 
±300 cnl mole-1, MgC03=- 2 ,230 ±200 cal mole-1, and 
~rnC03=- 26,420± 150 cal mol - I For the carbonates thes 
,•alue refer to formation from t he oxide . 

Values for t he ent ropy of rhodochro ·ite (MnC03) and siderit 
(FeCOa) S298. t~ have been corrected to include the contri bution 
due to antiferromagnetic orderin g at temperature below 50°K . 
The corrected value for S2g8 .ts a re: MnC03=23.9± 0.5 cal 
mole- 1 cleg- 1, a nd FeC0 3=25.1 ± 0.6 cal mote-t deg-1• The free 
energies of formation from t h elements, 6.0/. 298 . 1 ~ are : n 
=-24, 75 ±200 cal, a nd Fe =-24,095 ± 400 cal. The free 
energies of formation for the carbonate from the oxides a re: 
~!nCOa= - 14,064 ± 300 cal, a nd fgC0 3= - 15, 764 ± 270 cal. 

Durina the course of preparation of a set of tables of 
thermodynamic data for mineral by R obie (1962), 
·everal ets of high-temperature equilibrium data were 
examined in order to compare their internal con i tency 
~nd agreement with cnl rimetric re ul ts or conver ·ely 
to utilize the equilibrium m a urement to obtain a 
"b t value" for the heat r free nergy of formation. 
It i b li ved that the ' calculation ho uld be re rded 
ince the re ultant h ats of formation differ by up to 

2,000 alori fr m the valu li ted in the tandard 
our e for u h data (R o ini and oth r , 1952) n,nd al o 
becnu e the method u ed for treating the equilibriu m 
da ta offer a m r r iti n1 t of the rre ln of th 
equilibrium mea uremen llum the usual al ulation of 
j,FJ fr m the lop of the equilibrium curve (th~tt i , 
using th van't H off eqw•tion or " ond law" m th­
od ). The treatm nt of the d~tta u ed in the ub equent 
calculation i ba ed on th u e of the Gibb free- neray 
function (for exam ple, D arken and Gurry, 1953 ; Lewi 
and Randall 1961). Thi fun tion i defined by the 
relation 

G~-H~us.1 s H~-H~u .1s so 
T T - T, 

(1) 

where G, H , S, and T are respe tively the Gibb free­
energy, enthalpy, entropy, and temperature in degree 
Kelvin , and the mall circle super crip t indicate that 
the element or compound' i in its standard state, which 
for a conden ed phase is 1 atmo phere pre ure at any 
temperature. For a ga the standard tate i the ideal 
ga at 1 atmosphere. It should be emphasized that the 
Gibbs function i determined only from pecific-heat 
data, u ually the mo t accurate of the data used in a 
thermodynamic calculation, and that it i a lowly 
varying function of temperature. 

In equation 1 we have adopted 29 .l5°K (25.0°0) 
as our reference temperature. This is only as a con­
vemence. Provided we had values of 

(2) 

for all phases, where P is the heat capacity at con tant 
pres ure, we could have equally well u ed 0°K as the 
reference temperature and the Gibb functi n would 
have be orne 

G~-H~ H~-H~ 
T T ~I (3) 

Lhe form mo t frequently encountered in thermody­
namic properti of ga es calculated from pectro copic 
data. ina the Gibb function the standard free­
enera cbanae at any temperature may be written as 

t.G~=t.H~u .15 + Tt. [G~-:-~9 
'
15} (4) 

ince the free-energy change for a reaction is direct!) 
related to the thermodynamic equilibriu m-constant or 
activity-product K , by the relation 
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D.G~=RT ln K , (5) 

n.nd where R i the gas con tan t, 1. 9873 cal moie- 1 deg- 1
, 

equation 4 may be rewritten as 

A a specific example we consider the reduction of 
berzenbergite by Hz, 

n (berzenbergite)+H2 (gas) = n (liq) +Hz (gas), ( ) 

o [G~-H~s.1 s] -RT!n K = D.Hzo8.15+ TD. T 
(6) for which the equilibrium-constant KP may be written 

or 

(7) 

For a reaction involving pure solids (and (or) liquids) 
and gases at pressures sufficiently low such that the 
activities of the condensed phases can be taken as unity 
and the gases may be as umed to behave ideally, the 
equilibrium-constant K can be written in terms of the 
pressures. 

as 
(9) 

ubstituting equation 9 into 7 gives 

R In p /P + D. [G~-HfDs.1sJ · 
HzS Hz T (10) 

The thermodynamic function necessary for thi and 
the subsequent calculations of tlus paper are hown in 
table 1. 

TABLE I. - Summary of thermodynamic properties 

t..H0 t.tts.n Gibbs rree-<Jnergy function -(G0 r-H•.,a.u)/T (cal mote-l deg-1) 

Elements Oxides 1208.15 400 500 600 
(cal mole -1) (cal mole -I} 

Rereren 
700 800 000 1,000 1,100 1,200 1,300 

------------------
Fe __ ___ __ ____ --- ---- ---- --- -- ---------------- 6.52 6. 76 7. 24 7. 79 8. 36 . 94 9. 52 10. 10 10.69 11. 28 11. 4 IIultgren and others (1961). 

±.03 H, __ ____ __ ___ ---------------- ------------ ---- 31.208 31.480 31.995 32. 573 33.153 33.715 34.250 34. 758 35.240 35.696 36. 130 Stull and others (1964). 
± . 01 H,s _________ _ -4,815±100 ------ -- -- ------ 49. 152 49. 476 50.100 50.814 51.546 52. 270 52. 974 53.654 54. 311 54. 944 55.553 Do. 
±.03 Fes _____ _____ -24, 015±300 ---------------- 14. 42 14. 95 16.32 17.86 19. 35 20.72 21.98 23. 16 24.. 24 25.25 26.2 1 oughlln (1950). 
± .03 rpnvold and others (1959). MgO _____ __ _ ,_ 143, 800±100 0 6. 44 6.81 7. 54 8. 39 9. 27 10. 14 10.9 11. 7 12.55 13. 29 ------- - Darron and others (1959). 
± .03 VIctor and Douglas (1963). MnO ________ •-92, 050±110 0 14.27 14.70 15.53 16. 48 17.44 18.38 19.29 20. 15 20.97 21.76 -------- Kelley (1960k ±.10 co, ___ ______ -94,054±30 0 51.072 51.434 52. 148 52.981 53. 45 54. 706 55. 546 56.359 57. 143 57. 96 

Kelley and lng (1961). 
Stull and others (1964). ----- ---±.05 MgCO, ______ -266, 084.±300 ' -28, 230±200 15.70 16.48 18.01 19.83 21.74 23.66 25.55 27.38 29. 15 30.85 ----- --- Kelley (1960). 

±.20 Kelley and KJng (1961 ). Mnco, ____ __ -212, 524±300 I -26, 420±150 123.9 24. 72 26.34 28.24 30. 24 32.22 34. 17 36.05 37. 86 ------- - -------- Kelley (1960). 
±.5 Sns __________ • -25, 349±150 ------------ ---- 18.36 18.82 19. 71 20.73 21.78 22.81 23.82 24.79 25.72 26.85 King and Todd (1953). -- -----± . 20 s, ____ ________ Orr and C hristensen (19 ). 30, 840±150 --- ------------- 54.510 54.819 55.416 56.094 56. 783 57. 455 58.099 58.712 59. 294 59. 846 60. 371 tull and others (1964). 
±.03 Sn ______ _____ ---------------- ----- -- --- ----- - 12.32 
±.06 

I Note that s· .. ··l=-(0° r -H•.,, ... )/ T at 208. 15°K. 
'Coughl in (1954) . 

HERZENBERGITE 

12.58 13.08 14. 18 15. 16 

Richards (1955) has tudied this equilibrium between 
773 ° and 94 °K and, u ing an estimated entropy for 

n (berzenbergite) and orne questionable high-
temperature heat-content mea urements on n , cal­
culated D.H:jg .15 = 19,549 ± 1,100 cal for the beat of 
this reaction. After Richard ' measurements were 
made, accurate low-temperatme heat-capacity and 
high-temperature beat-content data became available 
for n (King and Todd, 1953; Orr and Christen en , 
195 ) . These data were u ed to obtain the free­
energy fun ction in table 1. 

We have recalculated the experimental data of 
Richards u ing the newer calorimetrically deternlined 
values for (G~-H~ .15)/T for SnS by using equation 
10. The results are shown in table 2. Combining 

16.01 16. 77. 17. 45 -------- -------- ------- - Hultgren and others (1963) . 

• Tbls paper. 

the mean value of D.H.; .15 for thi equilibrium, 20,534 I 
56 cal, 1 with the adopted values of D.l-I/,29 .15 for Hz , 
gives -25,349 cal for the standard beat of formation, 
t1HJ.zg .15 1 of herzenbergite from white tin and orthor­
hombic ulfur. It is believed that thi value is accu­
rate to ± 150 cal, but it hould be checked by H l-
olu tion calorimetry . sing the entropie at 29 .l5 °K 

for tin and orthorhombic sulfur gives - 24, 75 ±200 
cal for the free energy of formation, D.GJ.29 .15 . 

The mea urements of udo (1951) on tbi arne 
equilibrium are le extensive, an d although they 
show general agreement with the above calculation, 
hi data ( udo's averao-e value 20,938 cal) do show a 

1 The uncertainties listed with derived values or tH-/ 0 are those recommended bl' 
Rossini (1956):_that Is, 2v l: (x,-x)' /n (n- 1) where r; Is tbe value or an iJJdivldusl 

measurement, xIs the arithmetic mean or all the measurements, and n Is the num ber 
or measurements. 



T ABLE 2.- Calcu lation of the heat of the reaction SnS + H2= Sn + 
}1 2 from the equilibrium data of Richards (1955) 

- d[ o;-H~s." J RlnK 6.H 0 f9t .u 
r (degrees K ) Jog Pn,s/Pn, (cal deg-1) T (cal) 

(cal deg - 1) 

773- ----- - - 3.208 - 14. 679 - 11. 768 20, 443 
790-- - - - - - - 2. 983 - 13. 650 - 11.760 20, 074 
00- ----- - - 3. 019 - 13. 814 - 11.755 20,455 

813----- -- - 3. 015 - 13. 796 - 11. 750 20, 769 
833 -- - - - -- - 2. 876 - 13. 160 - 11.734 20, 737 
43-- ----- - 2. 818 - 12. 895 - 11. 727 20, 756 
48 -- - - - - - - 2. 733 - 12. 506 - 11.721 20, 544 

858------- - 2. 695 - 12. 332 - 11.714 20, 631 
873- - - - --- - 2. 550 - 11. 668 - 11. 701 20, 401 
98------ - - - 2. 425 - 11. 096 - 11. 676 20, 449 

923 ___ __ --- - 2. 330 - 10. 662 - 11. 650 20, 594 
948- - - - --- -2. 199 - 10. 062 -11.619 20, 554 

i\1ean ____ ---------- ------- --- -------------- 20, 534 
±56 

definite trend of tJ.H!f<.a. ,5 with the temperature of 
measurement and will therefore not be considered 
further. The valu e for tJ.H 0 and tJ.G 0 of formation 
of Sn <Yiven above super ede those in R ossini and 
other (1952), which were ba ed on poorly reproducible 
electrochemical-cell data. 

TROILITE 

Cox and others (1949) , Sudo (1950) , Alcock and Rich­
ard on (1951), and Ro enqvi t (1954) have tudied the 
reaction 

Fe ('Y olid)+ H2(ga) = Fe(olid) + H2S(ga ) (11) 

at temperatures between 773 o and 1,260°K. The last 
three investigation paid particular attention to the 
elimination of thermal egregation in the H2 ;H2 ga 
mix ttlre ( oret effect), a.n effect which caused much of 
the earlier H 2 reduction equilibrium studies on ulfides 
to be unreliable. 

The experimental gas ratio of udo (1950) and Ro en­
qvi t (1 954) were treated by the method implicit in 
equation 7. Th e cliff renee in the free-energy fun ction 
fo r the produ and rea tants tJ.[ (O~-H2~ .15)/T] were 
obtained from table 1. The r ul of th e al ulation 
are g;v n in tab! 3 and 4. Th mean 'alue for the 
heat of reaction 11, obtained by averaging the data in 
tabl 3and4, i 19,437 ± 200cal . 
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t,G~·= -38,810+ 15.41 T log T 
-2.065X 10- 3 T2- 25.02T cal (13) 

given by Kelley (1937) for the reaction 

2H2 (gas)+S2 (gas)=2H2S (gas). (13a) 

Combining the two equations yields 

tJ.G~= 16 ,505 +7.705Tlog T 
-1.033X10-3 T2-25.07T cal (13b) 

for the equilibrium 

FeS ('Y solid)+H 2 (gas) =Fe (solid)+H2S (gas) . (11 ) 

The experimental data of Rosenqvist and Sudo and 
points calculated from equation 13b are shown on 
figure 1. The solid line is a least-squares fi t to these 
equilibrium data and weights Alcock and Richard on 's 
data in proportion to the number of their observations. 

Very recently Adami and King (1964) determined the 
heat of formation of FeS (troili te) by H Cl-solu tion 
calorimetry. Their sample was prepared by the reac­
tion of F~03 with a C0 2-CS2 gas stream at 750° to 
800°C. Their value of tJ.H~.298 ., 5 for FeS, -23,810 ± 

TABLE 3.-Calculation of the heat of the reaction FeS + H2 = Fe 
+ H2S from the equilibrium data of Rosenquist (1954 ) 

T PH s/Po log Po sf d[o;-~~' "] RinK .6H~&.J $ , 
(degrees K ) ' ' Po (cal deg- 1) (cal) 

X 10 ' • (cal deg-1) 

773 __ ___ 0. 015 -3. 824 -6. 942 -17.498 18, 892 
973 ____ _ . 073 - 3. 137 - 5. 937 -14. 354 19, 743 
1,173 ___ - . 333 - 2. 478 - 5. 340 - 11 . 339 19, 564 
1,073 ____ . 183 - 2. 738 -5. 599 -12. 529 19, 451 
973 __ ___ . 089 - 3. 051 - 5. 937 - 13. 961 19, 361 
873 _____ 043 -3. 366 -6. 385 - 15. 402 19, 020 
1,073 ___ - . 189 - 2. 724 - 5. 599 - 12. 465 19, 383 
1,26L ___ . 524 - 2. 281 - 5. 143 - 10. 437 19, 646 
1,06 ---- . 170 - 2. 770 - 5. 612 - 12. 675 19, 531 
96 ----- . 092 -3. 036 - 5. 958 - 13. 892 19, 215 
1,257 ____ . 529 - 2.277 - 5. 150 - 10. 419 19, 570 
1,173 ____ . 318 - 2. 498 - 5. 340 - 11. 430 19, 671 
1,26} ___ _ . 58 - 2. 224 - 5. 143 -10. 177 19,318 

Mean _ -------- ------ - ------------ ------- - 19,413 
± 140 

nfor tun ately Al o k and Richard on (1 951) did T A B LE 4.-Calculation of the heat of reaction FeS + H2=Fe 
not li t their ex perimental da ta bu t in tead gave the + H2S from theequilibriumdataofSudo (1950) 

equation 

tJ.G~o·- I 26 , · x= - 71, 20 + 25.12T cal (12) 

for the free-energy hange for the reaction 

2 Fe ( olid) + 2 (gas)= 2 Fe (solid ), (12a) 

which they obtained from their measuremen together 
with the eq uation 

T 
(degrees K ) 

1,04 
1,068 __ --
1,097 ____ 
1,145 ____ 

Mean _ 

P H
2
s/Ps

2 
log Pn s/ 

Pa2' 

0. 001 45 - 2. 839 
. 001 1 - 2. 742 
. 00220 - 2. 658 
. 00263 - 2. 580 

- --- - --- - ------

6 [G~-~~'·"] 0 

RlnK ll.Hws.u 

(cal dcg-1) 
(cal deg-1) (cal) 

- 5. 673 -12.991 19, 560 
- 5. 612 - 12. 547 19, 394 
- 5. 530 - 12.162 19, 408 
- 5. 405 - 11. 806 19, 706 

--- -- ------- - - - ----- 19, 517 
± 150 
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FrOURE I.- Equ ilibrium data and calculated equ ilibrium curves 
for t he reaction FeS + H2;::::tFe+ H2S. Lea t- quares fit to t he 
equi libriu m mea ureruents is shown by solid line. Curv 
defin ed by short dashe i based upon a t.H 2g .16 of 19,200 ca l, 
together wi t h (G'T - H~9 .16) / T functions of ta ble 1. Cur ·c 
defin ed by long da he i based upon t he calorimet ric t.Hag .16 
of 1 ,9 5 cal, together wi t h (G7-- H 29s.16) / T fun ct ions given 
in table 1. 

240 cal, combined with the heat of formation of H2 
in table 1, gives for reac ion 11, ili~98 _ , 5= 1 8 , 9 5 ± 300 
cal. This value for ili~98 . , 5 and the (G~-H~9si s) /T 
data in table 1 were u ed to calculate the curve defined 
by the long da hes in figure 1. 

Although the agreement is sati factory, there exi ts a 
small bu t real y tematic discrepancy between the 
equilibrium data (solid line on fig. 1) and the curve 
calculated entirely from calorimetric mea urements 
(long-dashed cuTVe). Inasmuch as the equilibrium 
studie u ed three di tinct method for obtaining 
PH s/PH and yet how excellent agreement, they are 

2 2 

probably free of ystematic error. Furthermore no 
value of D.H~9 .15 for reaction 11 can be chosen Lhat, 
com bined with the free-energy fun ction of table 1, 
will lead to the experimental curve. This strongly ug­
g t that the error lies in the ( G~-H~98 . 1 5) /T data. 

The ther modynamic fun ction for H 2 and H 2 are 
based on a combination of spectra copic and calorimet­
ric data and are probably accurate to 0.05 percent. 
The values used for iron are ba ed on two sets of modern 
mea urement which how excellent agreement. The 
data for FeS at high temperature are based on 

oughlin ' · (1950) mea ·urements for which the sample 
ompo ·ition wa actua.lly a pyrrhotite of composition 

Fe 1.02 - We therefore uspect that the principal source 
of the di crepancy between the equilibrium mea ure­
ments and the curve calculated from calorimetric data 
i · due to the high-temperature heat-capacity data for 
Fe . 

Fur·thermore we u pe t that Lhe method u ed by 
Adami and Ki~g to pr p~re their . a.mple of F rnay 
have re ·ul t, d m a materwl ontamm ()' orne r idual 
iTon oxide or po ibly, a GrS!S nvold and other (1959) 
have sugge ted, a ulfur rich pyrrh t iLe. 

A c:,.H~9 .1 s of 19,200 cal for reaction 11 tog ther with 
the (G~-H~9 .15)/ T fun cti n f table 1 were u. ed to 
calculate the shor t-da hed cur·ve of figure 1. Thi curve 
doe the lea t damage t all the experimental data and 
would lead to D.H/.29 .1s= -24,015 cal, and D.G/.29 .I !'= 

-24,095 cal for troili te, which we adopt as our best 
value. The uncer tainties a ociated with the e valu 
hould be les than ± 350 al. 

MAGNESITE 

For equilibrium met urem n at higher pre sure we 
can no lmwer a su me that the a ti vi tie of the olid 
pba e are uni ty nor can we ne()'lect the deviation of Lhe 
ga pha e from ideal b ha ior. In order to illu trate 
th i we shall examine the de ompo iti n of ma<Ynesite. 

For the reaction 

fg 0 3 (magnesite)= MgO (periclase) + 0 2 (ga ) 
(14) 

at equilibrium: 

D.GP.r=O=GMgo + Gco
2
- GMgco

3
, (15) 

D.GP.T = D.G~+ (GP. r - G~ ) Mgo+ (GP ,r - G~)co2 
- ( GP , rG~)Mgco3 , (16) 

and 

D.Gr .P=D.G~+ i P( VMgo- VMgco
3
)rdP+ RT ln f co

2
· 

(17) 

In the above, Vis the molar volume andj i the fugacity. 
ince daLa are not available to completely specify the 

change in volume with pres me and temperature for 
the olid phases, we hall approximate the integral in 
equation 17 by 

i P(VMgo - V:-lgco3)rdP ::::< iP ( V~go- V~,co3 )29 .1 sdl 

= (P - l)D. v~9 . 15· (1 l 

That i to say, we assume that D. V for the solid ph a es 
independent of pressm e and temperature. Thi 

approximation in traduce very li ttle erTor. The term 
due to he change in free energy with pressm e for the 
olid phases (eq. 1 ) is at mo t 10 percent of D.G~ for 

the range of pressmes that we will consider (that is, 
up to 2,000 atmospheres) and D. V (P , T) will change only 
slightly with pressure. This approximfl.tion would not 



of cow·se be J u tified for a reaction in volving only 

solids. 
Using the Gibbs function and the approximation 

(eq. 1 ) we can rewrite eq uation 17 as 

l'J O + T" [G~-H~98. 1 5] + (P-]) A T 0 Afrr . P= ~ :z 29 .15 u T . u 1 298.15 

+ RT ln fco2, 09) 

or since we wi ·h to obtn.in the heat of formation of 
~!gC03 from the equilibrium data, 

- c.H;8.1> = ~ [G~. -:~981!] + (P-~~ vo (solid pha e) 

+ R In fco
2

• (20) 

v\ e will u e the magne ite decompo ition mea mements 
of ~'lure and imek (1913) and of Harker and Tuttle 
(1955). These data were recently subj ected to a 
imilnr treatment by to ut and R obie (1963) who gave 

only their re ult, 2 ,170 cal. These author , however, 
did not have acces to the recent accurate high-tempera­
lure Cp data of Vi tor and D ouglas (1963) and of 
Panluatz and Kelley (1963) for periclase. The recalcu­
lation of the experimental data i ummarized in table 
5 and 6. The required thermal data are taken from 
table 1 and Price' (1955) C02 table . The pres me 
(mea ured by Marc and imek) are low enough o that 
we may neglect the (P- 1) ~ V term for the olid and also 
the difference between Pc02 and fc 02 . The results 

given in table 5 and 6 for ~H~9 .15 how no appreciable 
trend from data extending over a range of 450°K and 
2,000 atmo phere 0 2 pre me. Thi is fairly con­
clu ive proof of the e ential orrectne s of the equi­
librium data and the derived values of ~H~9 .15. The 
average of all data in the 2 set is 2 ,230 ± 200 cal. 
Combining thi value of t::..H~98 . 1 5 with the entropie in 
table 1, w g t t::..G~. 29 .15= 15 764 ± 270 cul for tb 
decompo. iti n of magne ite t 0

2 
itnd pericla. e. 

It i of in ter ' t to mpare the alorimetric and 
equilibrium de omp it ion data n Mg 0 3 with olu­
bility m a. uremenL. Yanat'eva (1954) mea ured the 
olubility of magn e1 ite in H20 under a fixed pre ure of 
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TABLE 5.-H eat of decomposition of MgC03 based on data of 
Marc and Simek (191 8) 

T 
(degrees 

K) 

671.5 __ 
694.9 __ 
697 .9 __ 
699.9 __ 
702.3 __ 
705. L _ 
7ll.L _ 
713.8 __ 
713. 9 __ 
715. 7 __ 
716. 7 __ 
724. 5 __ 
725.6 __ 
729.9 __ 
743 . 2 __ 
746. 9 __ 
754. 3 __ 
762.5 __ 
763. 9 __ 
770.6 __ 
770. 6_-
775. 7_ _ 
7 2. l_ _ 
7 2. 3 __ 

Pco
1 

(atm) 

0. 25 
1.380 
1.650 
1. 56 
1. 730 
1. 16 
3. 277 
3.362 
3.059 
3. 153 
2. 900 
3. 11 
3. 74 
3. 517 
4.391 
4. 578 
6. 162 
6. 904 
6.943 

10.560 
9.201 
9.200 

11. 169 
11. 064 

- 41. 425 
- 41. 3 2 
-41. 377 
- 41.372 
- 41.36 
-41.363 
- 41. 353 
- 41.347 
- 41.347 
- 41. 343 
- 41. 339 
- 41. 327 
- 41. 325 
-41.318 
- 41.292 
- 41. 285 
- 41. 270 
- 41. 255 
- 41.251 
- 41. 238 
- 41. 238 
-41. 229 
- 41.217 
-41. 216 

- 0.382 
. 640 
. 955 

1. 229 
1.089 
1. 185 
2.359 
2.410 
2.222 
2.282 
2. 116 
2.260 
2. 691 
2.499 
2.940 
3. 023 
3. 613 
3. 839 
3. 51 
4.638 
4.410 
4.410 
4. 795 
4. 777 

. t>H,.,.,. 
- T-

(cal deg- •) 

41. 807 
40.742 
40.382 
40. 143 
40.279 
40. 178 
3 .994 
3 .937 
39. 125 
39. 061 
39.223 
39.067 
38.634 
3 . 19 
38.352 
38.262 
37. 657 
37.416 
37.400 
36.600 
36.828 
36.819 
36.422 
36. 439 

Mean _ ________________________ ___ _ _______ _ 

2 ,073 
28, 311 
28, 1 3 
28,096 
28,288 
28,330 
27, 729 
27, 793 
27,931 
27,956 
28, 111 
28, 304 
2 ,033 
28,334 
2 ,503 
28, 57 
28,405 
2 , 530 
2 ,570 
28,204 
28,380 
28,560 
2 ,4 6 
28,506 

28, 258 
±100 

TABLE 6.-Heat of decomposition of MgC03 fram data of Harker 
and Tuttle (1955) 

'="'~ 
"""' ; 

T ofte oj 1f 8 &f . ~ T 

=I T 0 i:a :::. eo . '"' 
(degrees (J ~ ... ~ 0~ ~ ~ O...e 

..... ._., ...... , 
.:;!, :J:~ K) I - .s - ~ ~ ~ . .. g ~~ ~ 

<l 
c 
1-......1 

<l 

--
73. 2_- 61 -41.035 8.201 1-0. 0~8 32. 862 28,695 

1, 013. 2_- 6 0 - 40. 735 13.393 - . 274 27. 616 27, 9 0 
1, 083. 2_- 1, 361 - 40.5 5 15. 171 - . 513 25. 927 28,084 
1, 108. 2_- 1, 939 -40.532 16. 197 -. 714 25. 049 27, 759 
1,123.2 __ 2, 041 1-40.500 16.350 - . 742 24. 92 27,958 

Mean .. _ -- --- - ----- - -- ------ - - 28,095 
±320 

' Molar volume data from Robie and Bethke (1962). 

1 atmo phere 02. From her resul tou t and R obie 
(1963) calculated the thermodynamic equilibrium con­
tant (that i , activity product) for the reaction 

K=6.3 X l0- 6 (21) 

Thi re ult, together with the well- tabli bed carbonic Harned and Owen, 195 ), gives 
acid equilibriu m data (Ro ini 11n l others, 1952; 

H2 3= C0 2+ H20 K = 2.6 6 X 102 t::..G2~8.15= -1,950 cal (22) 

H 031+ H +1= H2 03 R = 2.343 X 106 t::..G2~8 . 15= -8,690 cal (23) 

H Oa1 = H +1+ o -2 
3 K = 4.702 X 10- 11 t::..G2~s.15= + 14,090 cal (24) 

---- ----
Mg 0 3=Mg+2+C0 32 K = 1. 49 X 10- 7 t::..G2~s . 1 5= + 10,550 cal. (25) 
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Thi re ult may be compared with the value based on 
the beat and free energy of formation of ifgCOa 

derived from the decompo ition dn.ta using the following 
sequence of reaction : 

Mg(OH)2= Mg+2+ 20H- 1 

20H- 1+ C02 (ga )= C0 32+H20 (liq) 

MgO+H20 (liq) = Mg(OHh 
MgC0 3= MgO+C02 (ga ) 

t::,.G~9s .1s= + 15,212 cal 
t::,.G~9 .1s= -13,460 cal 

(26) 

(27) 

(2 ) 

(14) 

MgC0 3 = Mg+2 + C032 

The aareement is sati factory but may be fortuitou 
in view of the recent work of Hostetler (1963b) on the 
complexing of MgC03 in aqueous olu tion. In tbis 
calculation we have used Hostetler' (1963a) Mg(OH)2 
·olubili ty constant, K = 3.07 X 10- 11

, and data from 
Rossini and others (1952) to obtain the t::,.G' for reac­
tion 26 and 27. The olubility results were not used in 
arriving at our "best values" of t1H~ and t::,.G~ for 
MgC03. The calculation bas been included to illus­
trate one of the several reaction scheme that may be 
used in comparing decomposition results with the 
solubility measuremen ts. 

RHODOCHROSITE 

Goldsmith and Graf (1957) have tudied the decom­
position of rhodochrosite, 

MnC03 (rhodochrosite)~MnO (manganesite) 
+C0 2 (gas) (30) 

between 650° and 1,050°K. Their data have been 
treated in the same fashion as was done with Harker and 
Tuttle' results on MgC03. Before proceeding with the 
calculation, however, it will be necessary to correct 
the entropy of MnC03 given in the tandard references 
(Rossini and other, 1952; Kelley and King, 1961). 
The value for S?9s.1s of rhodochrosite given in Rossini 
and in Kelley and King is ba ed on heat-capacity 
measurements by Ander on (1934) between 50° and 
300oK. Anderson extrapolated bis Cp data to 0°K 
utilizina an empirical sum of Debye and Ein tein 
specific-heat functions in order to obtain the entropy at 
298.15°K. Tbis procedure i valid for diamagnetic 
compound if it can be assurn:ed that no solid-state 
tran ition exists below the lowe t temperature for 
which CP was measured, a usually afe assumption. 
However, Mn+2 is a paramagnetic ion with a spin 
quantum number J of 5/2 (Pauling, 1960), and by 
ompari on with other ifn+2 salts whose low-tempera­

ture heat capacities have been measured (for example, 
MnF2, MnCl2, MnO, MnBr2, Mn2Si04) it is reasonable 
to assume that MnC03 would exhibit an anomaly in 
the specific beat (d ue to the ordering of the unpaired 
electron spins) at some temperature below 50°!(. 

(25) 

The elementary model of thi ordering proces for 
tra.n ition ion alt lead to a change in entropy of 
R In (2J + 1) (Van Vleck, 1932) in pa ing from the 
ordered pin state at 0°K to the di ordered tate 
T» TN where TN is the eel or ord ering temperature. 
This term i nn additiona.l contribution to the entropy 
over and above that due to the lattice vibrations alone. 
We have a sumed that Ander on' extrapolation repre-
ents a reasonable approximation for the lattice contri­

bution to the entropy below 50°K and have added 0.95 
R ln 6= 3.38 cal rnole- 1 deg- 1 to his value of 20.5 cal 
mole- 1 deg- 1, giving 23.9 ± 0.5 cal mole- 1 deg- 1 a the 
correct entropy of MnC03 at 29 .l5°K. Ju tification 
for thi correction i provided by recent beat-capacity 
measlU'ements by Kalin kina (1962) . His data how a 
large anomaly in the specific heats of Mn 0 3 and 
FeC0 3 in the neighborhood of 30°K. 

A imilar situation exists with respect to Anderson' 
value of S~9 .15 for Fe 0 3. In the ca e of F e+2 J is 2 
and we hould add a maximum of R ln 5= 3.20 cal 
mole-1 deg- 1. However, Ander on' lowest tempera­
ture beat capacity measurement at 54 °K probably 
included some of the magnetic contribution, so we ha,-e 
added only 0.9 R ln 5 to Anderson 's value 22.4 ± .4 cal 
mole-1 deg- 1. We estimate the entropy of siderite at 
s~98 .1 5 a 25.1 ±0.6 cal mole- 1 deg- 1. 

The corrected entropy of Mn 0 3 was combined with 
data li ted in Kelley (1960) to give the free-energy 
fun ctions for MnC0 3 listed in table 1. The results of 
the calculations on the equilibrium data are given in 
table 7. The mean value for the heat of formation, 
t::,.H~ , 29 .1s, of rhodochrosite from MnO and C02 is 
-26,420 ± 150 cal mole- 1. If we had not made the 
above correction to the entropy, the values of t::,.H~9s.1h 
would have shown a trend with temperature of 1,400 
cal and we would have probably concluded that 
Goldsmith and Graf's measurements represented non­
equilibrium results. This heat of formation together 
with the entropies of MoO and C0 2 gives t::,.G~ 295 .1s = 
-14,064±300 cal for the free energy of formation of 
rbodocbro ite from the oxides. The free energy of 
formation from the elements obtained from these data 
is t::,.G~ 29s.1 5 = -195,040 cal and is in fair agreement 
with that obtained by Garrels and others (1960), 



TABLE 1.-Calculat1:on of the heat of the 1·eaction MnC03= MnO 
+ C02 from equilibrium data of Goldsmith and Graf (1957) 

- ,........., 

oE T .; 
T o<Nf ol': 

"" ::. "" o"E' u "" ~a-o"'2 ~ ... ~ "' 
....., ., 

7' U!J .L 5!. E-,'0 u~ c'O 
:t: ~ (degrees K) ~$ ~ ;r ~ 

.....,$ 
iii~ <I c 

L......J 
<I - ---

649 ____ 1 - 41. 141 I 0. 000 1 0. 0 26, 700 
783 ____ 34 - 40. 898 - . 018 34 7. 008 26, 550 
36 ____ 102 - 40. 797 - . 052 105 9. 249 26, 418 

90 ---- 345 - 40. 651 - . 164 391 11. 902 26, 253 
959 ____ 672 - 40.546 - . 303 834 13. 367 26, 355 

1, 012 ____ 1360 - 40. 433 - . 581 2075 15. 178 26, 146 
l, 050 ____ 1970 - 40. 357 - . 811 (3000) 15. 910 26, 521 

l\Iean __ - - ---- ----- - -- ----- - -- --- - -- ------ 26, 420 
± 150 

' ~!o l a r volume data from Roble and Bethke (1962). 

t.G~ 29 .15 = - 195,700 cal, from solubility mea w·ements 
on natural rhodochrosite. 

SUMMARY 

In the foregoin ()' di cu ion we have tried to demon­
trate the u efulne of the Gibbs fun ction, (G~-H29 )/ 

T, in obtaining the heat of a reaction from equilibrium 
data . The resultant values of t.H~ are li ted in table 
1 along with neces ary auxiliary data. These values 
are recommended a the be t presently available for-
F nS, MgC03, and MnC03. 
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GEOLOGICAL SURVEY RESEARCH 1965 

EXTRACT ABLE ORGANIC MATERIAL 

IN NONMARINE AND MARINE SHALES OF CRETACEOUS AGE 

By H. A . TOURTELOT and I. C. FROST, Denver, Colo . 

,tustract.- rgan ic material extracted f t·om 5 sa mples of 
nonmari ne carbonaceous ha le. 10 ·amples of ma rine black 
·hale, and 3 samples of ma rine ma rlstone, all from the Pierre 
hale a nd ectu h·a lent stratigraphic un it of Late retaceous 

11 e, \Yfl . separated with a ctiYated silica gel and olvents into 
fraction .· interpreted as . aturated hydrocarbons, aromatic 
hydrocarbon , and nonhydroca rbons. Organic-ca rbon content 
of the samples extracted range. f rom 0.:3 percent to 17.3 
pPrcent: only 1 a mple conta ined less than 2 percent organic 
ca rbon. Ext t·actable organic materi al ranges from 0.00 to 
0.35- percent of the . nmple nnd i · roughly proportional to the 
orgnnic-cari.Jon c·ontent of th f:a mples. T he mtio between 
. nturated and a romatic hydroca rbon fra ction i more than 
1, except for one .·ample. and tends to be inver. ely propor­
tiona l to t he organ ic-ca rbon content. The data on ext ractable 
material do uot eli ·tingui sh between sha le and marl tone of 
marin and nonmarine rigin . ompari ·on of the data on the 
·amples of Creta ceous age with published data vn ample of 
a wide ra nge of ages and geologic hi. tori es . ugge ·ts that 
po ·tdepos i tionn l reaction. increase the proportion of ·a tu ra ted 
and a romati hydroca rbon compared to nonhydroca rbon . 

Data from sohent-extraction analyses of 5 ample 
of nonmarine arbonaceou shale, 10 ample of marine 
black shale, and 3 . a.mples of marine marl tone f rom 
the Pierre hale and equivalent ro ks of Late Creta­
ceou age provide a ba i for compari . on of the com­
po ition of rock of marine and nonmarin orio-in. 
nmpl of th nonmarine Treen River Formation of 

}<,o ene ao- proYided by K . E. tanfleld .. Bureau 
of l\[in and one of the marin Chattanooga hale of 
De·.-oni an and Mi i ippian (?) age furni heel by V. E. 
, wan . on al o ,,. r analy ed. Thee data ar compared 
with tho from other edim nt and dim ntar 
rock . The ampl of reta eous age were ollected 
from outcrop by II. . Tourt lot J. R. Gill and L. G. 
. ch nltz in the com e of th g och mical im·e tigat ion 
of th e Pi rr hal (Tourtelot 196"'; Tourt lot and 
others, 1960). The extraction analy were made by 
I. C. Fro t and ,J. A. Thoma . W e han beneflt d 
greatly from con , ultation with vV. . Fergu on and D . 

R. Baker, Marathon Oil Co., Denver Research Labo­
ratory, and from their advice at many stages in the 
analytical work and consideration of the data. 

ANALYSES 

The ext raction of organ ic m aterial wi th organtc 
solvents from rocks and sedimen ts i an empirical 
procedure. Such factors as the weight of sample in 
rel ation to volume of solvent, t he grain size to which 
the ample is crushed or ground, and the lenoth of 
time during which the sample is extmcted, as we1l as 
the olvents used, also can affect the resul ts materially. 
Data obtained in one tudy cannot be compared con­
fidently with data from another becau e of difference 
in analytical procedures. Mo t previous work ha been 
done with solvents made up of mixtures of 70 to 90 
percent benzene with 10 to 20 percent methanol (or 
ethanol ) or of 70 per ent benzene with 15 percent 
ethanol and 15 percent acetone. Fergu on (1962, p. 
1615) re' ie" eel the O'eneral problem of extracting hy­
dro arbons from rock and found benzene to be fully 
effective. H e pointed out that mixtures involvino- polar 
. olvent such a methanol and acetone ext ra t larO'er 
amount of nonhydrocarbon organic material which 
tend to int rfere with chromatograph ic separat ions 
(F ro-u on 1962 p. 1616). The method used by F er ­
O'U on haYe been adopted without much modification 
becau the Pierre Shale here described and 'the P enn-
ylvanian heroke hale tudied by F ergu on are 

genera lly imilar in g ro s ompo ition and were de­
posited under imil ar condi tions; a a result, com­
pari on between them would be of interest. 

Crushed and ()'round portions of each ample were 
puherized in a h ammer mill. Generall y, 500 grams of 
the pulverized samples wa extracted with approxi­
mat ly 2,000 milliliters of redisti ll ed reagent-O'rade 
benzene. The extract ions were made in large Soxhlet 
extractors. Briuht opper trip were added to the 
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fla k containing benzene to react with and pre ipitate 
any extracted su lfur. The extrac~ion wa contmued ~or 
3 working day to gi,·e ar p roxunatel 75 extract1on 
y le in a t ot·a 1 of 2-t hour . The benzene extra ct wa 

then concentrated by eli tillation to le than 500 ml 
and then filtered through a fin fritted-glas filter to 
remove an copper ulfide, hale du t, or filter fiber 
in the extract. Thi . filtered extract wa made to ex­
actly 500 ml. 

Dupli ate aliquot of the filtered benzen~ extra t 
wer Haporated to con tant weight under light v~c­
uum. The re idues were then treated eparately w1th 
30 ml of cyclohexane a.nd transferr d to. ili a-gel col­
umn for chromatographic eparation . Three sepa rate 
fraction of the benz ne ext ract ''ere obtained a fol­
lows: ( 1) a fra ct·ion eluted by cyclohexane interpreted 
to repro ent the aturated l1ydro arbons: (2) a frac­
tion eluted by benzene, interpreted a aromatic hydro­
carbon · and (3) a fraction whi h included polar 
compound s, luted by a 50-per ent mixture of benzene­
methanol. The oh·ent ''ere removed from the eluted 
fra ctions by di tillation at 55°C' under ,·actwm , and 
the residue.· were taken to con tant weight. Oxidation 
of the extra ted organic material and the fractions wa 
avoided or minimized by ca rrying ont concentration in 
Yacnnm or und er an atmo phere of nitrogen. The fig­
ure. reportecl n nonhydrocarbons in luded the amount 
of polar compounds eluted by the benzene-m thanol 
mixture. the amounts of material retained on th si li ca­
<Ye] col u;11n and anv manipulation lo . e . Even though ,... ' . 
the.e figure for nonh~·drocarbons thn include unre-
conred maJerial, it is con,·enient to . peak of them in 
the following eli cu. ions as if they represented an 
aetna! compo itional en tit). 

The ch romatographi c col umn "'·ere 10 mm in in ide 
diameter and were packed ''ith 2 layers of ili a gel. 
The lower layer con . i. ted of approximately 15 em of 
60-mesh gel that had been boiled in concentrated 
JTXO,. '"a heel, and dried at 225°C. The upper layer 
con . i. ted of 12 em of 40-60-me h acid-treated gel. (See 
Fergnson, 1962, p. 161-t, for further detail .) 

All reag-ents were run a blanks to as ure no con­
tamination, and all 'wighings werP double hecked . 
GPnerally, wry close ag-reement '"a obtained between 
duplicate determination . . , ample that had the larger 
amounts of extractable org-anic material had le . . per­
centag-e ,-ariation than samples yielding little extract­
able org-ani c material. 

GEOLOGIC SETTING 

The geologi etting and large-scale depo it]onal 
pattem of the Pi i:' ITP Shale and equin lent strati­
graphic nnit . . ann the history of organic matter within 

this d po ·itimwl patt·ern , have been de cribed by Tour­
telot (1962, 1964:). Part o-f the oraani maLter pro­
duced by land plants in th we t rn ource area wa. 
deposited under nonmarine c01:d ition , chief!~ on flood 
plain adjacent to th horelme of the P1 IT ea. 
Locally, coal b ds were formed, but mo t of th or­
ganic matter depo ]ted und er nonmarine condition 
was incorporated in what are now bed of brown car­
bonaceou hale. 1u h organi mat·ter produced on 
land was wept a ro s the oa. tal plain into the en 
where it wa mixed with at lea t ome organic matter 
produced in the sea. Th mixtur of organi matter 
and clay "·a depo. ited on the ea floor. Mo t of thee 
marine hale contain nough organic ma't r to fall 
into the general la called black . hale . 

SAMPLES AND ANALYTICAL DATA 

ample and analytical data are li ted in the ac­
ompanying table in order of d creasing content _of 

oraanic carbon. All ample , ex ept one of manne 
sh~le, contain mor than 2 per ent organic carbon. 

The sampl of nonmarine a rbonac ou hale are 
from nonmarine formation . in" yoming and fontana 
that are equi ,·alent in a<Y to about the low r third of 
the Pierre hal along th Mi ouri River in outh 
Dakota (see Gill and Cobban, 1961). _\ll but one of 
the ample of hal of marine origin ar from the 
lowermo t part of the Pierre hale in Wyoming, 
rorth Dakota, and , outh Dakota. Th ampl of 

marine Bearpaw Shal i from Montana and i 
younger than the ample of the nonmarin .Judith 
River Formation, but older than th three ampl of 
marl tone from the l\fobridge l\fember of the Pi ITP 

hal from outh Dakota and ~ebra. ka. Th local­
ities where the ample were colle t d are indicated on 
figure 1. 

A ample of the hattanooga , hale and one from 
the Green River Formation al o were included in the 
tudy to provide extra tion data on th e two well­

known example. of marin and nonmarinP organic­
ri h shale , respectively. 

The number of . ampll:'. of ro k of Cretac ou age 
is too small for average. of the different kind of data 
in the table to be meaningful. The ov rlap of value 
between the aroup having different origin i evident. 
The total extra table organ i material and the non­
hydrocarbon portion of this mat rial are roughly pro­
portional to the amount of organic carbon in the sam­
ples. The hydrocarbon portion of the extractable 
material, however, as well a the amount of saturated 
and aromatic hydrocarbons making up the hydrocar· 
bon portion how no eYident relation to the other 
analytical data or geologi parameters. 
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l ..J ocation, descripti on, and a.naly t ica.l data of 1na·ri n e and nonnt a:n :n e s ha le ancl marine 1n a 1·Ls tone 

1 £<traction analyses by f. C' . Frost a nd J . A . T homns. 

Snmple No. I 

Section 

Solven~'<tractab lc non hytLrocarbOns include mntcrl al not rc.rnovable [rom chrorn atographtc co lwnn . 
method (Rader and Url ma ldl, 1961, p. A33-A39) J 

I.ocatio n Descr iption 

I 
I 
I I TO\\"IlShfp Range County State Formation Member 

I I 
I 

Subdivision No. 
-

298356 _____ __ SE }{SE y. ________ I 5 I :38 N . 78 W. 

298452 _______ N WY.-----------1 26 I 24 N . 17 E . 
298425 _ _ _ _ _ __ RWY. N EY.F) W Y. __ 35 2 S. 22 E . 

298395 _____ __ 

1 

SWY.SEY. N wy. _ -~ 4 14 N . 31 E. 
298354- - -- --- c N w y.- -- -- ----I 25 I 39 N . 78 E. 

I 

259549 _____ __ N WY. NEY.. __ ___ 17 104 N. 71 W. 
259582 _______ SWY. NEY.------- 23 38 N . 62 W. 
259591_ ______ NEY. NEy. _______ 35 12 N . 2 E. 

259527------- s w y.---- ------- 25 161 N . 57 W. 
25956 L ______ ----------------- 36 94 N . 64 W. 

259526 _______ SEY.SEy. ________ 11 8 163 N . 57 W . 
259573 __ __ ___ NEY. NEy. _______ 3 1 7 S. 7 E. 

259563 ___ ____ N EY.. ___________ 17 93 N. 56 W. 

259571_ ______ s w y. Nwy. ____ __ 32 7 s. 7 E . 
298491_ ______ NWY. NW y. ______ 3 36 N. 8 w. 

259556 _____ __ s w y.s w y. _______ 18 96 N. 67 W. 
259553 ___ __ ___ sEy.s w y. ___ ____ 2 1 106 N. 73 w . 
259562 ___ __ ___ NEY. ----- ----- - 24 30 N. 7 w. 

D- 115183 1 _ _ __ ----------------- 12 6 S. 95 w. 

D- 112453 2 _ _ _ _ ----------------- -- - -- -------- --------

i 
NONMA RI NE 

Carbonaceous shale 

Nut.rona ____ Wyo ____ Mesave rde____ Pa rkman Sand-
stone 

Bla ine _____ Mon t ____ Judi th Hi ver __ --------------- -
Carbon ___ __ 

Ga rfi eld ____ 
Natrona ____ 

Ly ma n __ ___ 
N iobrftra ___ 
Bu tte ______ 

Cava lier ____ 
Char les 

M ix 
Cavalier_ ___ 
F a ll R ive r __ 

Ya nk ton ___ 

F a ll Ri ver_ _ 
Glac ier_ ____ 

Gregory __ __ 
~man _____ 

nox ______ 

Gar fi eld ____ 

DeK alb ____ 

___ do ____ Eagle Sand-
stone 

__ _ do ____ Judi th R iver_ _ 
Wyo ____ M esaverde ____ 

MAHJN E 

Black shale 

S. Da k __ Pierre Sha le ___ 
Wyo ____ __ _ do __ _______ 

S. Dak. _ ___ do _________ 

N. Dak __ ___ do _________ 
S. Da k ___ ___ do _________ 

N . Da k __ ___ do __ _______ 
S. Da k __ ___ do _____ ____ 

___ do ____ ___ do _________ 

___ do ____ ___ do _________ 
Mon t __ _ Be::trpaw 

Sha le 

MARLSTON E 

S. Da k __ P ierre Sha le ___ 
___ do ____ _ __ do ______ ___ 

Neb _____ ___ do _________ 

OTH E n S HALES 

Colo ____ Gree n Ri ver_ _ 

Tenn ____ Chatta nooga 
Sha le 

----------------

--------- ---- ---
T eapo t Sand-

stone 

Sha ron Springs __ 
__ _ do ___________ 

M itten B lack 
Sha le 

Pemb ina _____ __ 
Sha ron Spri ngs __ 

Pembina _______ 
Gammon F er-

ruginous 
Sha ron 

Springs _ __ do ___________ 

----------------

Mobridge _______ 
_ __ do ___________ 
_ __ do ____ _______ 

P a rachute 
Cree k Ma-
hogany zone 

Gassaway ______ 

O rganic carbo n detcrrn ined by 1. F rost b y gasomc.tr\c 

I 
Solvant-ex tracta ble materia l (weight percent 

of shale) 
Organic ----
carbon 
(weight Satu- Aro- Tota l No n-
percent) Tota l ra ted matic hydro- hyd ro-

hydro- hydro- carbon carbon 
carbon ca rbon 

17.3 1 0. 355 0. 0335
1
0. 0240 

5. 76 . 128 . 0105 . 0035 

0. 057510. 297 

. 0140 . 114 

5 

0 
5 4. 29 . 051 . 0170 . 0065 . 0235 

3. 48 . 068 . 0165 . 011 5 . 0280 
2. 33 . 048 . 01 50 . 0035 . 01 85 

8 . 5 0 . 14010. 0100!0. 0045!0. 01 45 
6. 5 . 138 . 0260 . 0275 . 0535 
5. 7 . 08 1 . 0220 . OOGO . 0280 

5. 6 . 063 . 0185 . 0080 . 0265 
5. 4 . 052 . 01 30 . 0040 . 0170 

4. 8 . 057 . 0315 . 0035 . 0350 
3. 3 . 028 . 0125 . 0035 . 0160 

3. 1 . 081 . 0455 . 0040 . 0495 

2. 5 . 046 . 0150 . 0095 . 0245 
. 53 . 011 . 0060 . 0010 . 0070 

2. 9 0.055 0.0345 0.0035 0. 0380 
2. 6 . 008 . 0040 . 0010 . 0050 
2. 5 . 030 . 0080 . 0040 . 01 20 

14. 1 l. 650 0.3000 0. 2840 0 . 5840 

13 . 0 . 285 . 0515 . 1695 . 2210 

. 027 

. 040 0 
5 . 029 

0 . 125 
. 084 
. 053 

. 036 

. 035 

. 022 

. 012 

. 031 

. 021 

. 004 

5 
5 
0 

5 
0 

0 
0 

5 

5 
0 

0. 017( 
. 003( 
. 01 8( 

l . 0660 

0.0640 

8 
0 
d 
!:U 

~ 
~ 
> 
'2( 
0 

1-:tj 
!:U 
0 

~ 

1 Average mine-run shale from the B ureau of Mines Demonstration Mine near Rifle, Colo. See Stanfield 
and others (1951, " composite sample," p. 4, tables 6, 11;-20) lor data on properties and com position of a 
sample of similar bu t not Identical shale. 

' Adl t, about l ml southwest on old T ennessee Route 26 (now a boat-landing road) from point where it tj 
Joins Route 26 at top of descen t to east end of Sligo Bridge. See Bates and Strahl ( 1957) lor data on mineral- -1 
ogy of shale fr om the same locality. CJI 
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Fro nE 1.- Location of arnJle . . Symbol: • , nonmarine carbonaceou · .hale; X, marine black hale; + , ma r in marl · 
stone. Sample number a re Ia t three figures of ample number u ed in the table. 

Breger and other (1960) and Breger and Brown 
(1962, 1963) reported that the nonsoluble oro-an ic mat­
ter, or kerogen, in three of thee black- hale ample 
(259549, g59563, 259582) from the Pierre i compo i­
tionally and tructurally similar to ligni·t or subbi ­
tur:'inous coal and hence is predominantly humic in 
nature. The hydroo-en content of the organic i olate~ 
(on a moi ture- and a h-free basi ) of these three sam­
ples (I. . Breger and ,J. C. handler oral communi­
cation May 1960) m rea es from east to wet a 
hown below: 

Ea&tern· lntermedi- Wutern-
mwt &amplt ate &ample mwt &amplt 

(t59563) (t69549) (!595 t ) 

Hydrogen (wei <h t percent) ________ 4. 5 5. 7 I 6. 7 

' alculated from original analysis to eliminate pyrite sulfur on assumption tha t 
the organic matter contains 5 percen t sulfur on a moisture- and ash-free basis. 

The increase correlates with increa ing distance from 
the ea tern . horeline of the P ierre ea and was at­
tributed lo increa sed contribution of marine organic 
detritn. . It i not ertain that much if any of the 
organic matter "-a. leri 1·ed from the land behind that 
. horeline (Tourtelot, 1964). The contribution of ma­
rin e organi detritu probably were small since the 

hydrogen amount for the pr umably mix d marme 
and terri O'enou organ i matter ar not rrreatly differ­
ent from the 5.5 percent for terri(J'enou humi ma­
terial cited by Breger and B rown (1962) . 

HYDROCARBON FRACTIONS AND 
NONHYDROCARBONS 

Fio-ure 2 ho" the data on aturated h drocarbon 1 

aromatic hydrocarbon , and nonhydro arbon plotted 
on a triangular diagram, alono- with imil ar data 
reported in the literature. The samples of r taceou 
age, as a o-roup, are characterized by relatively low 
proportion of aromatic hydrocarbon and a wide 
range of proportion between the aturated hydro­
carbon and the nonhydrocarbon tha t make up the 
bulk of the extractable oro-anic ma.tter. Nonhydro ar­
bon amount to more than half of the extractable 
oro-anic matter in :ix of the marine ample and in all 
of the nonmarine amples of Cretaceou age, a well 
a of the hale ample from the Green River Forma­
tion. The extractable organic matter of the remaining 
seven marine reta eou sample on i ts of le than 
half nonhydrocarbons, and more than a third aturated 
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l:IGURE 2.- Proportio11al compo,;ItJon of .·oh · lit-extractable material from hal e. marl· 
><tone. cla .r. and marine mud. • .rmbol ·: e , r etac ous nonmarine carbonaceou~ 
;;hal : X. C retacl:'ons IIIarine black ,:hale; +. Cretaeeou marine marl. tone; 0 . R e:ent 
clay (Sm ith. 1954, p. 396. 39 , 399) ; D. eoal from Penn ylvanian herokee Shale; 
8 . nuJ.rinP hlack sha le f1·om l'her ke Shale: 6,. marine g r ay .·hale from Penn y h·anjan 

herok e Shale (data on herokee Shale from D. B. Bake1·. w1·itten communication , 
.·eptember 196-!) . Area enclosed b~' hort-da. heel line .. oil. : a r·ea enclosed by l ong­
(}a,:he<l line. marine IIII.Hls ( 'teq>n,: and other . . 1956. p. !)f-10). 

hyd roca r bon . The extra table material in the re­
taceou marl tone i si milar to that in both marine 
and nonmarine hale . Althou()'h the marine reta -
eou ample form a diffu e ()'roup on the dia()'ram 

toward hi()'h proportion of aturated hydro arbons, 
th on'rlappin~ of latn on ma r in nnd nonmarine 
,ample townrd n high con tent of nonhydrocarbon 
make it cl ar that the. e data can not b u ed to di -
tingui h th se organi -ri h ro k. of marin nnd non ­
ma rin origin. Th extract· from the marl tone ar 
not eli . tingui habl from tho. e from the hale . 

Th ample of reta eou ag ar outcrOJ ample 
and ome or()'anic ompound haY undoubt edly b en 
removed durin()' "'eathering. Bak r (196~ p. 16!1 -
1639) inve tigatecl th cliff rene bet"'een outcrop and 
core nmple. of equivalent ro k t. pe. of the Cherok e 
. hnle and found that outcrop . ample. of g ray shnl 
and bla k hnle probably had lo. t about· hnl f of their 
originnl hydrocarbon con tent: both saturnf·ed nnd aro­
matic hydrornd ons "'ere nffected about eq ually a th 
.at urated -nromntir hydrocarbon ratio. of the out TOP 

and cor ·amp! s were not· g rently difl'erent. N om -

parable data are an.ilable for the retaceous amples, 
but some allowance mu t be made for loss of h) dro­
ca rbons on '"eath rina, and Bak r data erve as a 
guide. If the amount of hydrocarbon reported in the 
table are doubled, the point on fi()'ure 2 would be 
. hifted away from the nonhydrocarbon orn r a maxi­
mum eli tance of abou t 20 1 er ent nonhydrocarbon. 
Xon of th point that repre ent r taceou ample 
would b hi fted into the area COYered for the gray 
nnd black hale of the Cher okee Shale. 

COMPARISONS WITH PUBLISHED DATA 

The compo ition of the extractable oNanic materi al 
in Re nt clays whi h in Jude the silty clay and clay 
ample from the P eli an Island , La ., core (Smith, 

1954, p . 396) and other modern ediments ( mith , 
J 954 p. 39 and 399) i hown in fiO'ure 2, a "ell a 
the general field repr enting the omposition of the 
extractable material in nmple of oils and modern 
marine muds ( teven and other , 1956, p. 9 0). Mix­
tur of benz ne and methanol were used in both of 
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thee tudi . The nonhydro arbon fraction of th ex ­
tr·actable material i. ,·ery larg in the e h,·o group. of 
·ample of modern and young ed iment . Onl y three 
of mith 's ampl es fall out ide the fi ld out lin d by 

tevens and other. (1956). The organic matter in 
modern and young ediment., ''"hether marine or non­
marine in origin, r ,·idently ha. extra table compon nt 
with n Yery nat·row rang of composition. Deca u r 
thi oro·nnic matter hn not yet undergone alteration, "' . 
la rge differen e in ompo. ition perhap nr not to be 
expected. The difference between the Pierre sam ples 
a a group and the younger ed iment em too great· 
to b caused exclu ively by th e t nden y pointed out 
by Fenru on (1962, p. 1616) for mix d sohent to 
di ssolve greater amounts of nonhydro arbon than 
benzene alone. 

The Reid outlined by the data from two kind. of 
. hal e from the Cherokee hal e of Penn ylnnian ag 
occupy on pi cuou . ly different area on the triangular 
diagram from tho e of tlw sample of Creta eou. age 
or th younger sed iment ·. B eca use the amples from 
the Cherokee and the Pi rre hale were analy ed by 
th e . nme method the difreren e in composition bebveen 
them i · believed to be real, eYen though the P ierre 
ample are from \,-eathered rock. 
The gray hales are ;nterpreted by Raker (1962, p . 

162 ) as havinrr been depo ited under near. hore hal ­
low marine conditions. The black shale. al o are ma­
rine in origin hut ''ere der osited under conditions that 
were different in the sense that either much more 
organic matter \Ya. prodnced in the em·ironment and 
delivered there from other ource or that more of the 
organic matter was pre erved. The two kind of hal e 
seem remarkabl y simi lar in proportion . of hydro ar-
1 on . and non hydrocarbon s, although many of the sam­
ple. of gray hale have a greater proportion of aro­
matic hydrocarbon , and about half the amples of 
black . hale tend to haYe a greater proportion of at­
urated hydroca.rbon . . Thi simi larity in composition 
eems to imply that the extra table material in these 

two kind of hal e ''"a produced from Yery similar 
kind of organic matter incorporated in the sediments, 
and thnt the diagenet ic and po. tdiagenetic hi story of 
the two kinds of hale al o ha . been imilar. 

The diffe rence in compo. ition of tota l extra tabl e 
material b tween the Cherokee , hale and the Pierre 
sample. may be dne to primary differences in the om ­
position of the organic matter produced in Pennsyl­
nnian time and in Cretaceous and younger time. The 
P ennsylvan ian flora, l eing made up hi eAy of pterido­
phyti plant , ma y have had a compo ition that yielded 
g reater amounts of hydrocarbons, compared to ex­
tractable nonhydroca rbon than the relatively modem 

flora thnt contributed to t·h o rga ni matt r in the re. 
tnceou. ro k . The clifl'erenc mirrht al o be th r ult 
of pot ~iagen ti r ea tion s in th e C'h rokee hal br 
" ·hich the relat i\'C amount. of h. lroca rbon were i ~ . 
cr a d. 

Additional publi heel ana lys that ould not be 
. hO\Yil convenientl y on Rg-ure 2 ar hown on Rg ure 3. 

wa in and Prokopovi h (1954, p . 11 9) r ported on 
the ch romatog-raphi anal y s of lipoi l extra t of 
peat, marl, and organi -ri h lay from the Cedar 
C reek Bog- in finn ota, a depo it of late Plei tocene 
nge (fig. 3A) . The extra t ontain mor than 70 per­
c nt nonh_yd rocarbon mat· rial. In ontr a t, th e non­
hy ~rocarbon content of the extra t of . amp! of De. 
Yonia n age from P nn ylvania ana ly. ed by wain 
(195 p. 2 71- 2 73) mnge from more than 90 percent 
do,Yn to les than 40 percent. It eem. po. ibl e to u 
that part of th e wile range of composit ion of th s 
outcrop ample. re ult from w ath ering and from the 
c ffe ts of the compnratively inten e foldino- that the 
nmpl ed a rea ha uncl rcrone ( wain , 195 , p. 2 59). 

The ample of Pre am brian ng (flp:. 3A), ''"hich 
have compl ex geologi hi tories plot in both the low 
and high nonhydro a rbon pa r t of the diarrram. Th i. 

atter eem expectable and the fa ct that any of these 
ro k have extract of low hydro arbon con tent eem 
to b the mo t important. himada (1963) analy eel 
ediments and ro k of a wid range of ongm age, 

and geologi c hi tory (fig. 3B). de rea in non hy­
droca rbon ontent of the extra t with in r a in g ag 
of the rock i a on pi uou feature of his data. 

Despite many un certaint ie in the data, a general 
conclu ion i that olvent ext ract of older ro ks are 
likely to have a lower nonhydro a rbon content than 
tho e of young ediments, eYen though the extracts of 
ome older rock ontain a mu h nonhydro arbon 

materi al a the younger one . ~ ith resp t to the 
general geochemi try of org-ani material it i perh ap. 
more noteworthy that the extract. of all the modern 
ediment con i t predominantly of nonhydro arbon 

materi al. This implie that the Jo,Yer nonhydrocarbon 
content of the xtraC't of many older rocks i th re­
sult of processe. a t in rr aft r tho e ro k ''"ere deposited 
as sediment rather than being a fun t ion of their 
original compo. iti on. The h igh ratio of odd- to even-
nrbon-number n-paraffin in R ecent ediments com· 

pared to the low ratio in ancient hale. reported by 
Bray and E vans (1961 p. 12-13) al. o indi cate a differ· 
en e in compos ition that seems primarily time d pend· 
ent. Erdman (1961) emphasize. that reaction mu t 
take place in aquat ic sediment after the end of the 
life processes of the plant and animals y ieldin g the 
basic organic matter. Part of the reactions involved 
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I<'I G 1n: 3.- Proportional compo ition of ·olvent-ext ractable material from a bog deposit, sha le and other con­
;;o lidat cl ro ·ks. marine ·ediments, lake deposit , and bracki h-\\'ater depo its. A. X . eda r reek Bog of 
lnte Pl ei. toc·en a (Swain nnd ProkopoYich. 1954, p. ll 9): • . shal of Devonian nge (S\\'ain , 195 , p. 
_ 71- 2 73 ); +. rock.· of P reca mbrian age ( wain and other ·. 19:5 . p. 1 0 ) . B . 0. rock of J\'eogene (i\Iio­
. ne') ao-e ( himadn. 1963, p. 45J): A , modern ma ri ne . ediment (Sh imada. 1963. p. 4-13): • . r ock of Per­
mian or Trias ic age (. himada. 1963, I· 462 ) : ,·erti al-lin d area. Jake depo. it of Plio ene and Plei to­
e· ne age ( himada. 1963. p. 4.) ) : cro hatched area , modern bra cki sh-water lake deposit ( himada , 1963, 
p. 436). 

eems to be uuge ted by Er lman ' (1961, p. 21, 24) 
finding of greater amount of aromatic hydrocarbons 
in an ient ediment. than in younger ones. 

TOTAL HYDROCARBONS AND ORGANIC CARBON 

Th am unt of total hy lro arbon (. at urate 1 plu 
nromati com1 ouncL) extra ted from th C'reta eou 
ample i. wr. roughly proportional to th orrrani -

ca rbon ontent of the ample .. Thi . relation i hown 
on figur 4 whi h al o how . ome of the data from 
Tinker' . irnilar diagram (Baker Hl6:..., p. 1637). The 
tlnta for the retaceou amJl<' . do not indicat differ­
en . b tw en . ample of marint> origin and tho e of 
nonmarine origin . Th dahl g ne rall. plot b low the 
fiPld outlin d b. naker, 1 erhn J s a n re ult of the lo 
of hydro arbon by ,,_- athering of the C'retaceon. 
hale . If th hydro arbon ront nt f th r ta eou · 
hale i doubled to allow for the order of magnitude 

of lo from " ·eath ring found by Raker (1962, p. 
163 - 1639), 11 of the 1 point for reta eou ample 
plot within the field outlin cl by Baker and at po i-

tion intermediate bet,,een tho e of hi gray shale and 
those of hi black shales. 

Ba,ker (196:... p. 16:i ) point s out that a, higher car­
bon Yalue on hi diagram, tl ere appear to be a 
ueneral levelinu out in the amount of hydrocarbons 
"" "" extracted from th sa mple . H urrge t that thi 
may indi ate that the ample with larger organic­
carbon content contain relatiY ly more humic oruanic 
matt r that "·a not parti ularly app ropriate for the 
generation of large amounts of hydrocarbon (Baker 
1962, p. 163 ) . ( ee al o Breger and Brown, 1962, p. 
~..,3-224.) Th black hales, howe\·er, must contain 
more of the hydrocarbon-produ ing oruanic matter 
(nonhumi material) than the gray hal es, a yields of 
hydroca rbon are larger in the black hales. That thi 
hy lrocarbon-producing organi matter i very imilar 
in the two hales i ug()'e ted by the data on figure 2. 
It cannot be inferred that th hydrocarbon-producing 
matter wa pecifi ally of marine oriuin, as the data 
on the marin sample and the coal from the Cherokee 

hale and the nonmarine C'r ta eou ample do not 
cl iffer iunifica ntly. 
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(' rE'ta · ous ma ri ne marl tone: 0 . R cent clays (S mi th. 
l!).).J . p. :!96. 39 -399; Orr and EJmer.1·. 1956, p. 1251) ; D· 
• . ~ . coa l. hlack ha le. and gnt ~· s ha le. respectiYely. f rom 
t he l'ennsy ll·a ni a n Cherokee Sha le. Samples studied by 
Ba ke r (1!)62. p. 1G37) fa ll in t he fi e ld ou t lined between t h 
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ORGAN IC CARBON, IN WEIGHT PERCENT 

Y I Gl ' HE .1.- H lation bet \\' t•e n saturated/ a roma ti t hydro ·a r bon 
nttiu and organ ic carbon. ymbols are ~am a· t hose used 
in fig ure 2. Daslwcl line.· s ilo \\' Yague t rend of de rea. in 
sa 1urated/ a ro1wlt ic· hyd roc·a rbon rati o 1\' ith in c: rea ·e in or ­
;.:anic <·a rbon in ' retaC' ons amples and hl ack ha le. f rom 
the Cherokee f:; ha le. 

SATURATED AROMATIC HYDROCARBON RATIO AND 
ORGANIC CARBON 

T he relation betwe n t·he at urat d / a romatic hyd ro­
ca rbon ratio a nd oro-an i a rbon for the mod rn edi­
ment, retac ou . ample and P enn ylvani a hales i 
shown on fi o-nre 5. "\Vhen all t he e . a mple· are re­
garded a a s ing] . g rou p, t her eems to be no marked 
relat ion b t ween th two va ri a.ble . The retaceou 
ample and the bla k hal from the Cherokee hale, 

taken too- the r, howe,·er, mark a vagu t rend in which 
the saturated/ a romat ic hy lro a rbon ra t io d r a e a 
the amoun t of or o-a ni a rbon increa e ·. Thi 
inclu de th data on sample of hale f rom the hat­
tanooga hale and the G reen Ri v r F orm ation as well 
as the two Cherok coal . T h modern ed im nt., as 
a oToup, also show a d crease in at urated / aromatic 
hyd rocarbon rat io wi th in rea in O' amount of or D"anic 
a rbon, but the o-eneral t rend i off t to,Y a rd lower 

oro-anic-carbon ,·alue than tho of th C retaceon 
. ample and black h ale of the ('h role e hal . 

The organi c- arbon c n tent of th C r taceous am­
ple and tho e a ociated "' ith them on Rgu re 5 range 
f rom about 0.5 to almo t ~0 per ent (ex luding the two 
oa l from the Cherokee hale) and of the g ray hale 

from the Cherokee hale and t h younger ample , 
from about 0.2 t·o ± per en t . T h ranO' of the 
at urated/ a romati c hyd rocarbon ratio fo r thee bYo 

g roups of samples also a re sim il a r. W'hen the ov rlap 
of thee data i con idered, it i urpri inO' that the two 
g roup houl d be separated o sh ar ply on a di agram of 
thi s kind . No con i tency i ev ident w ith re p t to 
eith r O'eo]oO'iC or 0' o hemical parameter a o iated 
\Tith the samples. 
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COMPOSITION OF MAGNETITE AS RELATED TO TYPE OF OCCURRENCE 

By MICH AEL FLEISCHER, Washi ngton, D.C. 

Abstract .- ompilation of 12 analy.e of magnetite from 
vein· in ba salti c trap roc·k ·hows a eharacteri tic hi gh MgO 
conten t, indi cati\·e of ·a mple:; repre enting th greater part 
of the i:' omorphous series mngnetit -magn ioferri te. i\lany 
sa mples a re probably magnesioferrite rather than magnetite. 
and are chara cte rized by hil\'iug a much lower content of 
TiO, t han i" neous mAgnetite from cliabnse and basalt. E leven 
anAly · s of magnetite fr<>m al kalic rocks ancl ca rbonatite 
·how a generally high co ntent of i\lgO, AI, ,, and i\JnO; the 
com po. ition of the~e . Amvles i. uch tbat they shou ld con­
ta in exsol Yed herc-ynite or .·pine!. The analy ·es compiled 
were relath·ely few in number and wer repre entati\·e of 
r ()('k from only certain a rea . . Further . tudy of uch mag­
netite from mAny other, widely cattered loca litie is needed 
to t . t whether or not the co mpositi onal peculiariti e noted 
nre broadly characteristic of th e genet ic type .:. 

orne yea r ago attention 'Ya called (Fleischer, 
1953), to the fa ct that fe,...- analy e had been made of 
pure mao-netite of kno\Yn para<Yene is, but that the 
few good analy. e available uggested some relation 
bet"'een the type of o curence of the ma,gnetite and its 
compo ihon. During the intervening years, dozens of 
ne\\' ana.ly es have been published, especially of titan­
iferous magnetite, many on samples that had been 
studied optically. These have been recently umma,r­
ized by Buclclino-ton and Lindsley (1964). The pur­
pose of the pre ·ent note is to call attention to the com­
position of m:wnetite from Lwo type · of occurrenc · 
on which little has been publi heel in En<Yli h: (1) 
magnet ite from veins and ore boclie associated with 
trap ro k a,nd (2) magnetite from alkalic rocks. A 
recent rc1·ie"' ( er<Yee,-a and Grudev, 1964) discusses 
the A r. t of these type in part, but not the econd. The 
data here as embled indicate a, di st inct rela,bon between 
the type of occurrence and the c Jmposition of the 
magnetite; it i hoped t ha,t further study of material 
from other lo a,lities v.·ill be timulatecl by this note. 

MAGNETITE FROM VEINS ASSOCIATED WITH TRAP 
ROCK 

.\.11 tl1e analy:e antilable of magnetite from veins 
a::ociatecl "'ith trap ro k are from two areas, Nova 

cotia an l the iberian I latfo rm. The deposits in 
K O\'a S otia have been des ribed by Hornor (1939) · 
the laro-e ommercial d posits of th Tuno-usk yn. 
lin , iberia, have been de cribed by obol v (1935) 

and by Pavlov (1961). T"· lve annly es of magnetite 
of this tyr e are o-iyen in table 1 ; dozens of analy 
from iberia are h ted by Pavlov and the 10 given 
in tabl 1 " ·ere ho en to how the range of ompo i­
tion, u ing annly e '""ith low ontent of i02 (admixed 
serp nt.ine, diopside, and oth r si licates) and P205 
(admixed apatite) . 

The r uhs of th analys sugge t a . olid- ol11tion 
series ranging from nearly pure F8304 to ferroan 
ma.gne ioferri tes · ' the rock. ana lyzed are <Y llemlly 
quite lo,,. in Ti02, and contain om Ah03 and about 
0.2 per ent MnO. The content of 1<Y0 in many mag­
netites from the a ociated Yein i much higher than 
that repo rted in analys of ' igneou ' magnetite pr · 
ent as eli seminated crrains and egregations in basal­

ti c and diaba ic ro ks themselvel. The content of 
Ti02 (le s than 1 percent) i far lo"- r than the 10-20 
percent of Ti02 normally found in the magnetite of 
ba alt and diaba e, where it is ommonly present as a 
olid solu tiori of macrnetite with ulvospinel, or as ex­
olved ulvo pine! or ilmenite. Vanadium and man­

gane e, when determined, appear to be present in ap­
proximately lhe amounts usually found in magnetite 
from ba ·alt and diabase. 

Pavlov and his coworkers con ider the iberian de­
po it to be of hydrothermal orio-in and to have been 
formed from olution containing much H20, 1, and 
P205. The constituents of the mao-netite were tran -
ported as chlorides, the chlorine having been acquired 
by react ion \Yith salt-bearing Lower ambrian strata 
kno\Yn to exi t in the area· it is su<Yaested that the 

00 

presen e of these rock-salt strata may account for the 
large deposit of magnetite, and that the lack of salt 
helps explain their ab ence in otherwi e imilar a,rea 

1 lu the Ru~ ian lite rature. the term " magnomagnetlte" Is uRed for 
both magn ~ ian magnetite nn d ferroan mngn<'>tloferrl te. Th e usnge Is 
undesirable. 
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TABLE; I. - Analyses of the magnetite-magnesioferrite series from veins in diabase and basaltic rocks 

(Tr ., trace] 

A 2 3 8 B 9 10 11 12 c 
-------------------- ----- --------------------------------
Fc

2
03 _________________ 6.97 72. 72 66. 30 70.64 63.85 62. 41 68.11 62.4571.30 74.0169. 50 66.2269.96 67.02 79.84 

Ah03 ____ ------------- ------ 1. 26 1. 70 - ---- -- 3. 75 4. 13 1. 79 6. 42 _ _ _ _ _ _ _ _ _ _ _ 1. 43 3. 80 3. 46 6. 85 ___ __ _ 
Ti0

2 
__ ________________ ------ . 21 . 17 . 24 . 40 Tr. . 38 . 50 __ ____ __ ___ . 76 ______ . 33 . 60 _____ _ 

FeO------------------ 31. 03 23.28 28.52 26.13 25.4223. 14 23.4917.4320. 8016.6516.00 16.3511.92 10.85 _____ _ 

~~b~~:::::::::::::::: :::::: : ~~ 1: H --- ~·!~~ 3. i~ ;: ~~ ~: ~8 :: ~: 6:J} ~ ~~ ·~ ~~ 9. !~ ~ ~~·~ ;~ ~~ ·~ ~~ ~ ~~·~ ~~ ~ ~~·~ ~~ 
Si02 • _____ _ _____ - _- _-- ___ --- 1. 00 1. 32 . 03 2. 20 2. 53 . 10 2. 96 1. 40 _ _ _ _ _ _ 1. 06 2. 25 1. 32 . 98 _____ _ 

fr~~:~~ :::::::::::::::: :::::: --- :- g~ ~~~ ·~ ~~ ::::::: :::::: ~~ ·~ ~~ :::::: -- ~:- ~~ ~~ ~r~ :::::: -- .- ~~ :::::: ::::: :::::: :::::: 
co2 __ __ -- -- ---- ------ --- --- --- --- ------ ----- -- --- _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 52 ______________________________________ _ 

-------------1-----------------------------
TotaL ___________ 100. 00 100. 04 100. 24 100. 01 100. 36 99. 17 100. 43 100. 53 99. 95 100. 00 99. 68 100. 36 99. 99 100. 13 100. 00 

pecifi c grav ity ________________ 4. 9 5. 067 _______ ___ __ __ ____________________ 4. 76 ______ 4. 67 4. 55 _____ _ 

A. Theoretica l compos ition , Fe30~. 
1- 2 Pav lov (1961): 

1. Chemorechensk deposit. 
2. R gion of th e Kureiki R iver ; P. S. Lazarev ich, ana ly t . 

3. Harrington (1907), crystals from veins in trap rocks; An­
napolis Cou nty , N ova Scotia. 

4- 7 Pavlov (1961 ) : 
4. Region of t he Sevemaya R iver ; K. P . Sokovaya, analy t. 
5. Ca lcite-magnet ite vein; Korshunovsk deposit; R. E. 

Yakubov ich, ana lyst. 
6. Region of Anaki t River; K. P. Sokovaya, analyst. 
7. Radiating-fibrou ; K orshunov k depo. it ; R . E. Yakubo­

vich, analy t . 
. Hornor (1939), zoned crysta l from veins in Tria sic basa lt 

near Lak vi lle, ova Scotia; R. B. E llestad , analyst. 

of trap ro ks else \\'here in the world. The e authors 
further relate the magnesium content of the magnetite 
to the depth of formation, with low-magnesium mag­
netite form ed at depth (low Oz potential ), and mag­
ne ioferri te formed under near-surface conditions 
ll'here most of the iron was in the ferric condi tion 
(Pavlov, 1961 , Pavlov and Chupryn ina, 1955 · P avlov 
and Yanchenko, 1959). 

The mechanism of t ransport as chloride does not, 
ho11·ever, explain '"hy these magnetites are so low i.n 
Ti02; th data of Buddin CYton and Lindsley (1964) 
. ugg t t hnt th y were formed at low t mperature . 
The n ed i lea r for further tudy of the compo ition 
and mole of tran port of maO'netite in similar o cur­
r n e el e\\'here and for analy es of co-exi tin()' mag­
n tite (or magne iofenit ) an l il menite from uch 
I ' ems. 

MAGNETITE FROM ALKA'LIC ROCKS AND 
CARBONATITE 

In t·ab le 2 are a.- embled 11 analyse , all that could 
be foun l of 'magn tite" from alkali ro ks and car­
bonn.tite. The e are mostly very h i()'h in AhOs, MO'O, 
and ~fnO ·ontent, .-o much . o that ca.l ula t ion of the 
theoretiC'a l 'mole ule " pre ent how larg amounts of 
either pin I, MgAh04, or of hercynite, FeAh04. 

B. Theoretica l compo ition, ( Mg,Fe) Fe20~ wi t h MgO:FeO = 1:1. 
9- 12 Pav lov (1961 ) : 

9. Columnar ore, Kam yshev Baikitik deposit; T. M. 
Migyushina, analyst. 

10. Vein ore, Kra noyarovsk deposit; 0. P . Ostrogorskaya, 
analyst. 

11 and 12. Magnet ite-calcite ore, dense, acicular; llimpei 
Riv er ; Z. V. Vasil 'eva, ana lyst. 

C. Theoretica l compo it ion , MgFe20~. 

The analyses from Pav lov are all from the Sib rian plat form; 
many other not shown here are available . Two others ar e 
given in Sobolev (1935) . 

According to the data. of Turnock and Eugster (1962), 
material of compositions such as tho. e in table 2 should 
have unmixed on coolin()' to magnetite plus hercynite. 
l~nfortunately, opti al study of these samples is not 
recorded; ho"·ever, Dr. D . P. Gold, of Pennsylvania 

tate Un iversity (written communication, Jan. 1965), 
informs me that magnetite from the Oka dist rict, 
Quebe (analyses 9- 11 in table 2) shows exsolution 
lamellae of hercynite on the (100) planes of magnetite. 
It should be noted also that the material of analyses 
1 and of tnbl 2 repr nted ingle l'} ta l , both 
ho\\'ing the trapezohedron [311], uncommon for mag­

netite. 
The ana ly e in table 2 show that magnetite from 

a inCYle lo ality may vary appreciably in composition. 
pe to()'raphic analyses of even samples from Magnet 

Co1·e, Arkan a , given by E rickson and Blade (1963, 
p. 76), ho '" that the omposi tion varies considerably, 
with on ly those from a t~bonatite and jacupirangite 
being hi()'h in Mg (>10 percent), whereas all the sam­
ple. are hi O'h in l\in ( 0.5- 2.7 per ent) . 

More ana ly e of magnetite from alkalic rocks and 
carbonati te from other area are needed; careful at­
tention to the paraO'enesis, optical study, and X-ray 
data on u h material i needed to explain the obset·ved 
hemi al variation. 
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TABLE 2.- Ana/yses of" magnet?"te" from alkal?"c and related To cks 

[Tr. , trace] 
-

2 3 6 10 II -
67 94 59. 71 54. 30 56. 9 64. 28 

. 07 . 62 5. 17 7. 25 . 15 
F c

2
o

3 
____ _______ ___ ____ 59. 01 46.95 57. 11 6 l. 95 62.39 

6
. 4~ 

AbOa- --------------- -- 10. 37 15 14 3. 62 6. 57 6. 80 4: OS 1. 76 5. 32 3. 1 3. 85 3. 71 
26. 95 22. 70 17. 23 2 l. 60 24. 52 

. 15 3. 24 5. 42 3. 91 0. 60 
Ti02-- ---------------- 2·

40 
2g: u 2YJ3 1 ~:~b 2j : ~~ - -- ---- -

F eO __ ____ ------------ 16. ~ 5. 83 7 18 6 74 2. 59 4. 57 
2. 19 . 46 5. 36 1. 49 3. 71 

. 30 I. 3 1. 54 
:\Ig ------------------ 9. 4 . 3:40 Tr. 
M n 0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 2. 10 - __ ----- 1.. 2 ________ ~ ~ ~ ~ ~ ~ ~ ~ _______ _ -------- 1. 5 

. 65 . 16 7. 45 2. 21 . 83 

. 3 -------- -------- -------- ------~i~~~~=~=~~=~========= =~==~~== : g : ~~ I J. 10 -- ·- ~~ - =~=~=~=~ 
~t~e~~~-~~~~~~========~ ===~== ~ ~ ~~~==~~~ --- 2.-ii - ~~~~~~~~ =~------ ________ ________ ________ s. 47 a 39 a. 31 

99. 75 99. 97 99. 79 100. 06 103. 91 100. 39 100. 21 100. 41 ()9. 22 99.69 T otal__ ____________ .100. 17
8 

________ 5. 093 4. 9 13 ________ -- _____ --------
.'pecifi c gravity _____ 4. 55 -------- ------- - - ------- --------

1. }!arrington (1907) , cry ta l howing {3 11 }; Magnet Cove, 
Ark. M G 

2. 1\ ewhou c and Glass (1936); Magnet Cove, Ark ,; . . 
K ey , analy t . . 

3. Ba ta (1957); Magnet Cove, Ark. ; H. B. Miln er, ana ly t. 
4- 5 Hi.igel (1924) ; K ai erstuhl , Baden , Germany. 

4. Schelingen. 
5. Vog burg. 

6. Knop (1877) , inclu ions in anidine-hauyne phonol ite ; 
H orberig, l{ai er tub!. 

' Insoluble. ' v,o,, 0. 10; C roOa, 0.01 percent. ap,o,. 
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Ab t1·a ct.- Two underground D110IIl bla ts of 25,500 pound ' 
and 416,- 3- pound. of explosive., cl tonated at Climax, Colo., 
on ?IIay 21 ancl 23, 1964. \\' re r e ordecl at 17 locations in the 
r ront Range uplift of th Southern R ()(·ky :\1 untains at eli -
tance ranging from 25 to 360 km no r th of the . hotpoint. 
, trong >:econdar.r ,·ents re orded at cli.tanc !' ranging from 
119 to 1!)2 km f rom the shotpoint were identified as reft ec­
lion from th e :\loh roYi ic cli. ·continuity and from an in ter­
med iate la~·e r in the cru t. An analy is of both ref! cted and 
refracted eq•nb; sugg : ts that the cru .-ta l th icknes north of 
Climax is appr ximatel y 54 km and that it decrea e.- abrnptly 
by about 15 km in the a rea dire ·tly a . t of tbe inta l\loun­
nin, . Compn r i~on of crustal models in the different geologic 

and ph~- io raphi prodnce;; of the Far 'Ve t indicate that 
Lostatic compen. ation i · related primarily to den ity varia­
lions in the upper manti and on ly ;:;e onclarily to variation in 
cru tal thickn ess. 

TITO laro-e underground mmm(T bla ts were deto­
nated by th Climax Molyb lenum Co. at limax, Colo., 
on 1ay 21 and 23, 196-±. The fir t blast, which will 
b designated limax 1,'' on isted of a eries of 
delayed explo ions of Ya rio us sized charges totalin a 

approximately 25,500 pound . The econd bla t, de ig­
nated "Climax 2 ., was produced by an explo ion of 
±16,235 pound. of explo iYes in t''o adjacent tunnel : 
he charg \\'fl . o d tonated a. to r ult in a practi ­

cally in, tan tan u. bla. t. The ize and locat ion of the e 
bla t proYide 1 an ex epti nal opp rtunity to make a 
re onnai an study of crusta,! true( ur in the outh­
ern R ky f ountain . u. ing the limax-1 bla t for 
recor ling at d i tance. of 200 kilometers and 1 and 
Climax 2 at li tan gr at r than ~00 km. 

Record ina · of th two bla t. '"er made by the 
1 ~ .. ·. T ological utT y at 17 locat ion. in th Front 

Range uplift f th outhern Ro ky fountains at 
di . tan e ranging from ~· to 360 km north of limax 
(fifr. 1) . The Colorado chool of Mine. ( M) re ­
corded f he limax-2 blast at a . it e 6-:1: km north of 

limax. Thi . Jar r bla. t ·wa s also r corded at three 

GEOLOGICAL SURVEY RESEARCH 1965 

SEISMIC STUDY OF CRUSTAL STRUCTURE 

IN THE SOUTHERN ROCKY MOUNTAINS 

By W. H. JACKSON and L. C. PAKISER, Denver, Colo . 

\ 'ELA UNIFORM fixed seismoo-raph tations in the Rocky 
foun tain region. 
The Hme instant of each blast "-a determined by 

recordino- the urge of current through the firino- line 
and the time of detonation of a bla ting cap identical 
to those used in the mine. \.bsolute timino- ''as ac­
compli hed by r ecordino- radio timing sio-nals from 
Xational Bureau of Standard tn,tion \VWV. Back-
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B A S IN 

F1 a .: HE 1.- Inth•x IIIHJJ of purt~ of Colo rado, ' Vyom ing, and 
l ' tah , h wing hotpoint and recording lo ations. The 
Raton long-range. ei><mic-mea surements (LH i\1) observa­
tor.\' i:' to tbe ><Outh, off tbe map. olid triangle , limax-1 
recording loca tion;; of unit R, , T, and so fortb; cl ots. 

lirnax -2 recordin-g location : ('limax .P., Clim ax .. bot­
point. l'nit India (/) reco rd cl both shot· at the same 
locat i n. 

U.S. GEOL . SU R VEY P R OF. PAPE R 525-0, PAGE 085-092 

D85 



D 6 GEOPHYSIC 

up timing " ·a. obtained by recording tim in g pul. 
from 1Ul electroni c chronomet er and a coded tone 
from a portable communication. station located ne1Lr 
the (' limax mine. Th . e timing sio-na,l wer a.l. o 
recorcle 1 by all recorlino- unit . 

oo rdinat of both bla. t ,,·e re: lat 30°22.2o'N. 
lono- 106°10.06''\1. The origin time for limax 1 was 
22hR-J:m33.1055 G.m.t., and for limax 2 :...1"-!-!"'59.12-t.s 
G.m.t . 

A rkno wle lgments.- " ' " ·i h to expre our ap-
pr i1ttion to Dr. tewart R. \Vallace, hi f Geologi. t, 
nncl to 1r . .Tame Luclwi o-, Min e uperintendent, of 
t·he lima,x Molybdenum Co. C' limax olo., for th i.r 
oopera t ion in makino- thi .. Ludy po ibl . vVe al o 

wi h to thank Profe or John Tiolli ter of the Colo­
rado chool of Min for r co rding the Climax-2 
bla t and making the ei. moo-ram a1·ailable for thi s 
. tuly. Ani n1 l time for the R aton N. 1\Iex., Durano-o, 
C'o lo., an l 1 inta Basin Sei mologi cal Ob er vatory, 
Yernal , rtn.h were obtained f rom the 1. . • ir F orce 
T echn ical ~\.pplication s Center. 

EQUIPMENT AND FIELD PROCEDURES 

The t·wo record ing sy tem neare t the bla t , the 
C'o lorado , chool of l\[in es and the Bravo unit 
(c. A! and B, fig. 1), were conventiona l broadband 
xplora t ion . y. tem u i.ng arrays of 4% - y le-per - ec-

oncl sei. mometers. nit C M:, operated by the Colo­
rado chool of fine, ''"as equipped to re or l on both 
photoo-ra.phi paper and mao-netic tape. Both sy tems 
recorded ,·erti cal o-round motion on ly. 

The remaining unit. were matched l01Y-frequen y 
sei ·mic- ref raction sy tems (\Va rri k and others, 1961). 
Each sy tem con. isted of sei mic information chan­
l l 1: wi th 2-]e,·el outputs and 4 t imin g channel re-
or<·led on on 1·ent iona l o cill ograph . . T11·o t iming 
hannel · and 6 . eismic cha nnel ( :., leYel ) w r al o 

recorded on magneti c tape. \.t each re ording ite, 
: preacl . of 6 1·ertical ei mometer were located at 
15 00-mete r interml alono- a 21;2-km e tion of road or 
highway ori ented a nearly a practicable to,,ard 

li max. Two hor izontal eis mometer. "·ere placed 
near th ~d or 4th ver ti a l ei mom ter, 1 oriented 
fo ,rard C'limax to letect radial horizonta l motion 
and 1 ori ented at right angl to detect tmnsverse 
motion . • \11 . ei mometers had a ll<ttural period of 1 
. rcond. The field method u eel \Yas de cr ibed in more 
deh1il by ,Ja k on and oth r. (196B). 

The 1·e or c1 ing di stan c were determined by plot ­
ting location of the recording sprea l. on the best 
an1i lahle l. . Geologi a l Su n ·ey topographi maps, 
l:'s tahli . hino- the oordinate of the end ei mometer' 

' and omputing the distan es from the sei mometer 
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to the hotpoint ac or lin a to the method of Ri chter 
(19~ ) Errors in omputed eli . tan e. are I . than 
1 km. 

RESULTS 
Playback of the output of th vert i al- omponent 

ei mometer. o,·er the distn,n e ran()'e of 119 to 362 
km from the hotpoint were mad for each ma()'neti -
tape re ording, and a si n()'le repre entative t ra e wa 
repro luced photo()'raphi all y and arran()'ed according 
to eli tan e, with the time sca le re lu eel by subtracting 
the omput 1 traveltimes at 6 km/ ec. (fig. 2 on pages 
6 and 7) from the actua l t.ravelt imes. 
The limax-1 blast wa chara terized by arrivals 

of low amplitude and hi()'h fr quen y. The relatively 
weak i O'J1a 1. , con iderin ()' the tot a 1 exp lo i ve charge 
detonated, are not unu ual. Pollack (1963), in a study 
of delay shootin()' indicated that the fr quen cy spe tra 
and amplitud es ar controll ed to a larg xtent by 
the. ize of ind ividual charge and th time delay be­
t" ·een explo ion of each sino-le charo-e rather than by 

0 0' 

the . ize of the tot a 1 explo i ve charge. . t ronger io-n a ls 
of loYrer frequen y were o-enerated by the limax-2 
blast. 

For a p reliminary interpretation, a time-distance 
curve of traight-line seo-ment was plotted for di tinct 
fi r t a rrivals. Only phases showing coheren e over 
mo t of the t races of ea h spread were used in thi. 
interpr tat ion . Stations 0 M and J (fig. 1) howed 
strong firs motion fo r the Climax-2 bla t, and the 
apparent velocity for the tra,·elt ime seo-ment defined 
by thee recordi.no- i. approximately 6.1 km/. ec, a 
,-elocity_ appropriate for the direct ru tal wave, Ps. 
The Xo mter ept for this egment i 0.5 econd. None 
of the l imax-1 recordino-s have early arriva ls that 
ca n be correlated 'ri th thi pha e, be au e of weak 
ignal and the high noi level obs rv d during th 

blat. 
B yond ~25 km, the earlie t identifiable events had 

ome,Yhat irregular arrival time ( fig. 2) but the 
be t fit through all fir t arri,·als indi ate an apparent 
,-eloci~y of approximately km/ ec, a Yelo ity ap­
propnate for the mantle refra ted "-ave, P n. 

tJ·ong e ondary e,·ent were recorded for both the 
limax-1 and limax-2 bla ts. The mo t tr·iking 

feature on the li max-1 record are 2 e,·ent ,,hich 
can be on·elated from pread to pread over the eli -
tan range from 119 to 192 km, beyond \Yhi h they 
become obscured by in te rfering phase . On the a. ­
·nmption that these e,·ent a re refle tion from the 
:'l[oho rO\·i ic eli continuity (PMP) and from the upper 
. urface of_ an intermediate layer in the ru. t (P 1P ), 
an approx1mate crustal model may be computed u ino­
the t 2

- x2 method (Dix, 1955). 

_Th f2 ~ • • ~ m thoct, brief! , i explained by con id-
rmg a, 1mple one-layer ase with plan , horizontal 

b undaries. If the medium between th surface and 
the 1: fl _ tin o- b und ary i_ homorreneous and isotropic 
to smsm1 -wav proparrat10n so that the ray path is 
~rni()'ht lin , the quation of the travel tim s of refl~~ 

ti ns from this reflectino- layer i 

x2 + 4h2 

t2 = - --, 
v2 v2 

wh re t = t raveltime, 
::r= d i tan e 1between hotpoint a.n l ismometer 
lt = d rth tot h I' fl eotinghor izon,and 
v= velocity of propagation. 

A p lot of t2
, as ordinate, ver u. x2 as ab i sa, will 

re ult in a traight line with sl pe 1/ v 2 and an x0 2 in­
ter ept of 4-h2

/ 
2 . Both v and h may b determined 

from the r lation . 
For t\\"O or mor layers th ray path is bent and 

the t2
- x 2 plot i a lio-htly urv d lin (Dix, 1955). 

• O'OOd depth approximation an b made if the data 
point. for ea h r fl tion a r made to fit a straight 
line. Thi pro edu r in effect, t reat a h reflection 
a if it repr ented a on -layer a ; however, the 
'" lo ity d t rmined from the t2 - x2 plot i now an 
av rao-e velo ity to the r fl. tino- layer. 

Plots of t 2 ver u x2 ·w r mad for the observed 
time and di tan es of the PMP an l P 1P arrivals (fig. 
3), ''"ith a orr ction ba l on a 0 . ."'- ond P g intercept 
and an a umed Y lo ity of 5 km/ c for the low­
,-elo ity urfa layer. D pth letermined from these 
al ulation. ar 3-!: km for PrP with an a'' ra e velocity 

abov the r fl cting horizon of 6.0 km / ec, and 54 
km for PMP with an ~n-erage " lo ity aboYe the M­
di continuity of 6.6 km/ . Th d pth agree very 
lo. ely with tho e obtain d fr m the NOllfE detonation 

n ar arl bad r. Mex. ( tewart and aki er 11)62), 
but are ome,,hat d eper than those obtained in a tern 

olorado (Jack on and other , 1963). 
In order to che k the velo it layerino- d termin d 

by the t2 - x 2 method, arrival time were alcula.ted 
for a numb r of cru tal model , in luding tho \Yith 
dipping layer . The time con idered to b th bet 
fit for the ob en d P g, p· (int rmediate-layer r fmcted 
'mve), P n, and refl e ted arri,~a ] are plotted n figure 
2. The crustal model obtained from th e tra' eltime. 
i giYen in tabl 1. 

The com put d P" arrival time do not agree wi th 
th obsen-ed time (fio-. ~) which ar early by 1.3 ec­
oncl · at 227 km and approximately 2 :econd at 362 km . 
The early arrival may be cau eel by th inninrr of the 
ru t to the north. By use of delay-t ime method. 

(Pakiser and B lack, 1957) the rustal thickness may 
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TABLE !. - Preferred crusr.al model, Climax, Colo., area 

Velocity (kmlsec) Layer thickness Depth to bottom 
(km) of layer (Inn) 

5.0-------- - -- ---- ---- ------- --- 2. 3 2. 3 
6. L ---- -- - - ----- - ---- ------ - - - 31. 7 34. 0 
6. ----------- -- ----- ---- ----- -- 19. 53. 

.0-------------------- --- ------ -------- ---- - --- --------

1 e computed for ea h station recording Pn, if crustal 
relocity layerin g i a sumed. A,·eracre cru tal thick­
nes e computed for t "·o 1-layer and two 2-layer cru ts 
are cr i,·en in table 2, not counting the 5.0-km/. ec 
materi al in the upper 2.3 km a a crustal layer. The 
thickene . es a re ba eel on the 7 tat ion recording P " 
arrira l (fig. :,) nncl, after migrating, the eli tances 
f rom the refracted event to t he la. t point of em r ­
~ence from the mantle rep re ent d ista nces of ub­
. urfa e depth point of from 190 to 310 km north of 
(' lim nx (firr . 1 ) . U nder all a umption for crustal 
,-elocity layering, the ru t thin to,Ya rcl the north. 
A comr o ite rn tal profile on t ructecl from the 
refle tion and refraction data (ficr. 4) indicates an 
abrupt thinning of the c ru t between 90 nnd 190 km 
or npproximately 140 km north of li max. 

Fir t-arri,·a l time reported by th r e VELA IFOR~f 

ei mi tation \rere incorporated in the recorded clatn 
(fig. 2) . Fir t a, rri va ls at Raton, N.Mex., and \ ernal, 
rtah, w re later compar d with Geoloaical Survey 
tation in the a,me eli tance range, but they plot 

practically on the Pn traveltime determined from 
reflections. The oin iden e of the arrival at Raton 
1rith the P n t ra velt in e urve from reflection sucrae t 
that cru ta l th ickne at R aton i about the ame a 
that ju t north of limax, or about 54 km. Thi rs 
al. o about the . ame a the ru tal thi lmes. in the 
CheaL Plain of eastern Ne'r Mexi o ( tewnr t and 
Pakis r HJG2). Th cl lay at Yern al with r pect to 
reco rd d P n arrin1l time north of )im:tx probably 
1rn . ca.u 1 mainly by the I wer upp r -mnntl velocity 
along the path from limax t Yernal. The P n arrival 
nt Durango olo. wa only a litt l la ter (about 1f2 

TABLE 2.- Fo1l!· mod I for average crustal thickne of northern 
ser~ment of eismic profile, based on delay-time analy is of P" 
arrtvals for select d cru tal velocity layering 

!All crustal mod Is given will produ , within the experimental error. the Pn travel­
times ob rved beyond 220 kml 

.\loc!el 

!_ ___ ____ 
---2 

3 
4 

-------- -----
--------------
-------- ------

Average 
thickn ss of 
6. 1-km/scc 

layer plu 5.0· 
km/ layer 

I . 6 
23. 5 
33. 0 

2. 3 

Average Averag Variation of 
thickness of total cn1 tal thickness 
6. km/sec thickness from average 
layer (km) (km) (km) 

19 . 3 .4 ± 2. 0 
13. 2 36. 7 ± 2. 3 

0. 0 33. 0 ± 2. 5 
42. 1 44. 4 ± 2. 7 

N(/) 

0 
z 
0 
u 
UJ 
(/) 

~ 

12 = 135 +x't {6.04) 2 

j__ 
30 
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40 

l<'IGURE 3.-f-x' plot of p,.p and p,p r eflections of tbe limax-1 
.·hot. I , traveltime: x. ctistance between ·hotpoi nt and ei -
mometer: P"P. reflect i on from t h :\Iohor Yi cic di:- ont inuity: 
P,P, r ef! t ion from upper su rface o.f an int rrned iate cru ta l 
layer . 
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DISTANCE. IN KILOMETERS 

FIG RE .J .- Cru ;;tal profile north of limax, ol ., ba sed on 
P. delay t im and the a ·sumptions f the econd model 
of tab le 2. H n<"hnre nre only for empha i · of certa in 
pn rt. of the profile. 

econd) than the Pn arrivals north of Climax, and 
if crustal and upper-mantle velo it ie a re the same as 
at limax the ru tal thiclme in the Durancro area 
i about 41 km. 

Amplitude of P g and P " fir t arriYals and of the 
fir t fell" ycle of PrP and PMP were estimated (fia. 
5) ac orclincr to the method described by Eaton (1963) . 
It wa ver difficult to obtain a reliable basis for 
comparincr . the ampli tudes of the reflected phases 
recorded from limax 1 with the first arrivals re­
corded from lima.x 2. Secondary arrivals were com­
pared on recordincr at unit India ( ~ : ficr. 1) , whic~ re-
orded both bla t at the same locat1on. The e arnvals 
ugcr t that limax 2 produced approximately 100 

times more vertical ground eli placement for corre­
latable phases th:tn limax 1. Climax-1 amplitudes 
"·ere normalized to Climax 2 by u ina this r atio. 
AYerao·e period of P 1P and PMP arri,·al from Climax 
1 were approximately 0.1 second. The period of the 
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Fru RE 5.- Ampli tudes of ma jor phases from the limax 
1 and limax 2 . hots, p,p and P,P, from Climax 1, 
nre shown a 100 times the obserYed ampl itudes in 
order to norma lize the . hot ize ·. P . and P. are from 

liwa x 2. P •. direct cru tal waYe; P •. mantle re­
fracted wa ve; P,P, refl ection from the ~loborovicic 
eli continuity; p,p, refl ction from upper surfa ce of an 
intermeclia te cru s ta 1 layer. 

. ingle Pg arrival (fig. 5) was 0.2 second, and the 
averao-e period of the P n arrivals was 0.4 second. The 
amplitude-di stan ce relations obtained are similar to 
those reported by Roller (1965) for the Colorado 
P lateau. 

DISCUSSION OF RESULTS 

The P n arrivals are interpreted as indicating an 
abrupt thi1ming of the crust about 140 km north of 

limax (fig. 4). This indicated zone of crustal thin­
ning is dire tly east of the east-trending Uinta. uplift 
(fig. 1). Willden (1965) has interpreted results of a 
reversed refraction profile extending from American 
Falls Reservoir, Idaho, to Flaming Gorge Reservoir, 
Utah, to indicate a total crustal thickness of about 
35 km at Flaming Gorge Reservoir, which lies on the 
north flank of the Uinta uplift. Willden's interpreted 
crustal thickness is within a few kilometers of the 
crustal thickness of the northern egment analyzed 
in thi study, except for the last model of table 2, in 
which it is assumed that practically the entire crust 
is made up of material having a velocity of 6. krn/ sec. 
\\ e therefore ugge t a zone of cru tal instability in­
volving an abrupt change in crustal thickness in the 

outhern Ro ky Mountains aloncr an eastward exten­
sion of the inta uplift. 

ome idea concerning the relations of crustal and 
upper-mantle structure and the nature of isostatic 
compensation in the different geologi and physio­
grapl ic province of the Western nited States can 
lJe obtained by comparing the results for the South­
ern Ro ky Mountains reported in thi paper · with re­
sult previously reported for the Basin and Range 
(Eaton, 1963), Colorado Plateaus (Roller, 1965), Mid­
dle Ro ky fountain (Willden , 1965), and Great 

Plains pro' inces (Jackson and other , 1963; Stewart 
and Palciser 1962). To do this a crustal and upper­
mantle section which ext nd from Eureka, ev. 
through Hanksville, tah, F laming Go rge Reservoir, 

tah, Climax, olo., and ea tern Colorado, to eastern 
New Mexi o (fig. 6) was plotted. This section (fig. 7) 
reveals the following o-eneral relations : 

(1) The crust is from 35 to 40 km thi k in the 
Basin and Range province, the Colorado Plateaus, and 
t.he Middle Rocky Mountains, and distin tly thicker, 
about 50 km thick, in the area of the high st peaks of 
t.he Southern Rocky Mountain and in t he Great Plains. 

(2) Isostati compensation is rela.ted primarily 
to density variations in the upper mantle and only 
econdarily to variations in crustal thi ckness. 

( 3) There is no pronounced ru tal root under 
the Southern Rocky Mountains. 

The density di tribution in the upper mantle re­
quired to maintain i ostatic equiJibrium from the ast­
ern New Mexico ection of the Great Plains (taken 
as the standard) to the high mountains and plateau 
farther ,~·es t has been tima ted (fig. 7). Densities 
corre ponding to the various crustal and upper-mantle 
velocities were taken from the empirical velo ity-den­
sity relations of Nafe and Drake (Talwani and others, 
1959). If .2 km/ ec and 3.43 grams per cubic centi­
meter a.re assumed to be the tandard mantle velo ity 
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Fro RE 7.-Approximate cru. tal and upper mantle 1·eiocity and densi ty di t ribu tion in part of t be 
W e tern Ln i tecl tates. M, M ohorovici c d i. continui ty. 

and den ity, respectively, isostati compen ation re­
quires that: 

(1) 1antle material of velocity 7. Ion/ sec and 
den ity 3.3 g per c extends to depths of about 0 to 
110 km in the Ba in and R ano-e province at Eureka, 
the Colorado Plateaus at Hanksville, and the Middle 
Rocky Mountains at Flaming Gor o-e Resen·oir (fio-. 7). 

(2 ) Mantle material of velo ity .0 km/ sec and 
den ity 3.36 o- per cc extends to a depth of about 90 
km in the outhern Rocky Mountains at limax. 

(3 ) Contradictory r ult are obtained in at­
temptino- to determine the nature of i ostatic com­
pen ation from the Great Plains of eastern rew 
~fexi o to th :rr at Plains of ea. t rn olorado if th 
upper-man t i 
i .0 km/ e 
and th 

,. lo ity a.t Lamar in ea. t rn olorado, 
as reported ( J a kson and other , 1963) 
pondin<Y den ity i :-3.36 g per c. The 
virtually li appear , ho ,,-e,·er if the 

upper-ma,ntl Yelo ity an l den ity are a sumed to be 
th . a,m in a tern olorado and ea. tern N w Mexico. 
Th t ,,.o rusta,l model under that as umption are 
i o ta, ti :-tlly comp n at d within % of 1 percent. 

Only the upp r -ma,nt l v locity of 7. km/sec in 
th Ba.. in and Range provin , th Colorado Plat au 
and the Middl Ro ky Mountain cnn b reo-a.rded a 
well e ta.bli h d . The upp r-mant le Yel citie in the 
outhe rn Rocky Mountnin and the G r at Pl ains ar e 

ba · d on unr ver ed p rofi le . eYer thele , isostatic 
ron. iderations requir that the upper-mantle d n ity 
(and presumably ve]o ity) mu t be significantly higher 

76 1- 906 65- 7 

in the Great Plains than in the provinces farther west. 
An intermediate upper-mantle velocity of .0 km/ sec 
in the outhern Rocky Mountains corresponding to a 
den ity of 3.36 g per cc eem rea onable. The South­
ern Rocky Mountains eem to form a transit ion zone 
between the Great Plains, in which the crust is thick 
and the upper mantle high in velo ity and density, 
and the provinces farther west, in which the crust is 
relatively thin and the upper mantle low in velocity 
and den ity. The relations depicted in the section (fig. 
7) are consistent with those presented by P a1.ri.ser 
(1963. 1965). 

Of cour e, the vari ation with depth of upper­
mant le Yelo ities and densities may be o-radual rather 
than ab rupt , but an upper-mantle velocity and density 
distribution like that of figure 7 seems to be required 
by the ei mic e17 idence and considerations of i ostasy. 

The conclusion for the Southern Rocky Mountains 
r re ented abo1'e are based largely on the identification 
of refle tion (P 1P ) from the upper surface of the 
intermediate crustal layer and reflections ( P~tP) from 
the Mohorovicic d i ontinuity. A rapid and relatively 
inexpensive method of mapping cru tal structure using 
wide-an<Yle reflections is now bein<Y tested in an ex­
perimental field program by the Geological Survey. 

uch wide-angle reflections have been shown to be 
u eful in t udy ing rustal structure in the Basin and 
Range province (Roller and Healy, 1963; Eaton, 

1963) . 
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THERMAL FEATURES AT MOUNT RAINIER, WASHINGTON, 

AS REVEALED BY INFRARED SURVEYS 

By R. M. MOXHAM, D. R. CRANDELL, and W. E. MARLA TT,1 

Wash ington , D .C., Denver, Colo ., Fort Coli ins, Col o . 

Jb. lra ci .- At' ri al .·nn·ey with a sca nning infrared racli om­
ete r over th<' summi t cone of l\lount R a inier Yolca no reveal 
thermal anomalies c·o ncent rnted a long the nor t he rn and we t­
ern rim ~ of the tw summit c rate r.· that are no doubt r elated 
to well -known fum a roles a long the c rater wall. ·. A compl ex 
reticulnt ion of a noma I ie. extend down the we. ·teru flank of 
the cone to 11 poorly delineated arc which may coincide with 
n cone ntr ic t ru ctural e l ment of the Yolca no. The 1 re ent 
ummit e ra t<'n; are off.· t to ward the southeast of the axi s 

of the Yo l ca n o·~ c ntra l plug. The thermal a nomali es lie in a 
~imi lnrily ori ented pa ttern, bu t temperature. gene rnlly in ­
rrea e with di ·tan e fr om th e axi s of the central plug. Higb­
e t tempera t ures a re a socia ted with the youngest ( ea t) 

crater , mo. t distant from th e cent r al I lug, whil e lower tem­
perature are found with old r ,·o Jca nic fen ture . Maximum 
ground tempe r Atu re of 33•c ( in tegrated o,·er a 3• fi eld of 
riew) wa. recorded wi t h a fixed-fielcl radi omete r in 3 fli "ht.· 
o¥er the summi t . 

In De ember 1963 a erie of Yery large rockfalls 
and a,·alanches oriCYinated at Little Tahoma P ak, on 
the ea t flank of Mount R ainier (fig. 1) . large s ar 
wa thereby created on the northwe t-facing " ·all of 
Littl Tahoma a nd ro k debri . wa t re'm for severn l 
mile north a. t, down the . nrface f Emn ons Glacier. 
Pin me of wh at appeared to b . t am i . . uin 0' from 
the hn. e of the ro kfnll ar at L itt le Tahoma w re 
ob erre 1 by D. R. rand ll on .Tuly 9, 1964, but ina -
re· ibility pr ,·ented lo r in pection. To ,-e rify th 
po ibi lit y of an unu ual . ou rce of heat at thi locality , 
aeria l un·ey. with a anning in frared radiometer 
pt·o,·id cl by the 1 . , . Forest crvic , \Yer made by 
~[oxham and randell at midaft 1'11oon, eptember 3, 
and at C'arly dawn, S ptemb r 4 196-1- at Littl e Tahoma 
Peak and at . ve ra! other p la,c . on Mount Raini r , 
inel uding th summi t . It "''t sub eq uent ly learn 1 
that on .July 11, 196-1- '' . E. Marlatt had made visibl 

' Colora do Stntr llnh·!•rxitv . 
' H Ps~n r(·h fli g h ts co nd uel e.d und1•r NA 'A cont l'llc t NA Y- 147. 

pect rum albedo and infrared radiat ion measurement 
with fixed-field radiometers over the summit crater ; 
though hi mea urements " re for other purposes,Z 
the results are included here as they relate to thermal 
features de cribed below. 
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A, Ea t ummit crater. 
B, W t ummi t crater . 
C , Arcuate pattern o f thermal anomalies. 
D, i qually Glacie r. 
E, Little Tahoma Peak. 
F, Rockfa ll ca r. 
G , Approximat2 location of rim of origina l summit 

depres ion . 
H, Libe r ty ap. 
J, Ru ell Cliff . 
K, E mmon Glacier. 
L, Gibral tar Roc k. 
M, Ingraham Glacier. 
N, team boat P row. 
3, Approxima te flight path u ed in making t he 

fix d-ficld-rad iomcte r records (fig. 3) . 
4, 5, 6, Approximate ccnterlines of infrared image . 
S-S' , Trac of geologic ction. 

.Fro RE 1.- 1ap of the Mount Rainie r ummit area. Rock ou t ­
crops (approximate con fi gura t ion) arc shown by t ipple 
patte rn . The ummit of ,'fount Rai nier , at 14,410 feet, i on 
the west r im of t he ea t era ter. 
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GEOLOGY OF THE SUMMIT CONE 

The ummit of Mount Rainier i formed by a small 
Re ent cone of glassy black hyper thene ande ite 
(Fi ke and others, 1963). It lies within, and partly 
fi lls, a broad depre ion (fig. 1, G) at the top of the 
vol ano that probably was created about 5,000 year 
:wo by phreatic explo ions and laro-e- cale avalanching 
of the former summit (Crandell, 1963) . T he pre ent 
summit cone lies near the ea t- outhea t margin of 
the broad depression and is imilarly displaced with 
re pect to the axis of the central pluo- (fig. 2) of opal­
ized andesite. The age of the present summit cone i. 
not known, except that it is posto-lacial and po tdates 
de truct ion of the former summit. The crest of the 
Recent" one i indented by the west and ea t summit 
craters, both nearly fi lled with snow and ice (fio-. 6, 
top). The w t crater i about 1 000 feet in diameter 
and i. overlapped on it eastern edge by a slio-htly 

. 6 
h1gher, younger crater about 1,300 feet in diameter, 
the rim of which i tilted to the east. Rocks expo ed 
in the "·all of this crater con ist of a eries of uper­
po. eel lava flo"· that are hydrothermally altered in 
part along the north quadrant of the crater rim. 

Heated rock and jets of steam help keep the rims 
of both crater mo tly bare of snow during the urn­
mer months. Abnormal temperatures on Mount Rai­
nier " ·ere fir. t ugaested in a story told by a Yakima 
Indian named alu kin, " ·ho auided two men to the 
ba ·e of the mountain in about 1 54. The two men set 
out to climb to the ummit of the volcano one morn­
ing, and returned the same evenino-. According to 

alu kin (in Haine , 1962, p. 17), they told him that 
th re wa ' ... ice al1 OYer top, lake in center and 
moke or team coming out all around like sweathouse." 

15,000' 

Tg 

5000' ...L_ _ ___j ____ _,_ __________ __J_ 

0 1 MILE 

Qs c, Po tglacial lava of th pre enL summi t cone. 
Qra, Ande it ic lava. of Moun t Raini r. 
Qrp, Centra l plug of opa Uz d ande ite . 
Tg, Rock of th Tatoosh pluton. 
A. East summit crater. 
B, We t ummit crater. 
E, Little Tahoma P ak. 

FI GU RE 2.- Geologic otion S- S', showi ng t h upper part or 
Mount Rainier. ( fter Fi kc a nd other , 1963.) 

Yeri fi ation of the ob er ation of steam at the 
ummit wa mad in 1 70, when Hazard t ven 

(1 76) and P. B. Van Trump made th fir t auth n· 
ticated summit climb. They \Ya lk d over th Aank of 
the summit cone and ro eel the n '" -filled west crater, 
notino- sulfurou fumes and numerou team jets i . 
uing frorn re' ices in the ro k a long the northern rim 

of the rater. t ,·en and Van Trump p nt the night 
in a cave melte l into the ice along the crater wall, and 
n xt day eli . ov r d the ea t crater a lono- the northern 
ide of ,,·hi h they al o not d jet of team. 
Hack (1912) men t ioned that the gr und on the ea t 

crater rim wa too hot lo ally to provide a omfortable 
restino- place, and ander (1915) r ported tha t the 
inner walls of the crater '"ere quite warm in place . 
The rim of the ea t rater i 50 to 1 0 feet above the 
now-filled crater floor. The crater probably i not 

filled to the brim with sno''" and ice becau e of con tant 
melting along the ides and po ibly at the ba e of the 
crater. Flett ( 1912) tated that a member of a limbinu 
party de cended about 5 feet into one of the ice cav 
along the rim of the east rater. From this point he 
threw tones farther down into th ave, and plashe 
could be heard a the stones fell into a body of water. 
Hack and Flett both pointed out that the thermal 
region at the ummit extend north"·ard beyond the 
rims of the two crater , into the saddle between the 
ummit cone and the ridge between Liberty ap and 

Ru ell Cliff (fio-. 1) . Flett. (1912), noted that 

On the north we ·t : lope of the mall [we t] cra ter the 
steam bas melted all the snow of!' o that there can be no 
[ice] ca 1·es formed on the outside of the rim for the space of 
a quarter of a mile. All around the rim of the large [east] 
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crater are found large dome-. ·h»ped caves \Yh ere the ice i 
melted by the ·lu mbering heat beneath . The.·e caYes do not 
extend far on the outside on the south. On the north ide 
the beat i.· so in ten. e that the now i melted off for a long 
distance clown to~Ynrd :\'or th Park [Grand Park] . The hottest 
cnre · are found on the northeast lope of Crater Peak (the 
summit con ]. In one of the.·e ice-water was boil ed in ex­
actly three minute.· . The stea m comes quit fa .· t , at fixed 
intern11S like t h breathing of a large anima l. 

Temperature mea u.rement on the ground were made 
in 19-9 by M. M. Mil1er. He reported ( £iller, 1961, 

11 nd \\Titten communication, Nov. 17, 196-±) that the 
temperat ure in ·the ice in the west crater, near the 
summit, wa - 7° to - 10°C'. In the rock sunoundino­
the rater, tempera.tures of approximately 79°C •vere 
found in fumarole zones; where no fumaroli activity 
1ra not·ed , the rock urface was at 0 °C'. 

On the south flank of the mountain a climbing party 
in 1956 noted a feature that wa interpreted to be of 
thermal orio-in on Ingraham Glacier near Gibraltar 
Rock (memorandum dated July 23, 1!)56, from District 
Ranger Loui G. Kirk to Park Naturali t). The sur­
fa e of the a-lacier wa indented by a pit about 30 
feet in diameter and 30 feet deep, which 'm floored 
with bare ro k. Although no water vapor could be 
een a trong odor of sulfur came from the pit. More 

recently, steam i sued under high pre su re from a' ent 
at the outhern end of Gibraltar Rock throughout the 
ummer of 1961, a cording to L. G. Jer tad, a ummit 

guide (written communication, ept. 16, 1964). A 
party of ski mountaineers, on March 7, 1965, io-hted 
a team jet at 11,500 feet elevation, west of Kautz 
Glacier (Dane, 1965). (Thi location i rubout 1 mile 
west of D on fig. 1.) The team " ·as not een the 
follo \\"ing day and no further activity in this area has 
been reported. 

INSTRUMENTATION 

. \. l tail d d . cription of the anning radiom ter 
gi1·en el. e \\"h re (Fi. cher and other , 1964). In the 

pre. nt urvey th n. ing 1 ment wa an indium an -
ti monid (In , b) let tor op rated at 77°K. At thi 
tem perature, th detector r ·pon exten ls from = 1 
to 6 mi ron and peak near 51J- in an atmo ph ri 
ll"indo\\". 4.5-5.51J- band.-pa interference filter wa. 
pia cl in the optical path to minimiz reAe ted solar 
rad iation . B m an f a rotatino- 45 ° mirror the 
radiome ter scans a. path along the ground perpendic­
ular to th air raft. flight dir ti on. Foward motion 
of the air raft provid . rr progr ion of contiguous 
can:. Th radiant· Aux fallino- upon the detector 

crate a.n lect ri al io-nal whi h modulates a li ht 
beam fo u ed upon a photographic film. Motion of 
the lioN b am a ro the film in the x dir ction i 
oordinat d with the rotation of the ca1mino- mirror · 

exposure of the film in the y direction is coordinated 
with the relative terrain motion beneath the aircraft 
by means of the film-transport mechanism. A film 
image of the terrain is thereby created, with ~ gray 
scale the tone of which is a measure of the radiant 
flux passing through the entrance aperture-the higher 
the intensity, the lighter the tone. 

The fixed-field infrared radiometer was a Barnes 
Engineering Co. Model IT-2. The in trument has a 
field of view that subtends an arc of approximately 
3°. A flake thermistor operated at ambient tempera­
ture i the sensing element. Filters (In b and Irtran­
~) in the optical path limit response of the instrument 
to the - 131-l atmo pheri c~window r o-ion. The radiom­
eter opera;tes in a conventional chopped-radi-ation 
mode as the dete tor view alternately the external 
unknown sour e and an internal bla k-body reference. 
A continuou readout on a strip- hart recorder (fig. 
3) is proYided. The apparent temperature of a source 
within the field of view is determined by calibration 
again t the internal black-body reference source. Ad­
ditional information on the accura y and measurement 
preci ion of this type of in trument is given by lark 
(1964). 
If the earth's surface were a black body, surface 

temperature could be obtained directly from a meas­
urement of the radiance with an ideal radiometer, as 
sho'"1·n by the following modified Stefan-Boltzman law: 

where 

X= wa velengtb, 
W=radiance, 

E= ernissivity= 1 for a black body, 
T=absolute temperatW'e, and 
u= con tant . 

Emi i1·itie of the various urface materials in the 
r port area are uncertain but doubtle quite high. 
Buettner and other (1965) give values of 0.95 and 
0. !) r pectiv ly for rouo-h ba alt and dunite (at 
50° ) · clean ice and now have values of >0.95 (Dor-
ey, 19-±0). The apr arent temperature of the terrain 

indicated by the fix d-field radiom ter will he about 5 
percent I than true urfa.ce temperature where £= 0.85. 
(Refl e tion from the sky backo-eound, reflected solar 
radiation, and atmo pheric-tran mis ion lo in tJhe -
141-l region are con id red neo-licr ible.) 

The gray ale of the cannino- radiometer image 
imilarly depicts urface radiance (and apparent tem­

peratures), but in thi in trument there is no internal 
black-body calibration. The image i further degraded 
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1•'10 nE 3.-Record of airborne fixed-field radiometer t raver ·e nero~ · ·ummit (fl ight 3). Time 1557 (P.d.t . ), 
July 11, 1964; altitude 14, 00 feet. Approximate location of flight 3 is , hown on figur 1. 

by atmospheric-transmission lo ses a the scan range 
increases toward the horizon. The gray scale i there­
fore be t regarded a a relative measure of surface 
radiance. 

orne geometric distortion is evident in the canner 
ima()'es, resultin()' from a mismatch between aircraft 
velo ity and film transpor t. Such distortion, pre ent 
in figures 5 and 6, accounts for the disparity between 
the true sha,pes of the craters revealed by aerial photog­
raphy and the ha.pes of their infm.red imaO'es. 

RESULTS OF THE AERIAL SURVEYS 

Three flights with the fixed-field radiometer were 
flown oYer the summit of Mount Rainier, but as there 
wa no means of recordincr the flight path, considerable 
un ertainty exists as to the locations on the summit of 
the points of maximum temperature. The record for 
flight 3 i hown on fi()'ure 3 · the data for all three 
fliD'ht are summarized below : 

'l'ime AUittuie 
Apparent mow .\fazimum apparent 

temperature rock temperature 
Flight ( P .d.t. ) (feet) (degreu C) (deg ree& C) 

! ____ ____ 1551 15, 200 -6 + 13 2 ________ 1554 15, 100 -6 + 22 3 ____ ____ 1557 14, 800 - 5 + 33 

Air temp ra turc= 0°C (at 14,000 ft) 
Total incoming radiation at top of ai rcraft= 1.7 langley /min 
Wind velocity ,., 10 knots 

The radiometer temperatures, compared to Miller's 
ground mea urements reported on an earlier pa()'e 

'd bl are con 1 erably lower than the ground temperatures 

of the fumarole and hi.O'her than those of the adjacent 
rock outcrop . The mdiometer field of 1ew of 
bout 3° I'>'Ould cover an area on th ()'round of 

from about 40 feet (flight 1) to 20 feet ( fli.D'ht 3) in 
diameter. II e can only urmi e that th high-t mpera­
tu re fumarole , if indeed they were " een, did not 
fully over the field of vie,,., and that the recorded 
temperatures repre ent an intecrration of the fumaroles 
and the adjacent outcrops. The double peak at Gibral­
tar Rock (if we have correctly identified thi location) 
probably r u lt from now or O'la ier ice eparating 
two outcrops. 

Infrared images of the summit and outh flank of 
Mount Rainier wer obtain d at early dawn, eptem­
ber 4, 1964. The ky wa li()'ht but the sun had not 
yet ri en. At this hour the we tern lop of the sum­
mit "-ere deeply haded. Little Tahoma Peak and 
,-icinity are hown in figure 4. The ro k ou rop a 
expe ted, how higher apparent temperatures than do 
the ()'lacier and now-filled basins. orne of the steep, 
ea t-facin()' rock lopes are warmer than adjacent rock 
outcrop , perhaps due to solar hea.tin()' or refle tion 
but the thermal pattern at Little Tahoma seems simi­
Jar to that elsewhere in the image. If any unu ual 
thermal activity ''as as o iated with the December 
1963 ro kfall, it either had no reco()'nizable surface 
mani.fe tation at the time of this survey or it was not 
ufficiently la.rge to be dete ted. As there was no un­

explainable increase in the discharge of the stream 
drainin()' Emmons Glacier following the rockfall, there 
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E, Littl Tahoma I eak. 
F, Rockfa ll . ca r. 

K, Emmon Glacier. 
N, Steamboat Prow. 

FI U RE 4.-Inf ra r d imngc of Little Tahoma Peak and Emmons Glacier. Time 0725 P .d.t. , 
Sept. -:1 , J!l<H ; nltitu<ie 12,000 f et. c11 le i ~ llpproxima t<' . Bla ck .. t rca k incli ('ate:-; data 
mi ssing at film s tOJ)J>a~;e. 
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A, East ·ummit crater. 
B, We t summit crater. 

GEOPHYSICS 

C, Arcuate pattern of thermal 
anomalies. 

D, Ni. qually Glacier. 

L, Gibraltar Rock. 
M, Ingraham Glacier. 
0, Long, narrow areas of slight­

ly higher apparent tempera­
ture. 

FIGURE 5.-Infrared image of the ummit area of Mount Rainier. Time, 0700 P.d.t., Sept. 
4, 1964; altitude, 16,000 f et. Scales indicate approximate geometric di tortion caused 
by mi ·match between aircraft -velocity >Mld film transport. 
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seems no compelling reason to attribute the fall to 
thermal activity. 

Between Little Tahoma Peak and Steamboat Prow, 
several rock ridges, on radii from the summit of Mount 
R-ainier, protrude through Emmons Glacier. In the 
upper half of the infrared image (fig. 4) there are at 
]east two northeast-trending narrow bands of higher 
apparent temperature coincidinu with these ridges, 
that ontrast rather markedly in tone from adjacent 
rock and snow. By inspe tion, the thermal patterns 
here seem somewhat more intense than those associated 
with other outcrops on the image. Radial dikes have 
been mentioned by earlier workers and several were 
mapped elsewhere on the mountain, but nome have been 
previously noted in this area. The radial thermal pat­
terns may correlate with some compositional variant 
but we cannot tell whether the higher radiance denotes 
any abnormal thermal gradient. 

In the summit area of Mount Rainier, the infrared 
imagery (fiu. 5) shows, on the lower slopes (around 
the edges of the image), easily discernible gray-tone 
di fference between rock outcrops and the surrounding 
O']aciers and now, similar to figure 4. In the exposed 
ridges adjacent to Nisqually Glacier there are long 
narrow band of slightly higher apparent tempera­
tures, generally along radii from the summit (for ex­
ample, 0 fiu. 5) similar to those on figure 4. We could 
find no outstandinu thermal features in the infrared 
imaue that correlate with the thermal activity reported 
at Ingraham Glacier and Gibraltar Rock. 

t the ummit there are additional thermal fea­
tures, much greater in inten ity (that is whiter on the 
image), which evidently relate to the abnormal thermal 
activity described by the earlier geologic investigators. 
The hiuhe t apparent temperatures were recorded 
alono- a narrow ar coinciding with the northwestern 
rim of the ea t ummit crater ( fio-. 6 bottom) . Toward 
th northw t end of the ar the thermal pattern 
widen and apparently bifur ates outhwestward, r -
ultino- in at lea t four parat thermal lineament 

11·ithin th crat r waH (arrow, fi . 6). The parate 
lineamen s do not how l arly on fio-ure 6 but are 
vident on other imarr not included here. 
A similar arcuate thermal patt rn o cur on the 

northwe t quad rant of the we t- ummit rater rim, 
and a complex r ti ulation of anomali extend down 
the northwe t slope from the we t- ummit rater, coin­
ciding with th bare outcrops in this area. Without 

detailed examination of the outcrops we can only spec­
ulate that these rocks have some more or less direct 

N 

• 
\ 

"t 

c 

A, Ea t ummit crate r. 
8, 'Vest ·ummit crater . 
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C, Arcuate pattern (1f thermal 
anomal ie. 
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FwunE 6.- A.erial photograph (top) and infrared image (bot­
tom of crater area of Mount Ralinier. Aerial photogra:ph taken 
Sept. 16, 1960. Infra red image: Time 0630 P .d.t., SeJJt. 4, 
19621; a ltitud 16,000 feet; whi te treak is an emul'ion 
scratch ; arrow in«<>ica tes thermal lineaments within the 
crate t· wa ll ; sca n indicates approximate getJmetric di tor­
t ion cau ·ed by rnismat h between air raft velocity and film 
t ransport. 
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ub urface connection with a primary heat ource · or 
perhaps heat is bein<Y transferred down the slope by 
sub udace meteoric water warmed by the thermal ac­
tivity in the west sununit rater. There is a similar 
but much les di tinct downslope pattern north and 
east of the ast summit crater. 

The down lope extent of the thermal anomalies on 
the north we t flank of the ummit one is limited 
rather markedly along a fairly well defined arc ( C, 
fia. 1) whi h may reflect some tructural control. In 
geometric confi<Yuration the ther1nal features alona arc 
C resemble those a ociated wi th the summit craters, 
thou<Yh the temperatures are lower and the anomalies 
more widely scattered. There is little topographic sua­
ae tion of a third, older summit crater, bu the thermal 
arc raise this remote pos ibility. A more likely cau e 
could be a. cribed simply to a concentric fracture sy -
tem which provides pathways for convective heat 
transfer. 

Fi ke and others (1963) have stated that the vol-
ano's central axis and presumably the central plug 

are north,Ye t of the summit craters. The location of 
the thermal patterns at the summit, with maximum in­
tensities onsisten£ly in the northwest quadrants, fur­
ther stwge ts the po ibility that the volcano' plug 
(and presumed primary source of heat at depth) is 
centered northwest of the present summit. Apparent 
temperatures, on the other hand, increase in the oppo­
site direction ; that is, the highe t values are associated 
with the ea t ummit crater , farthest from the central 
plug axis. This correspond , perhap coincidently, 
with the relative ages of the features. Accordina to 
data obtained with the scannina radiometer the hiah-

o ' b 

est apparent temperatures and mo t well defined pe-
ripheral arc are as ociated 'vith the northwest side of 
the youn gest (east) rater, 'vhich lies farthest from 

the axis of the entral plu . The w t crater shows 
·omewhat low r ap1 arent temperature and is l well 
defined than the ea t rater. Anomalies of the lowest 
apparent t mperatures ar scatt r·ed along a ver'Y in. 
di tinct arc but clo e t to the axis of the central plug. 
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SEISMIC INVESTIGATIONS IN THE HARWICH AND DENNIS QUADRANGLES, 

CAPE COD, MASSACHUSETTS 

By R. N. OLDALE ond C. R. TUTTLE, Boston, Mass. 

1 V <Yrk cLone in cooperation with the M assaclwset ts D epMtnwnt ot Pt~b lie W arks 
ana the Bm·eau ot Publio RoacLs, U.S. D epartment of Commwr ce 

Abstmot.- Subsurface da ta in the Harwich and Dennis 
quadrangl indicate that the top of th e ba ement range. from 
180 to at lea ·t 555 feet below sea level. The basement, com­
po ed of cry ta lline ro k of pre-Mesozoic age, i loca lly over­
lain by compact t ill a few ten of feet to 375 feet thick. 

tratified drift 115 to 4 0 feet thick overlies the till. Valleys 
of Cretaceous(?) age cut the ba ement and indicate a change 
in relative sea leYel of at lea ·t 600 fe t. The deepest of these 
valley i filled in part by the till. 

e1sm1 stud i m the Harwich and Denni quad-
rangles (fig. 1) show that thr ee ei m i layers, de­
fined by their ompr s ional-wave velo ities, overlie a 
cry talline basement. These layers have been corre­
lated \Yith stratified drift and till identified in three 
boreholes located in the Harwich quadrangle. The 
borehole were drilled throuo-h unconsolidated Pleis­
tocene deposit into pre-Me ozoic basement rocl- . The 
ba ement urface r anges from 1 0 to 555 feet belO\Y sea 
level and form part of a poorly defin d rid<Ye that 
extend from the we t rn nd of ape od to hatham. 
The maximum d pth below ea lev l o ur in valleys, 
thouo-hl t be of reta eou ag ut into the ba emenL 

Th ei mic data u d in thi r port \vet·e obtained 
from urvey made in 1947 and 194 by R ev. Daniel 
Lin han, . J. and betwe n 1951 and 1962 by member 
of the 1. ., . Geoloo-ical urvey. i mi studie wer 
made in 1951 by Rob r Haz lwood and in 1952 by 
Raymond {iller. urvey were made in 1957 by the 
autho rs, and in 1962 by the author and ever al other 
members of th . . Geoloo-i al urvey a part of a 
.ei mic .em inar. The author wi:h to a knowledge 
the work of L. W. urrier, who un il 1960 directed 
the ei mi in vestigations in this area. 

0 10 20 MILES 
.__ __ __. ____ I 

FIG RE I.- Index map of Cape od, Ma ., showing the loca­
tion of the Ha rwi ch and Dennis quadrangles. ' ertical pat­
tem , a reas whe re sed iments of po ible Tertiary and Meso­
zoi · age are known to occur or are infer red to occur from 
borehole an d sei mic da ta. 

U.S. GEOL. SURVEY PROF. PA P ER 52&-D, PAGE DIOI-0105 
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METHODS OF STUDY 

11 eismic traver es were of the in-line refraction 
type. Those before 1962 utilized a ingle 12-channel 
portable seismograph and ranaed from 1100 to 2,400 
feet in lenath. Successive explo ions of 15 to 150 
pound of dynamite at a sino-le shot location were used 
,vith geophone spreads of approximately 500 ~o 1 000 
feet at inc rea in o- distances from the shotpomt. In 
1962, eismic traverses 2,100 feet long were made by 
using two 12-channel refraction eismographs, each 
with a set of 12 geophones recording half the traverse. 

eismograms and traveltime curves obtained by pr~­
vious workers were examined by the authors and m 
orne cases reinterpreted. The seismic stations hown 

in figure 2 are located at the center of the seismic lines. 
The thickness and depth values o-iven for the station 
are the averao-e of the values computed for the hot-o . 
points, using (1) the critical-distance method (Heiland, 
1940, p. 50 ) , (2) recorded apparent soil velocities, 
and (3) true rock velocities (table 2). tation 20 is 
located at the west end of an unreversed seismic line 
1,650 feet long, and the thick:ne and depth values are 
the computed values for the shotpoint. 

UNCONSOLIDATED AND SEMICONSOLIDATED 
DEPOSITS 

In 1961 a borehole (A fio-. 2) in the town of Harwich 
and two boreholes ( 0 and D, fio-. 2) in the town of 
Brewster were drilled throtwh uncon olidated deposits 
and into the basement. At borehole A (table 1) 313 

TABLE !.- Thickness of stratified drift and till and altitude of the 
basement surface at boreholes A, C, and D 

(KotetT and Cotton , 1962; Carl KotetT, written communication , 1964] 

Borehole 

A ____ _____ _ 
c ____ _____ _ 
D ____ _____ _ 

Thickne&8 of aatu­
ratetl 8tratified drift 

(feel) 

313 
413 
355 

Thickne.• of till 
(feet) 

122 
20 
41 

AUitude of baument 
surface {feet below mean 

u a level ) 

- 416 
- 368 
-326 

feet of stratified drift and 122 feet of compact till were 
penetrated before the basement, composed of a mica­
ceous phyllitic hi t (Koteff and Cotton, 1'962), was 

entered. At borehole C (table 1), 413 feet of stratified 
drift and 20 feet of compact till, and at borehole D 
(table 1), 355 feet of tratified drift and 41 feet of 
compact ti ll, were fotmd above the basement, which is 
composed of granite gneis (Carl Koteff, written com­
munication, 1962) . The compre sional-wave velocities 
measured near the boreholes have been correlated with 
the tratified drift, till, and basement rocks. At the re­
maining sei mic stations, similar compressional-wave 
velo ities are assumed to represent the materials identi-

.fied in the boreholes. ina thi a sumption, the dis. 
tribution and th iclm s of the tratified drift and till 
and the d pth of th b< ment urface within t he quad­
ranales hav be n determined. 

At 22 ei mic tation an upp rmo t s i mic layer 
(D), 10 to 100 feet thi k, with ' elo ities of 1,200 to 
3,100 feet per econd wa r ord d (table 2). The ba e 

TAB LE 2.- Thickness of unconsolidated layer , and_ depth! alti.tude, 
and true velocity of the basement rocks at 45 se~sm~c stattOns ~n the 
Harwich and Dennis quadrangles 

'l' hickness or unconsoli- AltiLUde or 
dated layers (C ct) D pth to basement 

Traverse basement surface below 
(feet) mean sea 

Lt L ' L' level (feet) 

-------
11 _____ 20 230 55 305 - 255 
2 _____ __ 15 340 190 545 - 500 
3 ______ _ 20 220 375 615 - 555 4 ___ ____ 10 250 310 570 - 530 
5 _______ 20 265 305 590 - 540 
6 I _____ 15 295 150 460 - 440 7 _______ 

------ 195 350 545 - 540 
8 I _____ ------ 370 -- ---- 370 - 325 
9 ___ ____ 100 350 ------ 450 - 330 10 ______ 85 370 ------ 455 - 335 
1L _____ 85 270 ------ 355 - 255 
12 __ ____ ------ 430 -- ---- 430 - 340 
13 ___ ___ 55 475 ---- -- 530 - 440 
J4 ______ ------ 395 ------ 395 - 355 
15 ____ __ ------ 465 ------ 465 - 395 
16 ______ 45 345 ------ 390 - 320 
17 ______ (2) (2) (2) 365 - 315 
18 I ____ 35 210 185 430 - 360 
19 _____ _ 20 410 ------ 430 - 370 20 ___ ___ ---- -- 450 ------ 450 -395 2L __ ___ - - - - -- 4 0 ------ 4 0 - 420 22 ______ 15 440 ------ 455 - 415 23 ______ 20 390 ------ 410 - 375 24 ______ 20 405 ------ 425 - 365 25 ___ ___ 

------ 275 ------ 275 - 270 
26 I_--- 35 80 140 255 - 180 
27 I--- - 25 310 ------ 335 - 2 0 28 ______ --- --- 320 ------ 320 - 270 
29 I_-- - - ----- 325 ------ 325 - 2 5 20 1 ____ ----- - 210 --- --- 210 - 205 
311 ____ --- --- 375 ------ 375 - 360 32 ___ ___ 

------ 375 - --- -- 375 - 370 33 ______ 
------ 305 ------ 305 - 285 

34 ______ ------ 310 ----- - 310 - 290 
35 ______ ------ 300 - - ---- 300 - 275 36 __ ____ --- - - - 315 - --- - - 315 - 2 0 37 ______ 25 275 ------ 300 - 255 38 ___ ___ 25 290 ----- - 315 - 265 39 __ ____ --- - -- 365 ---- -- 365 - 315 40 ______ ----- - 305 ------ 305 - 265 41_ _____ -- -- -- 325 - - ---- 325 - 2 5 42 _____ - 40 295 ------ 335 - 285 43 ____ __ ------ 265 ------ 265 - 260 44 ______ ----- - 320 ------ 320 - 270 
45 ____ -- 20 315 ------ 335 - 295 

' SeismJc record not available; data taken rrom t raveltime curve. 
2 No data ror thickn ess or layers or true rock velocity. 

'l'ru velocity 
In basement 
rocks (feet 
per s cond) 
Z( V•zVd) 
V•+V• 

18, 700 
20, 400 
20, 800 
19, 100 
21' 500 
21' 500 
17, 00 
16, 300 
15, 500 
1 ' 000 
1 '300 
22, 500 
17, 200 
17, 700 
22, 000 
15, 000 
(2) 

21, 200 
14, 100 
1 ' 000 
1 ' 200 
14, 500 
17, 500 
14, 500 
16, 600 
I ' 600 
20, 700 
17, 100 
19, 500 
15, 400 
16, 900 
15,900 
21 , 300 
1 ' 400 
20, 500 
19, 300 
17, 200 
1 ' 100 
1 ' 000 
16, 400 
16, 200 
1 ' 400 
17, 700 
17, 500 
20, 100 

of this seismic layer is at or near the water table de· 
termined from the altitude of lakes or ponds near the 
seismic station; therefore the layer is the un aturated 
part of the stratified drift. The £1 layer was not. 
recorded where the water table is within a few feet of 
the top of the ground or where the geophone interval 
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O HAR WICH QUADRANGLE 

EXPLANATION 
- 540 

® 
7 

U . . Geological urvey seismic station 
Mi 11usjigure indicoles alti.tudf' of~stment 

sur/ace below nte<nJ sea lt>ttel 

- 300 
@ 

Weston Geophysical Engineers, I nc .. 
seismic station 

Mtnttsfigltrf' tndi<'atts apprortm.au nltttudt 
qf b<tllffllffll sur/act below mean sto ln•tl 

- 326(\)0 

Borehole 
Minus figure indic<ttes altttudt' of baseme11t 

8'U rfau belou• mf"an sea let·el 

---.300 -
Topographic contour o f basement surfo~e 

CoP~tour i"lerval 100/ett DCilum is mean 8 a le~'f!-1 

Area underlain at depth by th ick compact 
till or the L seismic layer 

Frou RE 2.- Topogt-aphi c map of th basem nt urface in the Harwich and Denn.is quadrangl . l\!a sachu etts. All altitudes 
of basement urface are given in feet below mean a le,·el. 

used was too long Lo r ord an unsaturated zone a few 
ten of feet thick. 

Th s cond ei mi lay r (L 2, tabl 2) ha been or­
related w.ith th nturated stratified drift identified in 
borehol , and D. N ar the borehole thi layer 
has a velo ity of appr ximately 5,000 feet per econd. 
Therefor , at all other i mic stat ion , ,. lo itie of 
4,600 to 5,600 fps are interpreted to b re orded from 
saturated stratified drift som what imilar to the ma­
tet·i al des rib d from bo rehole A. The saturated strati­
fied drift nt borehole A is compo. ed of 160 feet of fine 
sand with cntt red coar er beds and 153 feet of blui h -

gray oar e to clayey ilt with cattered coarser beds 
(Koteff and tton, 1962). The upper part of the satu­
rated tratified drift is p robably g laciofluvial but may 
be in part o-Inciolacustrine or pos ibly glaciomarine. 
The lower part is probably glaciolacu trine or possibly 
glaciomarine. The coar er bed are sand and o-ravel. 

o interbedd d till layer were recognized (Carl 
Koteff, ornl commw1ication, 1964). The base of the L 2 

ei mic layer i interpreted to be equivalent to the con­
tact between the saturated stratified drift and the un­
derlying till, as at station 6, a few hundred feet west 
of borehole A, where the computed depth to the base 
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of the eismic £2 layer is approximately equal to the 
lepth of the base of the saturated stratified drift in the 
borehole. The saturated stratified drift ranges from 
115 to 475 feet in hickne in other parts of the quad­
rangle. It rests directly on the basement. surface at 
mo t place or upon a layer of till too thin to be de­
tected by the seismic method used; however, in two 
areas the saturated stratified drift i. underlain by a 
th ick deposit of compact till. 

The third seismic layer (LS, table 2) has been cor­
related 'Yith the compact till that occurs between the 
stratified drift and the ba ement surface in boreholes 
A, C, and D. A few hundred feet west of borehole 
at sesmic station 6 (fig. 2) the till ha a computed 
thickness of 150 feet. The computed thiclmess of the 
till i approximately 30 feet greater than the thi !me 
of the till at borehole A, but this may be caused by a 
thickenina of the till towards station 6 or by an error 
in the computed thiclmess. Compres ional-wave veloci­
ties in the compact till range from 6,400 to 11,500 fps. 
A ti ll 'vi th such hio-h compre: ional-wave vel-ocities 
would be very compact and probably imilar in texture 
and origin to subglacial drumlin till found elsewhere in 
Ma a husetts. Velocities of 6,000 to 10,000 fps have 
been measured on drumlin till by the authors. Drumlin 
ti ll is very compact and generally composed of a ma­
tr ix of 6 to 70 percent sand, 30 to 40 percent silt-clay, 
and a coarse fraction of numerous pebbles, cobbles, and 
scattered boulders. 

The shaded areas on figure 2 how the inferred eli -
tribution of the compact till as determined from bore­
hole and seismic data. ·within the e areas the compact 
till ranges from 20 to 375 feet in thickness. Out ide 
the shaded areas the seismic data did not indicate com­
pact till beneath the stratified drift; however, till a few 
tens of feet thick could be pre. ent but not detected by 
the . ei . mi · method used. 

The Plei tocene stratigraphic ection in the Harwich 
and Dennis quadrangles, as determined from sei mi c 
and borehole data, is made up of thick st ratified drift 
ompo. eel of fluvial and lacu trine and (or) marine 

deposits overlying a locall y thi k deposit of compact 
ti ll o:f probable subglaciaJ orio-in . uch a relat.ion ug­
gest that the o-lacial deposits in thi area were laid 
down during a . ingle major glaciation. However, the 
multiple d rifts found on Martha' Vineyard, approxi­
mately 30 mile to the southwe t, indicate that more 
than one glaciation reached this area, and that the com­
pact ti II beneath the st ratified drift may be a complex 
deposit of everal till sheet laid do'm at different 
time . 

n onsolidated and semiconsolidated deposits older 
than Pleisto ene may be present beneath the drift in 

the Harwi h and Denni quadranale . S u h d po it. 
,-.,. ere not identifi d in the borehole in the Harwi h 
quadrangle, and their presen or abs n e cannot be de­
termined from seismic data alone. Ho"·ever, unconsoli­
dated and po sibly semicon. olidated deposits of Ter­
tiary and Mesozoi age have been identified in nearby 
areas (fig. 1) and may extend into thi ar a. Sand 
silt, and clay of possible Eocene a have been identi­
fied in boreholes near Provin etown on outer Cape Cod 
(Zeigler and others, 1960). neon olidated deposits of 
Tertiary age rop out on Nonam s et Island (Wood­
worth an l Wigglesworth, 1934) outhwest of Fal­
mouth, and at Duxbury, cituat , and Marshfield alono­
the west shore of Cape Cod Bay (N. E. hute, written 
communication, 1964). nconsol ida ted deposits of Ter­
tiary and Creta eou age crop out on Martha' Vin -
yard C" oochvorth and Wio-o-le worth, 1934) . emi on-
olidate l deposits of pre-Pleisto ne ao-e may be pre­
nt in areas clo e to the HanYich and Dennis 

quadrangle . ediment with compre sional-wave velo-
ities of approximately 9,000 to 13,000 fps have been 

interpreted a semiconsolidated depo its of retaceous 
age in offshore sei mi stu die in ape Cod Bay 
(Ho kin and Knott, 1961) and outh of Martha' 
Vineyard (E,ving and oth r , 1950), an l from refrac­
tion ei mic tudies on outer ap Cod (OJ dale and 
Tuttle, 1964). Althouo-h no eviden e for the presen e 
of pre-Plei toe n po. t-Paleozoi ediments has been 
found in the Harwich and Dennis quadrano-le , u h 
sediment. may hav been leposit d ov r the basement 
urface and later mo tly, or compl tely, removed by 

gla ial erosion. 

BASEMENT ROCKS 

The ba ement in thi s area is omposed of metamor­
phic and igneous ro k of Paleozoi or Precambrian age 
similar to those expo d along the shore o£ Massachu­
setts Bay from Plymouth northward and along the 
w t hore of Buzzards Bay. Tru compres ional-wave 
Yelocitie compute l for the ba em nt rocks range from 
1-±,100 to ~2,000 fps. \ elocitie in thi nmo-e are com­
parable to tho e measured by the authors in area. un ­
derlain by io-neous and metamorphic ro ks in other 
part of Massa hu etts. There appear: to be no y -
tema t ic variation bet,Yeen t rue ro k velo itie mea -
ured alono- different azimuth. , as the average of the 
velocitie mea urecl in an east-west dire tion differed 
by only 1,300 fp from the averao-e of the velo itie 
measured in a north-south direction . The basement 
ro ks 'Yere identified in borehole A as a mica eous phyl­
litic chist similar to the Rhode I. land Formation of 
Pennsylvanian age (Koteff and Cotton, 1962). eismic 
measurements in the vicinity of this borehole gave true 
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rock yelocities of 17, 00 to 21,500 fps. eismic meas­
urement in other parts of Massachusetts underlain at 
ha llow depths by the Rhode I sland Formation sho'Y 

true velocities of 7,200 to 20, 00 fps for the bedrock. 
The low velo ities probably represent weathered and 
fra.ctur d ro k, and the higher velocities unweathered, 
more highly metamorphosed facies of the Rhode I land 
Formation . In Brewster the ba ement was identified 
from the boreholes as <Yranite or g ranite <Yneiss similar 
to the Dedham Granodiorite exposed in southeastern 
jfas achusetts (Carl Koteff, oral communication, 1962) . 
True rock velocities in the vicinity of borehole C and 
D ran<Ye from 1 ,000 to 20,000 fps (Weston Geophy. i­
cal En <Yineers, unpubli hed data). True rock velocities 
mea ured by the authors in area in outheastern Mas­
achu ett that are underlain at hallow depths by the 

Dedham Granodiorite range from 11,900 to 16,000 fps. 
T111e rock velocities ranged from 12 150 to 17,750 fps 
at Falmouth on Cape Cod, and the basement is thought 
to be compo eel of Dedham Granodiorite (Oldale and 
Tuttle, 1964). 

The basement surface in the Harwich and Denni 
quadnm<Yle is part of a poorly defined topographic 
high that ranges from 100 feet below sea level at the 
11· t end of Cape Cod to 300 feet below sea level at 
Chatham (Oldale and Tutti , 1964). This hi<Yh sepa­
rate the depression in the ba emen t urfa e beneath 
Cape od Bay from leeper parts of the basement 
outh of ape Cod. The ere t of thi topographi high 

ranCTe from rou<Yhly 200 fee below ea leYel in the 
D nnis <luadrangle to nearly 300 feet. below e.a, level in 
the Harwi ch quadrangle. 

A ''"ell -defi ned val ley cut. at lea t 300 feet into the 
ba ement i Jo ated in the western part of the Harwi h 
quadrangle. Three other po ible valley , le well de­
fi ned because of SJ ar e sei mic cov rarre, may b cut 
from 100 to 200 f et into th ba. ment. The largest 
buried valley ha a south rly gradient, and the other 
miiE>y may have be n tributary to the larg t. The e 
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Yalleys are at least Pleistocene in a<Ye and are thought 
to be as olcl as Cretaceous. They are thourrht to be simi­
lar to the buried valley, located between Provincetown 
and orth Truro on outer Cap Cod, ut to a depth of 
a lea t 900 feet below sea level and filled in part with 
unconsolidated sediments of possible Eo ene age and 
semiconsolidated sediment of pos ible retaceous a<Ye 
(Oldale and Tuttle, 1964). If the valleys in the H ar­
wich and Dennis quadrangle were at one time filled 
' 'ith marine sediments of Tertiary and Cretaceous age 
then the pre ent altitude of the bottom of the deepest 
valley sugge ts (1) that relative sea level during part 
of Cretaceou or pre-Cretaceous time wa at least 600 
feet below present sea level, and (2) that sediments of 
Tertiary and Cretaceous a<Ye were deposited durin<Y a 
rise in relative sea leveL 
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EVIDENCE OF LARGE STRIKE-SLIP DISPLACEMENT ALONG A FAULT 

IN THE SOUTHERN SALINAS VALLEY, CALIFORNIA 

By DAVID L. DURHAM, Menlo Park, Cal if. 

A.bstmct.-Offset of the limits of deposition of the Pancho 
Rico and Santa Margarita Formation along a fault in the 
sou:them Salinas Valley _indicates r ight-lateral strike--slip dis­
placement of at least 11 miles. The faulting e::\.-plains the 
juxtapo ition of contemr oraneous but unlike ·equences of upper 
Miocene and Pliocene strata exposed near the Nacimiento 
River. It occurred after deposition of at least part of the Pa o 
Robles Formation of Pliocene and Pleistocene ( ?) age. 

The southern Salinas Valley lies in the Coast Ranges 
between 'the San Andreas and r acimiento fault zones 
(fig. 1) . The basement complex of granitic and asso­
ciated metamorphic rocks is mantled by sedimentary 
rocks and contrasts markedly with the Franciscan ter­
ranes northeast of the San Andreas and southwest of 
the Nacimiento fault zones. Although many investiga­
tors, including Hill and Dibblee (1953) and Crowell 
(1962), have cited evidence of trike-slip movement 
along the San Andreas, only a few have suggested this 
sort of displacement on fau lts in the nearby Salinas 
Valley. IGlkenny (1948, p. 2264) inferred that move­
ment on two faults in the southern Salinas Valley had 
a "stroncr horizontal component," but gave no support­
ing evidence. Hill and Dibblee (1953, p. 454-455) also 
suO'gested that some faults in the Salinas Valley are 
probably characterized by major right-lateral compo­
nents of displacement, but mentioned as evidence only 
the approximate parallelism of the faults to the San 
Andreas. Gribi (1963, p. 23) stated that lateral faults 
apparently "control the orientation of folds" in some 
places in the Salinas Valley, but pointed out that the 
imilarity of strata as old as early Miocene across a 

fau lt that he cited as an example precludes lateral off­
. et greater than about 2,000 feet. The purpose of this 
paper is to present evidence of ri~Yht-lateral strike-slip 
displacement of several miles along a fault in the 
southern alinas Valley. 

0 25 MILES 

" " '\ 
Area of '\ 
f1gure 2 

Fro RE 1.- Ind x map bowing southern Salinas Valley 
area, California . Ll, Adela ida quadrangle. B, Bradley 
quadrangle. 

R'EGIONAL STRATIGRAPHIC RELATIONS 

The anta Margarita Formation i , in effect, a lentic­
ular sandstone unit that directly overlie or inter­
tongues with the upper part of the Monterey Shale 
(Durham and Addicott, 1964, p. 4) . I t commonly con­
tains marine fossils indicative of late Miocene age. 

ear Indian Creek (fig. 2) it includes all of the upper 
Miocene marine strata that overlie middle Miocene 
beds of the Monterey Shale (Bramlette, 1946, pl. 2) . 
It thins to the north, where it overlies upper Miocene 
beds of the Monterey Shale that are the lateral age 
equivalents of the lower part of the Santa Margarita 

U.S. G EOL. SURVEY PROF. P APER 525-D, P AG ES DI06-Dll l 
Dl06 



__, 
0> 

cb g 

<? 
a> 

'( 
0> 

<P 

~0 
"''~ ... ~ 

:J...s 
~~~~ 

R 7 E. 

~0 
"''~ ,..~ 

1--c 
('1'r 

"~.o.olc"~ ·o 
~0 ( .s 

:J...s 
~~~~ 

0 5 10 MILES ~'7 c"~< 
"~r(' (' 

L 
HORIZONTAL SCALE 

R. 8 E R. 9 E R 10 E R II E 

~ .... 
EXPLANATION 

D 
Pancho Rico 
Formation 

Ill 

DODD 
Approximate southern limit 
of Pancho Rico Formation 

6666 
Approximate northern limit 

of Santa Margarita 
Formation 

Contact 

Fault 
Dashed where projected 

T. 
25 
S. 

T . 
26 
s. 

T. 
27 
s. 

FIGURE 2.-Map showing outcrops of the Santa Margarita and Pancho Rico Formations in the southern Salinas Valley, the approximate limits of deposition of 
the formations, and the inferred offset of these limi ts along a fault. Longitudinal sections parallel to the fault show dia-grammatically the stratigraphic rela­
tions and lateral variation of the Monterey Shale and Santa Margarita, Pancho Rico, and Paso Robl es Formations in the area. 

I:' 
d 

~ 

0 
........ 
0 
-....1 



DlO TRUCTURAL GEOLOGY 

farther outh. It intertongu with the 1onterey 
northwe t of Vineyard anyon and pinches out in the 
ub urfa e near Big andy reek (fi<Y. 2). The {on­

terey hale represent the entire upper Mio ene beyond 
the northern limit of the anta Margarita. 

The Pancho Rico Formation in Jude andy marine 
beds that ()'enerally overlie the Monterey hale, but 
that locally near \ ineyard Canyon overlie the anta 
Mar<Yarita Formation (Durham and Adclicott, 1964, p. 
±). The Pan ho Rico contains marine fo sils that in­
dicate a Pliocene or early Pliocene age. It thins south­
eastward and pin hoo out in t·he sub urface in or 
beyond Tp . Z4 and 25 . ( fi<Y. 2) . Its southeastern limi t 
r pre ents the outheasternmost extent of the Pliocene 
sea in the southern ali.nas Valley area. Non marine 
beds beyond b lo.ngin<Y to the Paso Robles Formation 
are pre umably the nonmarine lateral a<Ye equivalents 
of at least some of the marine Pancho Rico beds. 

The southeasterly change in the upper Miocene and 
Plio ene tratigraphic sequence in the southern Salina 
Valley is show'l1 diagrammatically on ection A -A' 
(fig. 2). Northwest of Jolon the upper Miocene i rep­
resented by the Monterey Shale, and the Pliocene by 
the marine Pancho Ri o Formation, and, pre umably, 
by at least part of the overlying nonmarine Paso 
Roble· Formation. The equence there contains noun-
onformity o r other e'1idence of a signifi ant lap e in 

the continuity of the sedimentary record, althou<Yh 
farther outheast some ero ion occurred prior to depo­
sition of the Paso Robles. outhea tward it gi ,.es way 
to the tratigraphic equence of the same a<Ye expo ed 
near Indian reek, in \Yhi ch the upper Miocene is rep­
resented by the anta Margarita and the Pliocene pre­
. umably is represented by at least the lower part of 
the Pa o Robles. 

NATURE OF FAULT DISPLACEMENT 

Out rops of the Pancho Rico Formation extend far­
ther. outh on the east side of a fault and its projections 
in the southern alina Valley than they do on the 
west ide (fig. 2) . Conversely, outcrops of the anta 
:Ma,r<Yarita Formation extend farther north on the west 
ide of the fault than they do near it on the ea,st side. 

Knowledge of the pa t and present extent of the two 
formation s i ha,mpered by lack of ub urface informa­
tion in areas covered by younger trata and by uncer­
tainty a to what has been stripped a\Yay from areas 
"'here older rocks are exposed, but ertain inferences 
ba ed on out rop pattern can be made. 

The approxima,te outhern limit of the Pancho Ri o 
Forma,tion sho\Yn ea t of the fault on figure 2 repre-

ents the minimum southerly xt nt of th unit. The 
Pan ho Rico may xtend farther outh in the ubsur­
face, but no a far a th Indian r k area, where 
it is ab ent from th upper Miocene an l Plio ne trnti­
graphic equence exposed. there. The southeasterly 
thinnina of the Pancho R1 o to no more than a few 
ten of feet near the N acimi nto Ri v r and Vineyard 

anyon suag ts that the limit a tua,lly is about where 
dmwn. The southern limit of the Pan ho Ri o shown 
we t of the fault repre ents the maximum outherly 
extent of the formation on that ide, for th unit i. 
1tb ent from the upper Mioc ne and Plio n strati­
graphi equence exposed we t of the fault in T . 24 "., 
R. 10 E. The off et along the fault of the outhern 
limits of the Pancho Rico suo-ae ts riaht-lateral strik-
lip eli pia ement of at lea t 11 miles. The displace­

ment ould be greater depending upon how lo ely the 
a tual ext nt of the Pan ho Rico oiTe pond to th 
maximum and minimum indi ated . 

The northern limit of the anta Maro-arita Forma­
tion hown eat of the fault on fio-ur 2 repr ents the 
maximum northerly extent of the uni.t. Th we t nd 
of the limit an be no farther northwe t for the anta 
Maraarita is ab ent from the upp r 1i cene and Plio­
cene tratigraphic equence xpo d a t of the faul t 
in T . 25 ., R. 11 E. The ea t end of the limit could 
be farther north" t, dependin<Y upon how far the for­
mation ext nd in the ub urfa e, but chan<Yin<Y the 
po ition of the ea tend of the limit doe not affe t the 
off et indi ated along the fault. The north rn limit of 
the anta Margarita shown we t of the fault repre­
sent the minimum extent of the unit n that ide. Th 
formation may ex-tend farther northw t, but not a 
far as the northwe t corner of T. 24 ., R. 9 E., where 
it is rub ent from the upper Miocen and Pli ocene st rat-
iO'raphic soqu nee exposed L.here. The [ · L., !dOl v Lhe 

fault, of the northern limits of the anta Margarita 
al o suggests righ -lat ral strike-slip displac ment of 
at lea t 11 mile. Obviously the displacement could 
be greater. 

NATURE OF FAULT NEAR THE NACIMIENTO RIVER 

The fault i expo eel near the Na imiento RiYer, 
where it separates unlike sequence of upper Miocene 
and Pliocene trata (fig. 3). It <YeneraJly strikes be­
tween about J _ 40°-55° W., and dips teeply northeast 
near the river, but northwest of the area shown on 
figure 3 it dips steeply sou hwest. The fault trace i 
most evident where it separates the anta Margarita. 
Formation from the Monterey hale (fig. 4). It is con ­
cealed by younger alluvial beds along the San ntonio 
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Rirer but it proj ction north,Ye t join a zon of 
fau lt ex1 osel n rthw t of Jolon (Durham, 1965). 
Th trace i lik "-i con al l by younger a llu,·ial 
!rata n ar and . outh a t of Pa o Roble . . 

CONTRASTING STRATIGRAPHIC SEQUENCES NEAR 
THE NACIMIENTO RIVER 

Xear the N'acimiento Riv r the fault eparates un -
like sequ n es of upp r Mio ene and Plio en trata 

) . Th equence expo ed uthwe t of the fault 
mpr1 e in a cendin()' ord r the Monterey hale, 

anta :\Iargarita Formation and Pa o Roble Forma­
tion. The fonter y i hieAy haly porcelaneou mud­
ston , th anta M arO"arita 1 fin - to oar -grained 
fo . ilife rous <melstone, and the Pa o Roble con ists 
of 1nt rb lded unfo iliferou on()'lom rate and ton , 
mud tone, and Ji.me tone. The lower contact of the 

an ta Mar()'arita, , ,-hich i \Tell exposed in a roadcut 
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FIGURE 4.- anta Margarita Formation (Tsm ) fau lted again t 
Monterey hale (Tm ) on north ·ide of the Nacimiento River. 

near the west line of se . 13, T. 25 S., R. 10 E ., is con­
formable and <Yradational. Some porcelaneous mud­
stone like that in the Monterey is interbedded with 
sandstone near the base of the Santa Margarita. The 
lower contact of the Paso Robles, "hich is well ex­
posed in cuts alon(Y a pipeline in the SW1;4NW1,4 ec. 
19, T. 25 S., R. 11 E., is conformable and distinct. It 
marks the top of the stratigraphically hi<Yhest fossilif­
erou marine strata in the sequence and t he base of the 
lowest conglomeratic fluviatile-appearin <Y beds. The 

anta Margarita is about 500 feet thick and contains 
marine fos ils (for example at locs. M2046 and M2049) 
that indicate a late Miocene age (W. 0 . Addi ott, writ­
ten communication, 1964). ince no unconformi ty or 
oLher evidenc of a major break in the continuity of 
edimentation occur in the sequence, it can reasonably 

be considered to span at least part of the upper Mio­
cene and Pliocene. 

The stratigraphi equen e exposed northeast of the 
fault near the Nacimiento River includes, in ascending 
order the Monterey hale, Pancho Rico Formation, 
and Paso Robles Formation. The Monterey is mainly 
shaly porcelanite and chert, but diatomaceous mudstone 
i common near the top. The Pancho Rico is mainly 
fine-grained sandstone that locally contains marine 
fo ils. The Paso Rdbles i poorly sorte4 unfossilif­
erous con<Ylomerate and sandstone. The lower contact 
of the Pan ho Rico is conformable and, where rocks 
like those in the Monterey are interbedded with sand-

tone near the base of the Pan ho Ri o, it i grada­
tional. The Pan ho ~~co wa partly stripped away by 
ero ion before depo 1t10n of th Paso Robles, but th 
contact is not noti eably an an<Yular unconformity. 

orth of the Nacimiento River, beyond the area shown 
on figure 3, the Pan ho Ri o wa ompl t ly removed 
lo ally before depo ition of the Pa o Robl s b gan 
so that the Paso Robles there lies dire tly on the Mon: 
terey, but without distinct angular liscordance. The 
Pancho Rico Formation is no more than 25 f et thick 
near the N acimi nto River, where it ontains marine 
fo il (for example at loc. 12050) that indicate an 
early Pliocene age (W. 0. Addi ott, written ommuni­
cation, 1964). E'ridence of erosion prior to depo i ion 
of the Paso Roble is the only indication of intenup­
tion ·in the d I osition of the quence, whi h, like the 
sequence west of the fault, can r asonably be on id­
ered to span at least part of the upper Miocene and 
Pliocene. 

AGE OF FAULT 

Evidence of displacement on the fault before or dur­
ing deposition of the anta. Mar<Yarita or Pancho Rico 
Formations i lackin<Y. The low r part, at lea t, of the 
Pa o Roble Formation of Pliocene and Plei tocene( ?) 
age predates part, if not all, of the fault movement. 
Stream-terrace deposits that are youn<Yer than the 
Paso Robles but older than Recent alluvium are un · 

faulted. The major movement along the fault thus 
occurred in post-Pancho Rico Pliocene or Pleistocene 
time. 

CONCLUSIONS 

Off et of the approximate southern limit of the Pan­
cho Rico Formation and the appro:\:imate northern 
limit of the Santa Margarita Formation along a faul t 
in Lh soulhem Sa.linas Valley sugg Ls righL-laLeral 
strike- lip displacement of at least 11 miles. This faul t­
ing explains the juxtaposition near the Nacimiento 
River of unlike upper Miocene and Pliocene strati­
o-raphic sequences that accumulated at the same time but 
under different circumstances in areas separated by 
several miles. 
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UPPER PRECAMBRIAN AND PALEOZOIC STRATIGRAPHY AND STRUCTURE 

OF THE NEPTUNE RANGE, ANTARCTICA 

By DWIGHT L. SCHMIDT/ PAULL. WILLIAMS/ WILLIS H. NELSON,3 
and JOHN R. EGE/ 

1 Wash ington, D.C., 2 Denver, Colo ., 3 Menlo Park, Calif. 

Ab tra.ct.- M ore t han 30,000 feet of edimenta ry and volcanic 
rock i divid d into the following 3 stra t igraphic a nd truc­
tural uni ts, in a cending order, bound ed by ma jor UJlCOn­
formitie : (1 ) i ·oclinally folded eugeo ynclina l edimentary 
rock of la te Precambrian age : (2) limestone of Ca mb ri an age, 
fel ic volca ni c rock , and .- il t. tone , a ll modera tely folded and 
intruded by bypaby ·.-a t rhyolite; granite wa empla ced dur ing 
Late a mbri a n or Ea rly Ordovi i an t ime; and (3) "'ently 
fo lded clastic edimenta ry rock . All fold t rend northerly, 
about parallel to the t rend of the Neptune Rnnge. 

The Neptune R an()'e on titutes the middle third of 
the Pen acola Mountains, which lie along the south­
eastern mttrgin of the Filchn er I ce Shelf between long 
4 ° \V. and 6 ° IV. and !at 0° . and 5° . The P en­
sacola Moun ta in. are a egment of the Transantarctic 
1ountains system "'hich extends across the Antarctic 

continent from the Ross Sea to the V\ eddell ea (fig. 
1) . In ve t igabon of the N ep t.une Range during the 
1963- 64 field eason was the se ond phase of a 3-year 
tudy of the Pen acola Mountain by the . . Geolo<Yi.­

ca.l urvey (for a brief a count of the expedition, ee 
chmidt, 1964). The firs t phase was in the P atuxen t 
R~tn ge of the southern P ensacola 1ountains durin<Y 
the 1962- 63 ea on ( hmid t and Ford, 1963) . reither 
the P atuxen t Range nor t he r eptune Rmwe had been . . ~ 

v1 1ted by man pri or to the Survey t udy . The third 
pha. will be in the northern P en acola Mountains, 
where th northernmo t area " ·as examined by the IGY 
Ell \\'Orth tation traverse party during 1957- 5 (Au­
ghenbaurrh, 1961). 

G oloO'iC mapping in th Neptune Ran<Ye cover. 
abou t 2,000 qnare mi le , of which about 20 percent is 
made up of now-free nunataks and mountain with 
reli ef that ran<Yes from several hundred to several 

because it i unusual to find o many sedimentary and 
i<Yneou unit , whi h hav been im olved in a Jon()' and 
omplex oroo- ni c hi tory, so " ·ell expo e l i now­

. hroucled ntarctica. 
Thi report is ba eel on field ob rvations by the 

a.uthm and I' alt r IV. Boyd, .. Geological urv y, 
and on pr liminary petrographic examina tion of typi-
al rock p imen b) N l on. 1a p eontrol wa pro-

vided by DonaJd . Barnett and Jame R.. R ei r, topo­
graphi engineer of t he .. Geologi. a l urv y. We 
are indebted to the a ' 'Y for lo<Yi ti up port, and 
especially to \.ir DeYelopment. qua,dron ix for their 
readin to fly a ro 1,2 0 formidable mil e of ice 
and sno\\' between the Neptune field camp and the tag­
ing base at McMurdo tation. 

90' 

t·housa nd feet. An exceptionally complete record of o sao MILEs 

la te Precambrian and early Paleozoic <Yeology is pre- tao· 

· erved in thi n.rea. Thi record is particul arly valuable FIG U RE 1.- Index map of Antarctica, bowing loca t ion of the 
eptune Range. 
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STRATIGRAPHY 

Ten sedimentary and volcanic r ock formations have 
been mapped in the Neptune Rano-e. The formations 
are formally named for geographic localitie to whi h 
names have been assigned · by the .. Board on Geo­
grfLphi r ames. The geographi names and localities 
are lYell documented on unpubli. hed maps of the Nep­
tune Rano-e and are hown on the locality map, figure 
2, in this report. 

The 10 formations are g rouped in 3 stratigr aphic 
sequen es, ea h of '"' hich is bounded above by a major 
anaul ar unconformity . The first equence consi ts of 
a ingle formation which is e timated to be everal tens 
of thou and of feet thick and i probably of late Pr -
cambrian ao-e. The econd equence consi ts of 3 for­
mation , ha a total thick:ne s as o-reat a. 3,000 feet, and 
i of earli e t Paleozoic age. The third sequen e consi ts 
of 6 formation with a total thiclmess of about 12,000 
feet, anl i. pre-late Paleozoic in age (fig. 3). 

First sequence 

Th fi rst and oldest equen e on ists wholly of the 
Patuxent Formation, the type locality of which is in 
the Patuxent Range (S hmidt and others, 1964). The 
fo rmation onsi. ts of interbedded aro-ill aceous sand-
tone and slate. Pillow lava and ba alt flows are in­

l rlayere l with the sedimenta ry rocks in the we tern 
part of the eptune Rano-e. oar e-o-rained andstone 
and intraformational conglomerat occur lo ally in dis­
continuous beds and lenses. The edimentary rocks are 
typ ically grayish green, are well bedde l and well in­
durated, and in many pla e on i t of rhythmi ca ll y 
lay red sandstone and slate exhibitino- o-raded beddino-, 
load cast , current b ddinrr, and channel fillings. The 
fine-grained con tituent of the slate an l the sand tone 
matrix con i t predominantly of mi ro copi eri ite, 
hlorite and quartz; thi ompo ition ugae t that 

th rock w rc partiall r cry. talliz d in the 
zone of r o-ional m tam q hi m. 

Th thi lm of the Patux nt Formation in the 
tim at d n th ba. i of evera 1 

,- ral ten of feet. 
i · no r a on to believe that the Pn.t nxent For­

mation is an thinn r in theN ptune Rancre. Th full 
thi kn . of the f rmation i · not shown in th t rati-
gr·aphi olumn (fig. 3) b au e th thicknt> s of th 
lower part of th fo rmation i . o poorly kno1Yn and 
b au it i more important to how the upp r part 
of th olumn with reasonable detail. t ratio-raphic 
ul li vi ion of t·h Patnxent in either rano- i difficult 

b an e ]i tin ctive marker b l have not been found. 
About 40 percent of the ro k xpo eel in the Neptune 

83 " 
30' 
s 

84 " 
s 

0 10 MILES 
'- J_..._..J_..J_...J 

EXPLANATIO N 

&:--:.-
/ -
I. / \ - , __ 
rest uf ridges lee scarp. howing 

direc tion of ice flow 

Direct ion of ice flow Flow lines in ice 

!<'r ,t;J ~; :2.- Loeal ity m:Jp of t ll e Neptune Range, Anta rctica. 
:\.lountnin ma:o::o: :o; shown fl. baclecl a rea . 

Rano-e on i t of the P atuxent Formation. The Pa­
tu xent i probably of ]ate Pre ambrian ao-e, and i 
un omf rmabl; o,·erlain by limestone of Early am­
brian age. 

Second sequence 

The se ond equence con ists of three newly named 
nformabl formation which are, from olde t to 



D114 STRATIGRAPHY Al\"D PALEO OLOGY 

Thickness 
( feet ) 

20.000 ~ 

.r ---=-- ~----

Geologtc un•t 

10. Gale Mudstone 
Black pebbly mudstone 

t) 

0 ~-o= =.9~ 
~---::= ~ (j 

1s.ooo 4~?g;_S~!jt.~~ 9· oo;:~ ~~~~~t~~~dstone , 1
1 

! 
. : ~ : ~ ~:-:. :-· ~·-~ r------------ij i_ II ~~:::J 
:_ ~- ~ .. : :~;·.o-~ 8 . He•ser Sandstone ::_ 
. . . . . . . . . . . Scollthus-beanng 
7:-.: ~. -. : : : : . Quartz sandstone 
~-=---~::--. :-·.-
·- . - ::.. :- =- .1 7. Elbow Formation 
~-·· _ _. -=-:.-:-. ~-! Red shale and Siltstone 

IO.OOO ..,.~:j: ::· ~··{·:~~_?}_: ~~d gray sandst~ 
· :· : : . . · : : : : : , 6 . Elliott Sandstone 

Calcareous sandstone 
and conglomera te 

5. Brown R1dge Conglomerate 

1. Patuxent Format1on 
Green 1mpure sandstone 
and sla te Wi th basalt 
flows and pillow lava 

., 
u 
c ., 
~ 
cr ., 
VI 

a: 
w 
;: 
0 
..J 

z 
< 
ii' 
al 
::; 
< 
t) 
w 
a: 
0.. 

a: 
w 
0.. 
0.. 
:::J 

l•'rounE 3.- 'ompo:ite strati rraphic column, l'i eptune Range, 
Anta rctica . equence. refer to tratigraphic and tructura l 
rock sequen<:es d i cu. sed in text. 

youngest, the el on Lime tone; the Gambacorta For­
mation, a felsic volcanic unit; and the ·wiens Forma­
tion, an interbedded iltstone and shale unit. The second 
sequence is eparated from the fir t by a major anguhtr 
uncomformity. 

The Nelson Limestone is here named for Nelson 
Peak, on the \¥a hinO'tOn Escarpment in the central 
part of th eptune RanO'e. In the type section, 1.5 
mil . onth of el on P eak, the Nel on Limestone un ­
conformably OYerlie the Patuxent F ormation with a 
bedclinCY eli ordance of nearly 90°, and is in turn over­
lain by a felsic ill. The conta t of the conformably 
overlying Gamba orta Formation i expo eel on the 
north we t lope of Wiens Peak 

The Nelson Limestone consi t of 5 mem hers: ( 1) a 
basal red quartz-fragment conglomerate, 1 to 20 feet 
t hi k, whi h i compo ed largely of erosional detritu 
of the Patuxent Formation; (2) a local red-bed clastic 
sue e ·.ion which is as much a. 60 feet thick; (3) a 
lo\\"er gray limestone, 200 to 300 feet thick, which con­
sists of thin -bedded limestone containing interbedded 

lamellae of limy shale; ( 4) a middle gray limestone, 
200 to 300 feet thick, which consists of thi k-bedded 
mas ive limestone · and ( 5) an upper gray limestone, 
about 100 to 150 feet thick, which consists of thin­
bedded limestone and shaly limestone. The thin­
bedded }jme tones, members 3 and 5, are commonly 
ooli tic, pisolitic, and nodular. Member 4 is commonly 
bleached white by alteration that probably was a so­
ciated with intrusion of hypabyssal rhyolite. 

The elson Limestone is 600 to 00 feet thick, both 
in the type area and lsewhere in the Neptune Range. 
The fo rmation makes up about 5 per ent of the exposed 
ro k in the eptune RanO'e. 

The aO'e of the N lson Limestone Middle am-
brian and possibly, in part, Early ambrian. Three 
different faunal a semblages of trilobite and bra hio­
pod from member 3 are of Middle Cambrian age, and 
one pecimen from lo ally derived talu contains an 
archaeo yathid of probable Early ambrian age (A. 
R. Palmer written ommunication AuO'. 7 1964). The 

el on Limestone is imilar to an undated carbonate­
rock unit in the Patuxent Mountains ( hmidt and 
others, 1964) . 

The Gamba orta Formation is h r named for Gam­
bacorta Peak, a rugged mountainou rna s cons1stm 0' 
of a complex pile of volcanic and hypabys al rocks. 
\. omplete section of the Gambacorta has not been 
measured. The ba e and lower part are b t expo ed 
on the northwest slope of Wiens Peak, where intensely 
altered and tones and conO'lomerate of vol anic de­
tritu , about 300 feet thick, conformably overlie mem­
ber 5 of the Nelson Limestone. The upper contact 
and upper part of the Gambacorta are typi ally ex­
posed on the outhea ternmo t part of Elliott Ri l O'e, 
where rhyolite flo,Ys about 200 feet thick are onforma­
bly overlain by the W"iens Formation. The Gamba­
carta Formation consi t of interlayered dark-brown, 
red-brown, and light-green rhyolitic flow , vol ani 
breccia , pyroclastic deposit , and detrital sandstones 
and onO'lomerates · the detrital rocks are compo ed 
mo tly of volcanic cla ts. These units are variously 
and complexly interlayered and thicken toward the 
outhestern part of the Neptune Range. Mo t of the 

rock have been inten ely altered. 
The Gambacorta Formation thins northward and 

northwe t ward, from a maximum thicknes of more 
than 1,000 feet in the vicinity of Gambacorta Peak 
and completely disappears within 10 to 15 miles. The 
volcanic rocks are not found in the northern and west­
ern parts of the range. About 5 percent of the exposed 
rock of the Neptune Range i underlain by the Gam­
bacorta Formation. Fossil have not been found within 
the formation. 
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The Wiens Formation is here named for Wiens Peak , 
where the formation is well exposed along a ridge west 
of the summit. The type section is located on the 
outheasternmost part of Elliott Ridge, where the 

Wiens Formation conformably overlies the Gamba­
corta Formation and is disconformably overlain by 
the E ll iott Sandstone. Elsewhere, the lower part of 
the Wiens intertongues with volcanic sedimentary 
rock of the upper part of the Gambacorta Formation. 
The disconformity above the Wiens at the type sec­
tion is only lo al ; elsewhere, there is strono- un on­
formity. The Wiens consi ts of interlayered green and 
red-brown thin-bedded shale, siltstone, and fine sand­
tone. everal thin-bedded gr ay oolitic lime tone mem-

bers o cur in the section. 
The Wiens Formation is less than 1,000 feet thick 

in the southern Neptune Range and does not occur in 
th northern part of the range. The formation makes 
up about 1 percent of the expo ed rock of the range. 
Xondiagno tic fucoidal impression are locally abun­
dant on beddino- planes of green shale and are the only 
el'id n e in it of former life. 

Third sequence 

The third sequence consist of six newly named con­
formable formations which are, from oldest to youno-­
est, the Brown Rido-e Cono-lomerate, a ma ive basal 
conglomerate; the E lliott and tone, a cal areous sand-
tone and onglomerate; the Elbow Formation, a 

re !-bed siltstone and shale; the R ei er and Dover 
andstones, quartzose sand tones; and the Gale Mud­

stone, a ma sive pebbly mudstone. The Gale Mudstone 
i the youngest sedimentary rock unit exposed in the 
;\Teptune R ange. An angular un onformity separates 
th third and econd sequence . Parts of the thi rd e­
quen eo cur throughout the eptune Rano-e. Th third 
equence is yotmger than the Cambrian el on Lime-
tone f the s ond uence, but from regional c.on id-

eration it i probably not youno- r than lat Paleo­
zoic. Fo il that an b dated hav not b en found 
in any of the formations of the thi rd equence. 

The Brown Riclo-e onglom rat i her named for 
Brown Ri lge, wher it i w ll expo eel. Th type ec­
tion i. ,tlono- a ridg 2 mile outhwest of the "-e t rn 
end of Brown Ridge, "-h r th onglomerate un on ­
formably oYerli a fel i ill and th el on Lime-
tone. El. ewh re, th Brown Rido- most commonly 

unconformably ov rli es the l on Lim ton or the 
Patux nt Formation. In th f " . exposure where it 
o1·erl ies the Gamba orta and \ iViens Formati ns, th 
contact relation ha been obscu red b b ddino--plane 
lippag . Th Brown Ridg is verl ain b the E lliott 
anclstone throughout the eptune Rano- . 

The Brown Ridge Conglomerate is characteristi ally 
red, poorly bedded, and poorly sorted; however, the 
lower part is green at some localites. Cobbl consi t 
predominantly of sandstone, slate, and vein-quartz 
cia ts derived from the Patuxent Formation, but abun­
dant limestone and felsic volcanic clasts are locally 
present. Laro-er clasts are commonly 3 inche in diam­
eter, but some are as large as boulders seYeral feet or 
more in diameter. The matrix contains abtmdant cal­
cite, especially near the top of the section. 

The Brown Ridge Cono-lomerate is distributed dis­
continuously throughout the Neptune Ran o-e. I ts thick­
ness, which reaches a maximum of everal thousand 
feet, locally changes at the rate of several hundred 
feet per mile. About 2 percent of the exposed rock 
of the Neptune Range consists of the Brown Ridge 

onglomerate. 
The Elliott Sandstone is here named for Elliott 

Ridge, where it disconformably overlie the Wien 
Formation and is conformably overlain by the Elbow 
Formation. The type section is on the eastern slope 
of Elbow P eak, where the Elliott conformably O\ erlies 
the Brown Rido-e Cono-lomerate and i overlain by the 
E lbow Formation. The Elliott Sandstone consi ts of 
a pink to buff coar e-grained crossbedded sandstone 
with thick and thin interbedded conglomeratic beds 
and minor thin red shaly beds in he lower half. Vol­
canic detritu i common in the lower part, and quartz 
and rock detritus are predominant in the upper par t. 
Calcareous cement is characteristic. 

The Elliott andstone probably averao-es about 2,500 
feet in thickne ; it i about 5,000 feet thick on E lliott 
Ridge and thin away completely about 10 miles north 
of Elbow Peale bout 20 percent of the expo eel ro k 
in the Jeptune Rano-e i Elliott andstone. 

The E lbow Formation is here named for Elbow 
P ak, w her the type ction i d. ignated along the 
ea t-,ve t rido-e on whi h th peak i ituated. The type 
e tion of the E lbow Formation conformably overlie 

th Elliott and tone and i gradationally overlain by 
the H ei r and tone. The E lbow Formation is a red­
bel unit con i tino- of interbedded reel argillaceou 
. ilt tone and gray fine-o-rainecl quartzose sandstone in 
well-indurat d layer 1 to 4 feet thi k ; the layer are 
made up of lamellae 1/ 16 to 1,4 in h thi k. In overall 
color, about half the formation i red and half i lio-ht 
o-ray. Th coarser g rained layer are commonly mott led 
g ray or o-ray ''"ith red pecks. ros bedding is abun ­
dant, and ripple-marked bedding plane. are common. 
In some bed , mottled pattern perpendicular to the 
bedding di rupt bedding lamellae and are sugo-estive 
of animal burrowino- . 
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Th facie or hara ter of the red b d hanges lat­
erally a1Yay from the typ e tion a.nd th definition 
of the upper and lower contact of the Elbo1v Forma­
tion in the southern Neptune Ranae has not been 
resolved. 

The Elbo 1Y Formation i about 1,000 feet thick at 
the type e tion and thin towar 1 the outh and we t · 
the thinning probably corresponds in part to a thick­
enina of the Elliott and tone toward the outh and 
11·e t. The Elbow makes up about 2 percent of the 
exposed ro kin the Jeptune Ranae. 

The Hei er and tone i here named for Heiser 
Ridae, 11·here its type . ection on the western end of 
the ridae, gradationally overlies the Elbow Formation 
and is onfonnably overlain by the Dover Sandstone. 
The Hei . er con i ts of a light-green to brown quartzose 
sand tone ''"hich i moderately well bedded in bed 1 
to 3 feet thi k. The sandstone i characterized by the 
ommon oc urrence of scolithus-like tubes of lighter 

colore l quartzite set in a darker, less "lYell indurated, 
encompas ina andstone. The tubes ranae from 1,4 to 
(rarely) 1 inch in diameter, are haracteri tically per­
pendicular to the beddina planes, and commonly ex­
tend through the thi knes of only one bed. At everal 
outcrops tube about 1 inch in diameter occur randomly 
oriente l on bedding pln.ne . The scolithus-like tubes 
are indicative of ancient life. 

The Heiser andstone is about 1,000 feet thick and 
underlie about 1 percent of the outcrop area in the 
Neptune Range. 

The Dover andstone is here named for Mount 
Dov r, on the ea tern end of Gale Ridge. The type 
section i. on the we. tern end of Gale Ridge, where the 
Dover onform ably overlies the I-Iei er Sand tone and 
is conformably overlain by the Gale Mudstone. The 
Dover and tone is a ta.n to white thick-bedded to 
ma sive medium- to coar e-grained and.tone. Inclivi 1-
ual bed. ar commonly coat· ely cro bedded nn l are 
. evern 1 feet to many ten of feet thick; where rna -
. iv the. nndst'one is ommonly friable, although many 
oth!:'r bel. con ist of well-indurated quartzite. Scat­
terwl rounded pebble of quartz oc ur in a few in­
d ist i net len es of and tone in the lower third of the 
. ection. C'onalomerate bed. are even less common . 
Th ha. n l part of the Dov r· onsists of 3 distinctive 
hone : (J ) a ba al 1vhite conglomerate as much as 20 
f!:'et· thi ck, containing 1 to 10 per ent black pebbles 
an 1 obble. : (2) an o1·erlyi.ng bla k- tained anclstone 
a. mnch a. 10 feet thick; and (3) an upper brown 
iron -stninecl and tone, sev ral feet to several htmdred 
f et thick. The third zone is overlain by tan and­
ston . Zon · 1 and 2 are loca.l ly absent. 

The type s tion of the Dover and ton i about 
4,000 feet thick. The unit on titutes about 5 percent 
of the exposed rock in the .r eptune Ranae. 

The Gale Mud tone, t.he yomw t bedrock forma­
tion in the Neptune Ra1we, is her named for Gale 
Ridge. In it type section, on the w ternmo t end of 
the ridge, the fonnntion onformably overlies the 
Do1· r nnd tone. The Gale Mudstone consists of a 
bin k homoaeneous well-indurated mudstone contain­
ina attered pebble , cobbles, nn l boulder of ar·anite, 
aranitic gnei and the und rlyina sedimentary rock . 
The clast , which are ntter d, con titute less than 
1 per ent of the whole ro k. They are anaular to sub­
rounded · the laraer ones averaae nbout 3 inches in 
diameter, and the large t ar about 2 feet in diameter. 
Beddina or other edim ntary tru ture have not 
been found within the formation. 

The Gale Mudstone i at lea t 1,000 feet thi k and 
i probnbly thicker than 2,000 feet. It is well expo ed 
in the w t- entral and northea t rn part of the Nep­
tune Ranae. It ext nd in outcrop for 30 mile nlona 
the range and for about 30 mile n ro s the ranae. 
Fmaments of p bbly mud tone in recent moraine are 
thouaht to indicate that th areal extent of the for­
mat.ion is a.t least ev rnl tim as large. The Gale 
probably con titute about 1 p r nt of the expo ed 
rock of the Neptune Range. 

IGN"EOUS ROCKS 

ix units of ianeous rock are mapped in the Nep­
tune Range. Of the e, two ar stratigraphic units and 
have been briefly discu eel. The four other unit 
form hypaby al sill s and phJO's and a larCYe plutoni 
mn. s. The six units are listed below in their inferred 
chronoloaic order, beainning with the oldest: 

1. Pillow lavas and ba alt flows agareaatina at 
1 ast . ev ral thousand f e in hi lrness ar int r­
lnyered ''ith sand tone and late of the Patuxent For­
mation in the ''"estern part of the eptune Ranae. The 
age of the lava and flow i the nme a that of th 
enclo ina Patuxent trata- probably late Precambrian . 

2. Diabase intruded into the Patuxent Formation 
in the western part of the eptune Ran<Ye forms sill 
5 feet to 1,000 feet thick whi h constitute as much a . 
00 percent of the exposed ro k in orne areas. The aae 
of the diabase is uncertain , but the sills seem to have 
been folded at the time of the initial deformation 
of the Patuxent rock and are tentatively con idered 
to b of late Pre ambrian age. 

0. Felsic rock in a sill, about 300 feet thick, and 
<t plug, about 100 feet in diameter, was intruded into 
the Patuxent Formation in the we tern part of the 
~eptune Range. The felsic ro k is younger thnn 
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the enclo in<Y Patuxent rock · and, be ·au e the ro ·k 
i inten ely deformed parallel to re<Yional trends, it is 
at lea t older than the time of the folding of the 
econd sequence . 
.t Rhyoli tic flows, volcanic breccias, and pyroclastic 

depo its of the Gambacor ta Formation confor mably 
overlie the Nel son Limestone of Cambrian age and 
are in turn tru ncat d by the overlying unconformity 
in the Neptune Range. 

5. IIypaby al rhyolitic porphyry, in sills as mu h 

11 a. thou and feet thick and in irr e<Yu la r -shaped bodies 
a. much a mile aero s, intruded ro k a young 
n the '' ien · Formation in the Neptune R ange. The 
porphyry i younger than the \Vi en. Formation and 
older than the Brown Ridge onglomer ate which con­
tains cobble of the porphyry. 

6. Coax e-grained biotite <Yranite crops out on 
, erpan Peak on the \Vashin<Yton E carpment. The 
eli tribution of g ranitic debri in Recent morainal 
depo it. in li cate that a lar<Ye pluton underlies mu h 
of the no\\·- an l i e-covered ea tern part of the r an<Ye. 
The granite was intruded into th Patuxent For­
ma tion, but in a zone several hundred feet ''ide the 
PnJuxent ro k a well a the onta t granite a re in­
ten ely shear d alon<Y nearly vertical plane . The plu­
ton ther fore may have been uplifted to its present 
posi tion along border fault . The <Yr·anite i probably 
older than the E lliott and tone. ARb- r whole-rock 
a()' of 510 ± 30 million years (Z. E . Peterman , U. . 
Geol. utTey 'nitten communication, Nov. 27, 1964) 
for the g ranite in li ate empla ement during the early 
Pnl ozoic, probably durin<Y Late Cambrian or Early 
Orclo,,i ian time. The neare t similar rock, the biotite 
granite of the Thiel Mountain has been dated isotopi­
cally at about 500 m.y. ( . aron and Ford, 1 °64) . The 
granite of the Ner tune Range ha been slightly meta­
morpho e l since its emplacement however, and it 
hiot it has l en lar<Yely altered to re n biotite(?) 
whi h gin'~ n K -.\. r ag f "'(i,) - 1:.3 m.y (R. F. ~far­

vi n 1 .. reol. ,' urYey written communi cation XoY. 
27, 19M). 

STRUCTURE 

Th 10 trat.i<Ymphic ro k formation and 4 addi ­
tion al intru . i,· rock tmit. of th I tnn Range ar 
di"ided into 3 . tnt turnl units b und d by the same 
anguln r un comformiti . tl aJ bound the 3 trntigraphi c 
roc k . eCJu nee: . Th oldest, th lat Precambrian true­
turn! unit , i the mo t defo rmed. Each ucces ively 
younger 1111it i. 1 deformed (fig. 4). 

First structural unit 

The first and olde t tructural unit on i t of the 
Patuxent Formation and the diaba e o urring in the 

Patuxent (i<Yneous rock unit 2) . Pos ibly the fel i 
rock (i<Yneou rock unit 3) is al o part of this olde t 
structural unit. The rocks of the unit are mostly 
i o linally folded. In the eastern and central parts 
of the range a regional axial-plane cleavage commonly 
parallel bedding that is nearly vertical and strikes 
no rtherly. The isoclinally folded bedding and nearly 
vertical axial-plane cleavage a re diagrammatically 
hown on figu re 4. Fold axes plunge northerly or 

southerly · the avera<Ye plm1<Ye is <Y ntle to the outh. 
In the western part of the ran<Ye, folding i intense 
but commonly is not i oclinal; folds tend to be ym­
metrical, with steeply dippin<Y limbs. Disharmoni c 
fol l ing is common where competent sandstone bed 
have re isted folding and interbedded slaty beds have 
yi lcled more easily to the folding. 

Second structural unit 
Th second structural unit onsists of the Nel on 

Lime tone of Cambrian aCY , the Gamba orta Forma­
tion, and the \\ iens Formation, as well a the hyp­
aby sal rhyolitic porphyry i<Yneous ro k (igneou 
rock unit 5) and the biotite granite (igneou 
ro k unit 6) . The edimentary rocks of the 
second unit have been deformed into open inuous 
folds. The lar<Yer fold tend to b symmetrical and 
to have a '"a"elength of abou t 3 miles. orne maller 
sub. idia ry folds, however, are disharmonic, stron<Yly 
a ymmetrical and locally over urned toward the we t. 
Fold axes ommonly trend northerly and plun<Ye 
<Yently to the south, much a do tho e in the fir t 
stru tural unit. xial-plane cleavage i not common, 
although slaty cleaYa<Ye i developed in argillaceou 
bed in places of tron<Yest deformation. Bedding­
plane slippage durin <Y foldi1w seems to have been 
the commone t ''ay by which the ro k re ponded to 
int rna] stre es. 

Third structura l unit 
The third and youn<Y t tru tural unit in the 

K ptun Ran<Ye on i t of the third trati<Yraphic se­
quen . The rocks of the third unit have been <Yently 
deform ed into broad fold trending nor therly in the 
c ntral part of the rang . On the plateau of the 
ea: t rn K eptune Rmwe the ro k of the thi rd unit dip 
gently t ward the ea t, and in the northeastern part 
they are horizontal. In ontra t, along a major t ruc­
tural di. ontinu ity '"e t of th ent r al part of the 
ra1we the bed of th third unit are about ,-ertical 

t>l 

or a r li<Yhtly over turned to the wet. This tructural 
b 

eli ontinuity is probably a major fault zone, the 
nature of which is not ati factorily known. 
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units . hown on figure 3; uni t P is hypabys al rhyolitic porphyry. 

GEOLOGIC HISTORY 

The Pen acola Mountains area was part of a geosyn-
linal ba in into which large quantiti es of terrigenou 

sedimen were depo ited durin()' late Precambrian 
time. Interbedded pillow lava and basalt flows in­
dicate that volcani m occurred at times during the 
deposition. The injection of large amounts of diabase 
and minor amounts of felsic rock into the P atuxent 
. trata a sills may have been clo. ely as. o iated wi th the 
outpourin<Y of the basalt or it may have occurred 
later and been a sociated with the fit t oro<Yenic fold in<Y 

0 "' 
of the Patuxent rock . 

During the first and oldest orogeny recorded in the 
Neptune Rarwe the P atuxent eugeo yn linal rock were 
inten ely deformed and uplifted. Exten ive ero ion of 
the d form d Patuxent rocks ended with marine 
trans<Yre. sion and the deposition of the elson Lime­
stone during ambrian time. ubsequen t felsic vol-
ani m, centered in the southern Neptune Range, is 

r~present~d by the Gambacorta Formation. Deposi­
tiOn of . Jl tstones and shales of the Wiens Formation 
ended the dimentation of the econd sequence. 

Tl:e : cond orogeny caused moderately intensive 
foldmg of the rock of the second structural unit. 
Rhyoli t ic_ porphyry and granite "-ere intruded prob­
ably dunng the most active phase of the orogeny. 

\ olcani m repre ented by the Gamba orta Formation 
may have been an arly xpre ion of the on et of the 
second orogeny. The Rb- r whole-rock a<Ye of 510 ± 
30 m.y. for the granite near er pan P eak probably 
date a later part of the e ond oro<Yeny. 

The B rown RidCTe on<Ylomerat , an oro<Yenic de­
posit con isting of debris eroded from th uplifted 
fold moun tains, ini tiated sedimentation of the third 
sequence. Detrital blocks of lime tone several tens 
of feet across that o ur in the ·on<Ylomera.Le were 
deposited on a urface of ruCT<Yed relief cut into the 

elson Lime tone. The detrital and and gravel 
ompri. i.Jw the lower part of the Elliott and tone 
uggest deri vation from nearby mountain of mod­

erate relief- po ibly the ame, but more ubdued 
mountai_ns from which the Brown Ridge Conglomerate 
was denved. The red-bed siltston and shales of the 
Elbow and the overlying quartz and tone of the 
R ei er and Dover indicate th depo ition of oarser, 
cleaner, better sor ted, and more resi tant detritus in 
a sediment.:'Lry em·ironmen t of pro<Yres ively higher 
ener<Yy. The sediment was probably derived from 
sources outside the P ensacola Mountains area. The 
apparently abrupt hange to depo ition of the dirty 
un orted pebbly mudstone of the Gale Mudstone 
suggests a drastic environmental change. The origin 
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f the mudstone is uncertain. It has haracteristics 
~hat elsewhere have been variously interpreted as those 
of a marine slump, a huge mudflow deposit, or a 
ulaciomarine tillite. 

During the third orogeny the rocks of the third 
tructural unit were deformed by different amounts 

in di fferent places. In the eastern part of the Neptune 
Range, foldina was slight, but in the central part it 
wn 11entle to moderate. West of the central part of 
the ~'tnge the entire sedimentary section was folded 
to nearly vertical or slightly overturned attitudes in 
part, perhaps, associated with faultina. It is possible 
that the K- \.r aae of 265 ± 13 m.y for the altered 
biotite from the granite near Serpan Peak dates some 
pa rt of the third orogeny. 

The aae and history of the rocks of the third struc­
tu ml uni t are put in better perspective if additional 
information from the adjacent Patuxent Range is 
considered. fourth stratigraphic sequence, which 
con i ts of well-bedded light-tan quartzose sandstone, 
ilt tone, and shale, occurs in the Patuxent Range 
( chmidt and other , 1964). Thi. sequence contains 
interbedded carbonaceous beds with a Glossopterid 
flora dated as Permian ( chop£, 1964) . The sediments 
are correlati ve with part of the Beacon Sandstone of 
the Tran antarctic Mountains in the Ross ea area 
(Gunn and ~ arren, 1962). IQTieou activity is re­
corded by diabase-formina sills in the Glossopterid­
bearina edimentary rocks. The diaba may be 
correlative ·with the Ferrar Dolerite of probable J u­
rassic aae in the Ro ea ector of the Tran antar tic 
)fountains (McDougall, 1963, p. 1539). 

This fourth sequence i inferred to make a fourth 
tructural unit of flat-lying rocks that at one time 

covered the rocks whi h are now expo ed in the 
N'eptune Ranae, as well as those of the Patuxent 

Range. This would indicate that the age of the rocks 
of the third structural unit in the Neptune Range is 
older than Permian and is in accord with the suggested 
isotopic age of late Carboniferous for the third 
orogeny. 

Structures younger than those of the third orogeny 
have not been mapped, but epeirogenic crustal warping 
and faulting can be inferred. A large frontal fault 
with a displacement of several thousand feet probably 
separates the Pensacola Mountains from the rocks 
beneath the Filchner Ice Shelf. Relatively recent 
movement along this and related faults may account 
in part for the present altitude of the Pensacola 
Mow1tains. 
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OCCURRENCE AND STRATIGRAPHIC SIGNIFICANCE OF OLDHAMIA, 

A CAMBRIAN TRACE FOSSIL, IN EAST -CENTRAL ALASKA 

By MICHAEL CHURKIN, JR., and EARL E. BRABB, 

Menlo Park, Calif. 

Abslraci.- Abunclant :pecimens of Oldhamia , a fan-shaped 
trace fo. il of proba ble amb rian age, were found in the 
Cha r ley River quad ran"'ie, near the Alaska-Canada bounda ry. 
Although no other fo sil har been found a ocia ted wi th 
Oldha.mi.(l, th ere. the rocks in whi ch it occur. ca n be correlated 
with an a rcha eocyatbid-bea r ing uni t of Ea rly Cambrian age 
nea rby. A. s ignment of th i: Ala:ka n Oldhamia to the Lower 

ambri a n i con i tent with the Cambr ian or possibly la te t 
Preca mbrian age of Oldltmni<l in Europe and eastern North 
Ameri ca. Occurrences of Oldhamia in the Mount Schwatka 
a rea and in the Crazy Moun tains, about 1 and 10(1 miles, 
re pectively, we. t of the Charley River quad rangle, ugge t 
tha t rocks of Cambri an age, much older than prev iously re­
por ted, are probably pre ent in the central in terior of Alaska. 

Durino- mapping of the Charley R iver quadrangle 
(1 : 250,000) in east-central Ala ka (Brabb and Chur­
h."in, 1964), abundant specimen of Oldhamia: a fan­
shaped t race fo il ' of probable ambrian age, \Y ere 
found in ro ks orio-inall y thouo-ht to b the Nation 
Ri ver Formation of L ate D evonian ao-e. Additional 
mapping and laborato1·y \YOrk indi cated that the ro k 
containino- Oldhamia are different from those of the 
~ ation Ri,·er Formation but are very imilar both 
lith ologi a lly and in tratigraphic position to those 
bea ring L o\\'er ambrian ar haeocyathid. in another 
pa r t of the quad rangle. If thi correlation i correct 
the ar al ext-ent infen ed for Cambrian rocks in east­
C'entml A lnska i. nhouL doubled. Moreover , the earl ier 
eli . co,·ery by Mer tie (1937) of a imilar Oldhmnia in 
the Mt. h_,ratka a re;t ( lo a li ty 3, fio-. 1) . about 175 
mil \YC of the mouth of the .Tation Ri,·er, . ugge. t. 
that th r ock the r are much older tha n reported and 
that rock of ambri an nge nre p robably present in the 
<'entral int rior of A la ka (fig. 1). 

1 A tru ce f oss ll Is a "''dlmentnry Rtru ·ture result ing- from th nctl¥­
lt.r o f '"' nni mnl m o ving on o r In the Redlment nt t h e ti me of nccumu ­
lntlon of the s~dlment . Tra ce fossi l s include truck:, burrow., feeding 
marks, and oth •r traces ( .Impson , l957). 

148' 146' 144' 14 2' 
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66'r--r---

J0 "~~hwatka 
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L ....!.~~~ 

FIG RF; 1.- lndex map of ·ent ral a nd ea t- ent ra l Alaska, 
bowing numherecl Oldhamia loc·alities. 

OLDHAMIA FROM THE CHARLEY RIVE R 

QUADRANGLE 

The pecimens of Oldhamia from he Charley Ri ver 
quadrano-le were first identified by Pre ton E. loud, 
.Jr., of the l.lniver ity of Minne ota (written commu­
nic<ttion, 1963). They con i t of o-en t ly curved ridges 

and furrows Y2 to 1 mm in width that radiate from 
center to form fan- haped impr e. ion a much a 
3 em in diameter on bedding plane in quartzite and 
siltstone ( fig. 2). 1any of the pecimens seem to cro s 
each other, but this overlap i probably the re. ul t of 
imprint from one layer being preser ved in the suc­
ceedino- layer, as Ruedemann (1942a) pointed out in 
relating Oldhamia to worm trai l . Each fan - haped 
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FIG HE 2.- 0idha111 ia from the area be tween the Kandik and 
ati on Rll· r s ( lo('. I, fig. 1 ), Charley RiYe r quadra ng le. en. t ­

cent ral Al aska . . 1. l ' NM s1 edmPn 1-15:37:~ : nll t urnl Rize. R. 
1' . :-1:\I . p C' im n H6~74 : natunll size . 

cluster of ridg in the Ia kan specie eem to b 
di onnected from adja ent lu ter , a it i in Old­
h.a.mia ?'rtdiata Forbe. (Ruedemann, 1942a, fig. 3 photo­
graph 2 and 3) from Ireland and Oldhan~ia mithi 
Ruedemann (Neuman, 1962, f1g. 2) from Maine. The 
arrang ment of the fan -shaped luster in an inter­
conne ted zi rrzag pattern, as in Oldhamia antiqua 

Forbes (Ruedemann, 1942a, fig. 3, photoaraph 1) 
from Ireland or Oldhamia accidens (\'alcott) (Rue­
demann, 1942a, fig. 3, photoaraph 4) from New York, 
'vas not found in the Alaskan material, but the close 
pacina and apparent overlap of specimens from 

sue ssi ve edimentary laminae has partly obscured 
their original pattern. The ridges and furrows of the 
Oldhamia from the Charley River quadrangle are 
more curved than those of 0. radiata but seem identi­
cal to those of 0 . mithi and of the Oldhamia illu -
trated by Mertie (1937, p l. 9A) from Alaska. 

All the specimens of Oldhamia found in the Char­
ley River quadrangle are from b\·o small areas of 
out rop (locs. 1 and 2, fig. 1) of a distin tive forma­
tion of thinly interbedded and ro -laminated quartz­
ite, quartzose siltstone, and silty argillite. The quartz­
itic layers •are pale olive, and the fine-arained, more 
araillaceous interbeds are light olive gray. The distinct 
and very thin and laminated bedding, toaether with 
well-developed scour-and-fill structures and va.riou 
small sole marks of undetermined origin, characterize 
thi formation. ·white mica. is usually abundant on 
the bedding planes, and in thin section abundant 
chloritic material, sericite, and strained quartz sand 
arain with 'veil-developed quartz overgrowths collec­
tively serve o distinauish the Oldhamia-bearina rock 
from other formations in the Charley River quadran­
gle. In particular, the presence of white mica and 
abundant laminae and cross-laminae in the Oldhamia­
bearing rock , and the absen e from these rock of 
thick beds of chert-rich sandstone and chert-pebble 
conglomerate and of ubiqui.tou plant fraaments, dis­
tingui h the Oldhamia-bearing ro ks from those of the 
Nation River Formation. 

CORRELATION AND AGE OF THE OLDHAM/A­
BEARING ROCKS 

.Althouo-h no other fo il have been found at the 
hYO Oldhamia lo alitie the distin tive unit of araillite 
and quartzite in which Oldhamia o curs can be cor­
related ( fio-. 3) with a similar uni of Lower a.mbrian 
argilli te in a fo siliferou sequ nee exposed between 
Hard Luck Creek and the Yukon River 10 to 25 
mil e. eat of the mouth of the Nation Ri,·er. The un­
nnmecl a rgi I lite and quartzite unit in th fossiliferous 
sequence (Brabb and Churkin, 196±) contain ar­
chaeocyathid of Early ambrian ~we, accordina to 
A. R. Palmer, of the .. Geol ogical urvey (written 
communication, 1965), and is overlain by a limestone 
unit that ontains, according to Palmer, trilobites of 
uppermo t Cambrian age in its upper part and of 
'Midd le or po sibly Lower ambrian age in its lower 
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FrG RE 3.-Geologic ection bowing the correlation of argillite and quartzite equence in two areas of ea t-central 
Ala ka. 

part. It is underlain by an unnamed massive dolomite 
unit which in turn is underlain by dark-gray laminated 
and platy lime tone characteristic of Mertie's (1933, 
p. 370-372) unit A of the Tindir Group of late Pre­
cambrian and Early Cambri an(?) age. This platy 
limestone is underlain by a succession of rocks charac­
teristi of the older units of the Tindir Group. In the 
area between the Kandik and ration River (loc. 1, 
fig. 1), the Oldhamia-bearing arcrillite unit rests ac­
cordantly on a sequence of massive dolomite underlain 
by clark-crray platy limestone and older rocks of the 
Tindir Group similar to the sequence that underlie 
the archaeocyathid-bearing Lower Cambrian arcrillite 
in the area between Hard Lu k reek and the Yukon 
River. The upper part of the Oldhamia-bearing unit 
in the area between the Kandik and ation Rivers is 
faulted against middle and upper Paelozoic and 
Mesozoic rocks, so that no direct correlation can be 
made with the Middle and pper Cambrian limestone 
beds that overlie the Lower Cambrian arcrillite unit 

b 

of the fo iliferous sequence. A limestone that seems 
to be stratigraphically above the Oldhamia-bearing ar-

crillite about 3 miles northea t of the mou th of the 
Nation River (ju t north of lo . 2 fig. 1) is lithologi-
ally similar to, and may be correlati e with, the 

Middle and pper am brian limestone · but no fo ils 
''ere found in this unit, and the stru ture in the area 
i so complicated that the limestone may not be in 
super-positional sequence. 

Greenstone occurs in the Oldhamia-bearing rocks 3 
mil es east of the mouth of the Nation River (loc. 2, 

fig . 1). Except for the older part of the Tindir Group, 
the only other greenstone known in the immediate 
area is in the argillite and quartzite formation exposed 
directly below fossiliferous Middle and pper Cam­
brian lime tone near the Alaska-Yukon boundary. 
This joint occurrence of greenstone in the two areas 
further supports the correlation of the enclosing argil­
lite and quartzite. 

In summary, similar lithology and similar sequence 
sugge t that the Oldhamia-bearing rocks are correla­
t ive with Brabb and ChUI·kin s (1964) unnamed ar­
gillite unit of Early Cambrian age. 
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The a ignment of this Oldhamia to the Lower 
ambrian is consistent with the following known oc­

currences of the aenus in Europe and eastern North 
\merica: Cambrian of Ireland, the type area for the 
~nus (Forbes, 1 4 - 50); Nassau Formation of Early 
Cambrian aae in eastern New York ("Walcott, 1894); 
Gra nd Pitch Formation of Oamlbria.n( ?) age in north­
en tern Maine (Smith, 1928; Neuman, 1962); and 
\feymouth Formation of Early Cambrian age in 
)fa achusetts (Howell, 1922). One of two species of 
Oldhamia reported in rocks of Ordovician age (Old­
hamia keithi Ruedemann, 1942b, fig. 5, photographs 
1 and 2) is substantially different in appearance and 
probably i.s not the same aenus · the other, Oldhamia 
ped montana Rusconi, has recently been shown to be 
a bryozoan (Fritz, 1965). Although Oldhamia is 
widely distributed it has been reported only in argil­
laceou rock interbedded with quartzite. In spite of 
the danaers of u ina a f acies-restricted trace fossil for 
tletermininrr the age of a formation, Oldhamia appears 
to be restri ted to rocks of Cambrian age, or as Neu­
man (1962) points out, may ranae downward into 
rock as old as latest Precambrian. 

OTHER OCCURRENCES OF OLDHAMIA IN ALASKA 

In la ka, trace fossils questionably assigned to 
Oldhamia had previou ly been found by Mertie (1937, 
p. 121, pl. 9A) near Mount Schwatka (loc. 3, fig.' 1). 
Th e fo il s have all the structural details of the 
Oldhamia found in the harley River quadranale, and 
they b long unques6onably to the same aenus. Mertie 
included hi Oldhamia-bearina rocks in a belt of "un­
differentiated noncalcareous rocks of Mississippian 
~O'e. The 1is i i ppian a ae for these rocks ''a based 
mai nly on a few widely scattered fo si.l collections 
from i.n'\i.lar rock in neighboring areas. The new 
occurTen<' of Oldhamia from probable Lo,...-er Cam­
brian ro k in the harl y Riv r quadranale suagests 
that at lea t orne of the ro ks previou ly considered 
~[i i ippi.an by 1 rti.e are probably Cambrian. 

The onl th r Oldhamia known from \.l aska wa 
olle ted in 196.., in the Crazy 1otmtains (lo . 4 fia. 
l), 100 rni le north we t of the mouth of th ation 
Rirer, by g oloai t of BP Explorati n o. ( laska), 
Inc., wh o kindly loaned us th pe irn n (fi . 4) . Thi. 
Qldhamia i omewhat small r and ha orre pond­
:ngly finer rida and furrow than that from the 
Charley Ri ver quadrana] , but othen,·i e it ha the 
ame structure. The fossil were found in mud tone 
interbedded with quartzite that wa originally mapped 
by Mertie (1937) as "undifferentiated noncalcareous 
rocks of Devonian age.' The De,·oni.an age wa. evi­
rtently ·ba d on a lithologic orrelation inasmu h as 

78 1- 906 0 - 65- 9 

FIGURE 4.-0ldhamia from the Crazy Moun tains (Joe. 4. fig. 1) 
east·central Ala ka . Specimen loaned by BP Exploration Co. 
(Alaska) Inc. Enlarged X 1.5. 

Mertie apparently did not find fossils in the area. The 
discovery of Oldhamia from the Crazy Mountains 
partly bridges the distance between the Mount 
Schwatka locality on the west and the Nation River 
area on the east and suggests that some of the rocks 
there are probably also Cambrian. 

The geoaraphi location of all lmown occurrences 
of Oldhamia is shown in the accompanying list. 

Geographic Location of Oldham ia coUect icms in A/,a.ska 

Area between t he Kandik and Nation Rivers, 10 miles n orth 
of the mouth of the ation River ( Joe. 1 , fig. 1). Charley River 
B- 2 quadrangle (1 :63,360) : 

62ACn -1 ' ( M10?A-CO) .2 From top of ridge at elev 3,000 
ft in NE ~ ec. 21, T . 6 N., R. 29 E., Ia t 65 °20.2' N ., long 
141 °46.0' w. 

62A n 91 ( l\11025- 0). E ~ SE ~ ec. 21, T. 6 N., R. 29 
E., Ia t 65°20.0' r., long H1 °45.7' W. 

62A n 10 1 ( M1026-00 a nd M 146374,' ee fig. 2B). 
From top of ridg at e lev 2,500 ft in NE ~NE lA. ec. 30, 
T. 6 N., R. 29 E ., !at 65°19.4' ., long 141 °50.1' W. 

63A n 2091 ( l\11027-CO and NM 146373, see fig. 2A ). 
From top of ridge at e lev 2,500 ft in NE ~NE ~ sec. 30, 
T. 6 N., R . 29 E ., tat 65°19.4' N., long 141 °50.1' W. 

63A n 2126 (M102 00). w~ sw ~ sec. 23, T. 6 N. , R. 
29 E., !at 65°19.7' N ., long 141 °43.4' W. 

Area ab ut 3 mile east of the mouth of the ation River 
(Joe . 2, fig. 1) . harley RiYer A- 2 quadrangle (1 :63,360) : 

63A n 2212 ( l\11029- 0). From top of ridge at elev 2,100 
ft in W 't NW ~ ec. 32, '1' . 5 N., R. 30 E ., lat 65°13.4' 

., long 141 °37.0' W. 

1 U .. G ologlca l un·ey field locality number. 
• U .. Geological urvey fo s ll collec tion number . 
• U.S . atlonnl Mu seum specimen number. 
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63AG · 34-tB (:\11030- 0) . At e le v 1.000 ft in W 14 ec. 
19, T. 5 N., R. 30 E., !at 65 •14.7 ' ., long 141 •37.6 ' W. 

\'i cinity of Mount chll'atk a ( Joe. 8, fig. 1). Live ngood D- 2 

q ua drangle (1 :63,360) : 
21Ai\It 152. At e le Y 3,000 ft on top of r idge ea t of Lo t 

r eek. Abo ut 15.4 mile N. 39• E. f rom jun ·tion of 
Grou e and B ea r reek. . ollector , J . B. Mertie, Jr ., 
1!)_1. 

razy Moun ta ins ( Joe. 4, fig. 1 ). 
(1:63,360): 

ircle 3 qua drangle 

:\Iounta in e re t 0.9 mile no rtheast of B 1372 (Craz), !at 
65 . 43' ., long 1.J5°4.3 ' W . Collected by geologists of 
BP Explo rat ion Co. (Aia. ka ) Inc. ( fig. 4). 
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LATE DEVONIAN AND EARLY MISSISSIPPIAN AGE OF THE WOODFORD SHALE 

IN OKLAHOMA, AS DETERMINED FROM CONODONTS 

By WILBERT H. HASS 1 and JOHN W. HUDDLE, 
Washington , D.C. 

. .tbstract.- onodont collections from eight m a ured ections 
in Ca rter, i\Iurray , Pontotoc, and Pi ttsburg Counties ·how that 
mo t of the Woodfo rd . ha le i.· Late Devonian in age, but that 
tbe uppermO!"t part i Early Mi. ·si ippian (Kinderh ook). The 
~Jississippian (Kinderhook) part of the Wooclfo rd Shale i 
generally les than 1 foot th ick, but on Henryhou e Creek near 
Woodford, it i at least 10 feet thick. The oldest conodon t 
fauna found in the base of the Woodford Shale i early Late 
OFonian in age. 

onodonts from the Woodford Shale have been 
de1cribed and firrured by ooper (1931a, b) and by 
Elli on (1950). Cooper correlated the Woodford Shale 
with the hattanooga hale and regarded both a 
:\fi i ippian in a<Te. Ellison determined the age of 
the Woodford hale in the subsurface of western 
Texa a.nd re~- Mexico as Late Devonian and found 
no e,·idence of a 1i sis ir pian age. Has (1956b, p . 
27-29), correlated the pper DeYonian and 1i i ip­
pian parts of the Arkan a rovaculite with parts of 
the Woodford hale on the basis of the conodont 
faunas. 

Th \'i oodford hal of Oklahoma i con idered to 
be partly of Lat Devonian age and pa,rtly of Early 
:\Ii i ippian (Kinderhook) age. Thi on lu ion i 
drawn from tudy of num rou onodont present in 
coli tion obtain d from mea,. ured e ti n · lo ated on 

C'r k in art r ounty; at L ake Cla sen 
ounty · at fi,- pla e south of Ada in 

ount ( e fi<T. 1) · and in the Ti Valley 
hool, in Pitt burrr ounty. 

This p::tper i b::t eel on stratigraphic sections and 
<'ollcC'tion. of fo il mad by I ass n,nd H. D. Mi er in 
l94c9. ITa pr pared the first draft of the r port in 
1952. IIuddl sub equently prepared th pa,per for 
publication. 

1 O~ccns~d. November 30, 1959. 
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Fro nE 1.-Localiti from which conodont 'vere coll ected in 
the Woodford Shale nea r Ada, P ontotoc County, Okla. Locali· 
ties A, B, and Hare outside the area of the map. 

Conodont are no abw1dant in the Vvoodford Shale 
and mo t of them in the collections studied are poorly 
preserved or are repre ented by molds. The mo t 
abundant form are lon<T-ranging bar-type conodonts, 
uch a Hindeodella, but the conodont a embla<Te zone 

reco!!n ized by I as (1951, 1956a, b) in the Arkansas 
Nom ulite, and the black hattanoo<Ta, Ohio, and 

ew Albany hale are present in the Woodford 
hale. These zones were numbered by Ha s (1956b) 

but ar d ignated here by the name of a typical pe-
ci . Many of the German conodont zones (Ziegler 
1962) ha\ e not been found in the black shales of 

ntral nited tate . Additiona-l study of the cono­
dont fa.una of the e bla k hales is needed to deter­
mine why ome of the onodont zones are absent. Per­
haps there are eYeral unconformitie within the black-
hale formation . The conodont as emblages present in 

the vVoodford Shale in a<Te f rom Early 1issis ippian 
to early Late Devonian. 
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Occunence of conodonts in the Woodford Shale in Oklahoma 
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Gnathodus punctatus (Cooper). ________________ --------------- - ---------------------------------------------------------------- ____ ----------- - - - ---------------------- X ---- ---- -- --
Elictoqnathus Ia. CPrat.a (Branso11 and Melli) _____ ---- ---- ________ ---- ---- ___ _ ---- ---- -- -- ---- ---- -- -- ---- --- - ---- ---- --- - ---- --- - ---- ---- ________________________ ---- ---- X ---- ____ ----

Polyq7wthus communis Branson and Mehl. X ---- ---- - --- ___ _ ---- ---- -- -- ---- ____ ---- ---- ---- ____ ---- ---- ---- ---- -- -- ---- ---- ---- ---- ---- ____ ---- ________ X __ __ ____ X -- -- ---- ----
tnomata E. R . Branson ___________________ ---- --- --------- ____ ---- ____________ -- ----- --------- ------ ---------- ____ --- - ________________________________ X _______________________ _ 
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ql£adruplicata (B ranson and Mehl) ___ __ ___________ ---- __ __ - - -- _____ ___ ---- ---- ____ ------ -- ____ ---- ---- ---- ---- ---- -------- ____ --- - _______________ _ _________ __ _ ___ _ X 
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Puudopolyqnalhl£s sp _ -------------------- ___ ---- ---- ____ ---- ---- - --- ____ __ __ ---- --- - ---- ---- ---- ---- X ---- ---- - - -- -- -- -- -- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- _c __ ---- ---- -- --
Siphonodella SP---------------------------- X -- -- ---- -- -- ---- ---- ---- - --- ---- ---- ---- ---- ---- ---- ---- X -- -- ---- ---- -- - - ---- ---- ---- ---- ---- ---- --- - X X ---- ---- ---- ---- ---- ----

Ancvr011nathus euolvphtus Stauffer _------- ___ _ ---- ____________________________________ X ____________ _______ ________ ___ _______ _______ ----~--- - ~--- - ~-- -- ~-- - -~----~--- - ~----~----~----~----~--- -
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Palmatolepis qlabra Ulrich and Bassler ____________ X X X ____________ ---- --- - ____ ---- ---- ---- ---- ________ ---- ____ ---- ·--- X X X X ---- ---- ---- ---- ---- - --- ---- ---- ---- X 

perlobata Ulrich and Bassler_ __________________ ---- ____ X X ____________ ---- ____ ---- ---- ________________ - --- ---- ---- ---- ---- X X X ____ X ---- ---- ---- ---- ---- ---- ---- ----
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Ancvroddla rolundiloba (Bryant) _____________________________________________ _ _____ ________ ____ ______________________ _ ____ X _______ _ ______ ___ __ ____ ___ _____________________ ___ __ ___ _ 
Neoprioniodu• alata (lUnde) __ ------------ _________________ ___ ______ ___ ______ ______ ______ __ ____ ___ X ____ ___ _ X ____ ____ X __ __ ___ _______________ ___ ___ ______ ___ ______ __ ____ ___ __ _ _ 
Polvgnathu.linquiformil Hinde _______________ _________ ---- ______ _______ ___ ____________ ___ ______ __ _ X __ ______ X X X X ___ ____ _____ ___ _ X ___ _______ ____ __ __ _____ ____ ______ __ _ 

pennata Hinde __________ _____________ _ -- -- ____ - -------- --- ________________ -- -- ___________ _ ____ X _______ _ X X X X ________ ________ X _____ ______ ___ __ __ _________ __ ____ __ _ 

- - -------- ------------------------
Brvantodu• SP- -------- --- --- -------- ------ X -- -- ---- ---- -- -- __ __ -- -- ---- X --- - - --- X X X -- -- X - - -- X X X X -- - - --- - X X X ---- ---- X ---- ---- --- - -- -- - --- --- -
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Hindeodtlla SP-----·----------------------- X X ---- ..•. --- - X ___ _ X --- - X X X X X - - -- X X X --- - X X X X X X ---- X X X X X X X _______ _ 
Hindtodtlloidt~ SP --- ---------- ------------ ---- X ---- ---- ---- -- -- ---- __ __ ---- ---- - - - - ____ - ·- - - - -- ____ X ____ ... . ____ ____ --- - ___ _ -- -- X X ____ ______ ____ __ ____ ______ __________ ___ _ 

Liqonodina SP---·---------- ---- ------ ----- X X ---- .... -- -- X -- -- -- -- ---- -- - - ---- ---- X X X X ___ _ X X X X ____ X X X X - - - - __ __ X ____ ________ ________ X 
Lonchodina SP-- -----·-------------------- - ---- X ---- ---- -- -- X -- -- X --- - -- - - -- - - ---- X X - - -- . . .. ---- X X ---- - - -- --- - --- - ---- ---- ____ __ __ ____ - - - - ---- ____________ _______ _ 
Nothoqnnth t lla SP--- -------------· --------- ... . .... ---- .... -- -- ---- ---- --- - --- - ---- ---- ____ ---- -- -- -- -- .. .. ---- X ____ ---- X --- - ____ . .. . ---- --- - ---- - -- - ____ -- - - - --- ---- - --- ---- - - - -
Ozarkodina SP ------ --- ------- ------------- X . . .. ---- ---- ---- -- -- --- - ---- --- - ---- ---- ____ X X ---- X X X ____ - - ·- X ____ - --- X X ____ X X X ________ X X - - -- --- -
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A. Henryhouse Creek, Carter County. F. High ground just south or the North Fork or Jackfork Creek, NE~ sec. 33, T . 3 
N., R . 6 E ., Pontotoc County. B. Lake Classen, Murray County. 

C. Bush berg-Hannibal locality or Cooper (1939), Pontotoc County. 
D . At t he head or a tributary to North Fork or Jackfork Creek, NE~SW~ sec. 33. 

T . 3 N. , R. 6 E., Pontotoc County. 
E . Bank or tributary to North Fork or Jackfork Creek, NW~SW~ sec. 33, T. 3 N ., 

R. 6 E ., Pontotoc County. 

G. Bank or Sout h Fork or Jack fork Creek, SE~SW~ sec. 35, T . 3 N ., R. 6 E.. 
Pontotoc County. 

H. P inetop school area, NW~NE~ sec. 3, T . 2 N. , R. 15 E ., Pittsburg County. 
'0.0 to 0.5 reet above base or strata which directly overlie the Woodford Shale. 
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STRATIGRAPHIC SETTING 

'I he Woodford Shale is reported ( hannon, 1962, 
p. 19) to be more than 600 feet thick, but the sections 
from which conodonts were collected are all much 
thinner. The formation is prin ipally grayish-black 
hale and, at some places (for example, at Lake Clas­
en), greenish and brownish shale. On the south side 

of the Arbuckle Mountains and in the Ti Valley it con­
tain numerous layers of interbedded chert which 
decrease in number and thickness northward. Phos­
phatic nodules are characteristic of the upper part of 
the Woodford at some localities. 

CONODONTS 

Conodonts of Early M ississippian (Kinderhook) age 

Conodonts indicating an Early Mississippian (Kin­
derhook) age were fow1d near the top of the Wood­
ford hale on H enryhou e Creek, in the uppermost 
0.3 foot of the formation at locality C, and in the 
uppermo t 0.48 foot at locality G, and they may also 
be present in the slightly older beds at these localities. 
The aenera and species on which the age designation 
is based are listed in the accompanying table. The 
generic assemblage Elictognathus, Gnathodus, Pina­
cognathus, P eudopolygnathu , and iphonodella 
found here indicates a Kinderhook age. A similar 
conodont fauna is also present in the upper part of 
the black-shale portion of the Chattanooga Shale 
(Devonian and Mississippian) of northeastern Okla­
homa. 

A coll ection of conodonts ( SGS Colin. 21910-P ) 
from the basal 0.5 foot of the strata which directly 
overlie the vVooclforcl Shale at locality H, near Pine­
top School in Pi ttsburg County, contains an Early 
Mis issippian (Kinderhook) famia (see table) . These 
bed were included in the Caney hale by Hendricks 
and Gardner (Hendrick and others, 1947, p. 23) . 
However, the presence in the collection of Gnathodus 
7Junctcttu and iphonodella duplicata var. B. sug­
ae t a Chouteau aae. Those two pecies, as well as 
other mentioned in thi report, have been figured by 
Has (1951, p. 2530) and are not refigured here. These 
t.wo conodonts have also been found in the topmost 
bed· of the middle division of the Arkansas ovaculite 
n,t acldo Gap, Montgomery County, Ark.; in the 
Chappel Limestone (Early 1:ississippian) of Texas· 
and in the Welden Limestone (Early Mis issippian)' 
and the topmost few tenths of a foot of the pre-Welden 
shaly interval at locality C, south of Ada, Pontotoc 

Coun ty, Okla. It is suage ted, therefore, that mlit 11 
of Hendri ks and Gardner' se tion (in Hendricks and 
other , 1947, p. 23-24) should be reaarded as a distinct 
and underlying stratigraphi tmit rath r than the basal 
bed of the Caney Shale (Late Mis i sippian). 

Conodonts of Late Devonian age 
Conodon ts considered to be significant indi ators of 

the Late Devonian are found throughout the major 
portion of the Woodford Shale. Sev ral distinct fau­
nal as emblages have been re oanizecl. Most of the 
conodonts belong to one of th follov'l'ing aenera in­
dicative of the Devonian : A ncy1'oclella, A ncy?'ognathu , 
n,nd Pal1natolepis. 

A few specimens of pathognathodu. ino1·natu 
which is also chara teri t ic of the pper Devonian, 
have been found in the Woodford Shn,le in beds strati­
graphi n,lly next beneath those containing onodonts 
of Kinderhook aae. This specie is also pr sent (fio-. 
2) in the upper part of the Ohio hale of Ohio and 
Kentucky (includina the leveland Member of north­
ern Ohio), in the very younaest beds of the Gassaway 
tfember of the Chattanooaa Shale of central Tennes­
ee and adjacent States (Hass, 1956a), and in the ba al 

bed of the Maury Formation (Early Mississippin,n ) 
of north-central Tennessee. pe imen of pathio­
ca·ris described by Cooper (193 ) came from beds of 
the Woodford Shale in the Henryhouse Creek section 
that ontain pathognathodu inO?'natus. 

Older beds of the Woodford Shale contain the 
Palmatolepis glabra assemblage, whi h in ludes the 
following: Ancyrognathus bi/1n'cata, P almatodella 
delicatula, Palnwtolepis perlobata P. ubperlobata, P. 
glabra, P. quaclmntinodo a, and P. . p. A. This as­
semblao-e, as represented in the Geoloaical Survey's 
conodont collections, is represented in beds in the lower 
part of the Ohio Shale of Ohio and Kentucky (includ­
ing the Huron Member of northern Ohio) ; in the 
Antrim hale as expo eel in the Paxton shale pit we t 

of Alpena, Mich. ; in much of the middle division of 
the Ne'"" Albany Shale of Indiana; in a faunal zone 
present in all but the younge t beds of the Gassaway 
Member of the hattanooga hale of central Tennes-
ee and adjacent States; and in a faunal zone of the 

middle division of the Arkansas Jovaculite of Ar­
kan as and Oklahoma 'vhich, at Caddo Gap, 1:ont­
gomery County, Ark., is 46 to 140 feet below the top 
of the middle division of the Arkansas Novaculite. 
This same faunal assemblage is present the lower part 
of the Chattanooga hale of northeastern Oklahoma. 

pecies characteristic of a still older portion of the 
Woodford Shale are Ancyrognathus euglypheus, 



HASS AND HUDDLE D 129 

STATE 
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FIGURE 2.-0ccurrence of the Woodford Shale conodont a semblages in Oklahoma and 
other a rea. ·. 

Palmatolepis subrecta, and Palmatolepis wnicornis. 
The Palmwtolepi subrecta as emblage ( ficr. 2) rmwes 
th roughout the Do,,eJltown Member of the Cluttta­
nooga Shale of central T enne ee and adjacent States 
(Hass, 1956a). Ancyrognath~~s euglypheus was de-
ribed from the Olentangy Shale of Ohio, where it 

is as ociated with Palmatolepis f labelliforrnis (which 
may be con pecific with P. sub1·ecta) . P. subrecta is 
pre ent in a faunal zone of the middle clivi ion of the 
Arkan . a ova u lite lo a ted 1 4 fe t b low the top 
of th midd le clivi ion. The onodonts that Ellison 
(1950) obtained from the ub nda e in w t T exa 
could be from bed orr lated 'vith this por ion of the 
Woodford. 

The onodont a ,mblage that in lud Ancy1·od lla 
rotundiloba is pre nt in the ba al portion of the 
\1 oo Hod hale at lo a.lit ie B D, and E and is the 
ame as emblage a. that ronnel in the ba al and tone 

of the Chattanooga hale a expo eel aloncr the Eastern 
High land Rim of entral T enne see, the lower part 
of the New A lbany hale of Indiana , and the Genu n­
dewa Lime. tone Member of the Gene see Formation 
( pper Devonian) of New York. The age of thi 
conodont. a semblao-e is early Late Devonian. 

OTHER FOSSILS 

Other fossils found in the vVooclford shale include 
lingulas, orbiculoideas, arthropod (Angustidontus and 

pat hiocar~ ·), fish scale , silicified wood (Callixylon) , 
and spores (Ta; 11wnites ). Mo t of thee are long-rang­
ing form and do not help mu h in dating the forma­
tion. Angustidontu was des ribed by Cooper (1936) 
as the jaw of an actinopterygian fi sh, but Jean Berdan 
(written communication, 19'64) regards these fo il s a 
the rami. of an arthropod. he has found similar rami 
in rock of ilurian to Mis i ippian age. Spathioca1'is 
ha been reported only from Devonian formation . 
Callixylon i common at lo aliti C through G in 
the Palrnatolep i glabm zone. Hoskins and Cros 
(1952, p. 237) report that Callixylon ranges from Late 
De,-onian to Early Mi i ippian. 

MEASURED SECTIONS 

Locality A 

\loncr outh bank of H enryhou e Creek near com­
munity of \Voo lford, Cart r County. From Ardmore 
go north 11 miles on .S. Hi.gh"·ay 77 to State High­
"·a. 53; turn ,,. t on Higlwmy 53, go 5.3 miles; turn 
north on farm road located ju ·tea t of farm buildings; 
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follow road to Henryhouse Creek and outcrop of 
Woodford hale. 

Di.!tanu of top 
Thicknus above bose of 

Woodford Shale: (feet) for111ation (feet) 

Covered interval of undetermined th ick-
ness. 

Shale, grayish-black, interbedded with 
grayish-black chert beds as much a 
0.25 foo t thick . o phosphatic 
nodules in place____________ ______ 9. 4 

hale, grayish-black, interbedded with 
grayish-black chert beds as much as 
0.25 foot thick. Phosphatic nodule 
scattered throughout interval but 
especially abundant in zone 200 to 
201 feet above the base of the Wood­
ford hale or 26 to 27 feet above the 
ba e of the interval. USGS Colln. 
21906- PC, 7350- SD ___ ____ _______ 36.6 

Shale, grayish-black, interbedded with 
grayish-black chert beds as much as 
0.25 foo t thick. Chert bed predom­
inant except in basal 10 feet. 

o phosphate nodules observed ___ __ 46. 0 
Shale, grayish-black, interbedded with 

few gray ish-black chert beds a much 
as 0.1 foot thick__ ________________ 36.0 

Shale, grayi h-black, in terbedded with 
many grayish-black chert beds as 
much as 0.2 foot thick. USGS Colln. 
7351- SD, 7352- SD __ _____________ 45.0 

Chert, grayish-black, massive ________ . 7 
hale, grayish-black, interbedded with 

orne thin grayi h-black chert beds. 
USGS Colin. 7353- SD_ _____ __ ____ 32.8 

Shale, grayish-black, interbedded with 
some grayish-black chert beds as 
much as 0.25 foo t thick. Interval 
also contains some greeni h-gray 
mudstones, e pecially from 3.0 to 4.5 
feet above t he base of the interval. 
USGS Colin. 7354-SD, 7355-SD, 
and 7356- SD ___________________ _ 

Covered _______ ______ _____ ________ _ 
13.5 
1.0 

To taL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 221. 0 

Hunton Group. 

Locality 8 

221. 0 

211. 6 

175.0 

129.0 

93.0 
48.0 

47.3 

14. 5 
1.0 

Lake Cia en, Murray ounty, at YMCA camp along 
northeastern bore. Turn west off U. . Highway 77 
ju t outh of bridge over Wa hita River; go 1.3 mile 
along econdary road to entrance to camp. Expo ure is 
northwest of main building of camp. 
Covered. 
Woodford hale: 

hale, buff, light-tan to nearly white; 
in terb ds that may be as much as 0.1 
foot thick. U GS Colln . 7357-SD __ 

hale, green ish- and browni h-gray; 
in terbedded chert beds may be a 
much as 0.25 foot thick. USGS 
Colin. 735 - SD, 7359- D, 736D-SD_ 

Di&tanu of top 
Thickneu above bau of 

(feet) for111aticm (feet) 

55 . 5 111.0 

45.0 55 . 0 

Woodford Shale-Continued 
Shale, greenish- and brown i h-gray. 

o chert beds ob crvcd - __ ___ ____ _ 
Shale, predominantly greeni h-gray; 

some browni h-gray beds. U G 
Colin . 7361- D, 7362- D ___ __ __ _ _ 

Mudstone, greenish-gray, glauconitic. 
Contains bone fragm nts and ch rt 
pebble a much as 0.05 foo t in 
diameter. U G Colin. 7363- D __ _ 

TotaL __ _________________ __ _ 

Hunton Group. 

Locality C 

Distance of 1 Thicknus abovt bas, :" 
(feet) for111ation U•t~) 

4.0 10.5 

6. 4 6.5 

. 1 . 1 

111.0 

At and near type locality of Cooper's (1939) Bush­
berg-Hannibal conodont fauna, in Pontotoc ounty. 

Locality 0- 1.- Cu t on abandoned railroad in EX 
SW}~NEX sec. 27, T. 3 r., R. 6 E. From bu in 
district in Ada, go outh on tate Highway 99 for 6.7 
miles; west on graded county road for 1.3 mil to the 
Little farm . Outcrop i at north end of pa ture aero 
road from Little farmh u e. 

Caney Shale. 
Th icknm 

(Jut ) 
Welden Limestone _________________________________ _ 4. 0 
Pre-Welden Shale __ __________ ______________________ _ I. 
Woodford Shale : 

Shale, gray i h-black , thin-bedd d; with f w thin 
(0.05 foo t th ick) cherty b -el . Pho phatic noclulrs 
scattered th roughout interval. U G Coll n. 
21907- PC. Exposed___ _______________________ I. 0 

TotaL___ __________________________________ 6. 

Locality 0-2.- Expo ures in cleared area 50 to 300 
feet (estimated) northwest of west end of railroad cut at 
locality C-1. Entire exposure i in theW odford bale. 

GS Colin. 7367- D. Estimated as 10 fe t below top of 
Woodford Shale. 

Locality D 

At head of tributary to orth Fork of Jackfork Creek, 
approximately 6 miles south of Ada, Pontotoc ounty, 
in creek bed in field; EX WX ec. 33, T . 3 ., R. 6 E. 

Covered . 
Woodford ha le : 

ha le, grayi h-black, brown, weathered. 
Pho phatic nodule present_ ___ ___ _ 

hale, grayi h-black, tough. Pho phatic 
nodules present. G Colln. 
137 o-s n ___ ____ __ ___________ __ __ _ 

Mudstone, dark-brown, iron oxide 
tained. Pho phatic nodules present _ 

• andstone, green i h-brown, fin e-grained, 
glauconitic; con ists of rounded grains 
of quartz &'l.nd. Phosphatic nodule 
pre ent. SGS Colln. 7371-SD ___ _ 

Mudstone, light-gray, iron oxide 
stained, laminated, plastic. Phos-
phatic nodules present_ ___________ _ 

Dl&tance of wp 
above ball of 

Thicknt88 format ion 
(feet ) (feet) 

0. 70 I. 6 

- 14 . 90 

- 06 . 76 

. 08 . 70 

. 12 . 62 
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Woodford Shale-Coutinued 
illud tone, brownish-black, la minated, 

fri a ble ____ _____ ____ _________ ____ _ 

Mudstone, light-brown, iron ox id 
stained, plastic, la minated. Phos-
phatic nodules present ___ _________ _ 

Mudstone, brown i h-black _______ ___ _ 
Sandstone, light-gray, chalky-white, 

porous, glaucon it ic; contains re-
worked silicified megafossils ______ _ _ 

andston , dark-greenish-brown, gla u­
con itic, fine-gra ined; con i t s chiefl y 
of quartz sand gra in -- - ----------­

Mud tone, light-greenish-gray, fria ble. 
GS Co lin . 7373- SD ___ _________ _ 

T otaL ___ __ __ __ ____ ____ - - __ - _ 

Hunton Group. 

Thickn e&& 

Di&tance of top 
above ba&e of 

forrrw.tion 
(feet) (feet) 

. 02 . 50 

. 12 . 48 

. 01 . 36 

. 10 . 35 

. 05 . 25 

. 20 . 20 

1. 6 

. ote : SGS Colin . 7372 collected from interval between 
0.35 and 0. 76 feet above base of forma t ion. 

Locality E 

Dunk of tributary to orth Fork of J ackfork Creek, 
about 625 feet northeast and down tream from locality 
D; WX E X ec. 33, T . 3 ., R. 6 E. 

, hal , gray i h-black, weathering brown­
i h; carbonaceous, numerous silicified 
log of Callixylon, orne log in place. 

G Colin . 7374- D, 7375- D, 
7376- D, 7377- SD, 737 - 0 ______ _ 

1ud tone, light-yellow-brown ____ ___ _ 
hale, gray i h-black, carbonaceou ___ _ 

Cour e of pho phatic nodules embedded 
in a greenish- and gray i h-brown 
glauconi t ic sandy matrix ___ _____ __ _ 

. hale, gray i h-black, carbonaceous, nu-
m rou ph rica! pho phatic nodule 
with liameter betw rn 0.03 a nd 
0.05 foot _________________ _ 

and tone, p;rr ni h-gray, glauconit ic ; 
pho phatic nodul . and rr workrd 
· ili cifi r d mrp;a fo sil. prrsrnt_ _ _ ___ _ 

'ovC' rr d _____________ ------

Th ickness 
(jut ) 

1 . 00 
. 04 

1. 90 

. 06 

I. 15 

. 40 

. 5 

Distance of top 
abovr base of 
formation 

(feet) 

22. 40 
4. 40 
4. 36 

2. 46 

2. 40 

l. 25 
. 5 

Total__ ______________________ 22. 40 

Hunton C roup. 

loca lity F 

pit along coun ty road, on high gr und 
orLh Fork of Jrt kfork reek, npproxi­

ounty ; E ,XI' 

At road level. Estimated to be 10 to 
12 feet below top of Woodford hale. 

Locatity G 

Along bank of South Fork of Jackfork Creek; 
E>i W>i ec. 35, T. 3 N., R. 6 E. From Fittstown, 

Pontotoc County, go north on tate H ighway 99 for 
4.7 miles; turn west onto county road and go approxi­
mately 0.6 mile. Expo me i on north ide of road . 

Welden Lime tone: 
L ime tone, massive, ledge-forming ___ _ 

Pre-Welden shale (1.2 ft t hi ck) : 
Mudstone, greeni h-gray; pho phatic 

nodules pre ent throughout intervaL 
:viud tone, greenish-gray, sandy, pho -

phatic, laminated ________________ _ 

Woodford Sha le (14.7 f t thick): 
ha le, gray i h-black. U GS Colin. 
21908- PC ____ ___________ ________ _ 

Cher t, grayish-black ______ _________ _ 

ha le, grayish-black. · USGS Colin . 
21909-PC, 73 0-SD ______ _______ _ _ 

Mudstone, da rk-gray, bedding con­
torted due to presence of irregularly 
haped cherty rna· es. Contorted 

zones in section meas ure as much as 
5 by 2.5 feet. Pho phatic nodule 
and per istent phosphatic beds as 
much as 0.12 foot thick present_ ___ _ 

Chert, persi tent bed __________ ___ __ _ 

hale, gray ish-black, interbedded with 
dark-gray mudstone . Pho phatic 
nodule pre en t . USGS Colin . 
73 1- D ___ _____________________ _ 

Iron ulfide, persisten t bed __________ _ 
Mudstone, da rk-gray, ornewhat con-

tor ted _______________________ ___ _ 

Thickness 
(Jut ) 

5. 7 

. 6 

. 6 

. 0 

. 09 

2.0 

2. 3 
.5 

4.0 
. 2 

5.0 

TotaL ____ ____________ _____ _ 21. 6 

Bed of ou t h Fork of J ac kfork Creek. 

Locality H 

Di8tance of t<>,J 
above base o 
formation 

(feet) 

21. 6 

15. 9 

15.30 

14. 70 
14.62 

14. 53 

12.53 
9 . 7 

9 . 2 
5. 2 

5. 0 

ear Pinetop chool, Ti Valley, Pit tsb mg County, 
along small tream valley; WX E X ec. 3, T . 2 N., 
R. 15 E. The following ection is modified from 
H endrick and othet (194 7, p. 23- 24) ; the section wa 
mea ured 11nd d cribed by Hendricks and L . S . 
Ga.rclner. The fo il collections were made by Hass 
and 1i er in 1949. 

pring r Formation ____________ __ ______ _ 

Caney hale (514 ft thick): 
Un its 2- 10------------- ---- ------- ­
Uni t 11 . hale, greenish-gray, breaks 

into ma ll angula r fragm ents, con­
ta in conodonts and ha abundant 
pho pha te nodu les and glauconite in 
a 6-inch zo ne at the ba e. USGS 
Colin. 21910-PC _________________ _ 

Thickness 
(jut ) 

20. 0 

505. 0 

9. 0 

Distance of top . 
above base of 

formation 
(feet) 

75. 5 
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Woodford hale (66.5 ft thick): 
nit 12. Shale, black, hard, flaky, 
weathers gray, contains abundant 
pho phate nodules and conodonts_-­
nit 13. Chert, black, in beds 1 to 4 
inches thick, gritty . Contains part­
ings of black I?aper hale, abundant 
round phosphate nodules and fiat­
t ned discoidal pho phate nodules. 

GS Colin. 73 2-SD ___ ________ _ _ 

Unit 14. hale, hard, black, platy, 
cherty, in layers Y,e to Y. inch thick, 
which conta in some beds of blocky 
black cher t about 4 inches thick. 
Weathers gray to white. U GS 
Colin. 73 3- D, 11092-PC _-- - - - - ­
nit 15. ber t breccia or conglom-

ratc, wh ite with om lense of very 
fin e grained crystalline limestone ___ _ 

Pinetop Chert _______ ________ ______ __ __ _ 

Di&tanu of top 
oboo• bau of 

Thick11<&8 formntion 
(fut ) (fut ) 

2. 5 66. 5 

32. 0 64. 0 

25. 0 32. 0 

7. 0 7. 0 
60. 0 

TotaL ___ ______ _____________ 660. 5 
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GRAY BULL AND LYSITE FAUNAL ZONES OF THE WILLWOOD FORMATION 

IN THE TATMAN MOUNTAIN AREA, BIGHORN BASIN, WYOMING 1 

By W. L. ROHRER and C. L. GAZIN/ 

Denver, Colo ., Wash ington , D.C. 

Ab traot.-Vertebrale fossil;,; common to the Gray Bull and 
orerlying Ly ite faunal zone· orerlap in a mappable claystone 
bed in the lower Eocen Willwood Formation. The bed, which 
crops out o,·e r more than 70 square miles, is 2 to 10 feet thick 
nnd about 750 feet below the top of the Wilhvood. The clay-
tone, herein identified a bed A, i. a mollusk zonule that 

i con idered to be a bio tratigrapbi c and ro ·k- tratigraphic 
unit. Fragmentary fo .. ·i ls found in tb mollu k zonule include 
mammals, fi sh, aliigators, c r cod iles, turtle., clam., and snails. 
The mollu k are indicative of a fre. h-water environment. 

This report presents data for a more precise defini­
tion of the contact of the Gray Bull and Lysite faunal 
zone of the liVillwood Formation than has been pos­
ible heretofore, and presents a fos il li t and a map of 

fo ·i l locali ties in the Willwood and Tatman Forma­
tion . It i ba ed on numerou nev.· colle tion of fos-
ils from the lower Eocene \iVillwood Formation and 

the overlyina lower Eo ene Tatman Formation in the 
Tatman Mountain area, south of the Greybull River 
in the Biahorn Basin in Park and Bia Horn ounties, 
northwe tern 'VVyomina. The names of the ·willwood 
faunal zon are u ed h r in th bio tratiiYraphic 

n e followiniY the u ag of an IIout n (1944 p. 
1 6, 1 7) and other . 

Th \Villwo d Formation ha a maximum thi kne 
of more than 2,000 fe t, but only the upper 1200 to 
1 +00 f et i expo rl in the Tatman fountain ar a 
(fia . 1). The \Yillwood con i t mainly of varieaat d 
clay. tone but include len of light -gray, buff-
weathering sand ton . om and tone len e ar a 
much a 100 feet thick and extend a f w mile. along 
the out rop. Th upper 200 feet of the formation con­
tains a fe,Y b ntonite b d . The bentonite bed m rea e 

'Published hy pcrrnl~~lon of the . ccretary of the mlthsonlnn 
Instl tu tlon. 

'U.S. ntlonnl :.ru~cnm . Hescarch by Gnzln on cu rl y •rcrtlnry mnm­
mals Is currPn tl .v nlclecl by a grant from the National Science Founda­
tion. 

in thickness and number from '"est to east, and there 
is a concomitant decrease in claystone and sandstone 
in the interval. Color bands in the Willwood tend to 
change or disappear along the outcrop. The Willwood 
i overlain by the Tatman Formation, the base of 
which is placed at the base of the lowest carbonaceous 
or lignitic shale. 

Faunal zones of the "Bighorn vVasatch" (Wood and 
others, 1941) have been lmown for many years. In­
vestigations by Van Houten (1944, 1945) resulted in 
the definition of the Willwood and Tatman Forma­
tions and in a compilation of the fossils recognized 
in the faunal zones of the Willwood Formation. Ac­
cording to Van Houten (1945, p. 426-433), the Will­
wood faunal zones, from bottom to top, are: Gray Bull, 
2,000 feet. thick; Ly ite, 400 to 500 feet thi k; and Lost 
Cabin, 325 feet thi k. Each faunal zone is character­
ized by specific difference in certain of the genera 
common to n:-ore than one zone, and by the presence or 
absence of certain aenera. In the Tatman Mountain 
area the Gray Bull beds contain H omogalax. The 
Ly ite bed in Jude II eptodon but not Lambdothe1•ium 
nor II omogalax. Both II eptodon and Lambdotherium 
are pre ent in the Lo t Cabin bed , and the PelycodttS­
N othal'cfu. sequence has by definition reached a more 
fully !I othm·ctu staae of development. Apparently 
no gen ra are re tri ted to the Ly ite zone (Van Hou­
ten, 19+±, p. 1 7). 

In general, fo sils are abundant in the upper 300 
feet of the Gray Bull faunal zone, are common in the 
low r 300 feet of the Lysite zone, but are s arce in 
the Lost abin zone. 

_\. '"idespread bed di tinguished by its contained 
fauna, about 750 feet below the top of the ' Villwood 
Formation (Rohrer, 1964a, 1964b), i here called bed 
A. \ !though lo ally ut out alona channels filled with 
and tone, bed A is a mappable unit in most of the 

U .. GEOL. SURVEY P ROF. P AP E R 525-0, PAGES 0 133-0138 
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Tatman Mountain area. Bed A i. mainly purplish­
maroon claystone, but locally it contains thin lenses 
of and tone. The sandier parts of the bed are gray 
in tead of maroon. Bed A is generally about 3 feet 
thick but it ran<Yes from 2 to 10 feet in thickness and 

' 0 
contains gastropods, pelecypods, gar-pike scales, tur-
tle- hell fra<Yments, crocodilian bones and teeth, and 
mammalian "'fossils. Locally it is abundantly fossilif­
erous, although many outcrops have no fossil. or are 
spar ely fossiliferous. 

The sediments and animal assemblage in bed A are 
indicative of a stream, locally sluggish but having 
some current action. This is shown by the associabon 
of clams and snails found in the fine-grained sedi­
ments. The finding of fossil remains of gar pike and 
alligators or crocodiles, common carnivores or scaven­
gers, with fragments of mammals is suggestive of wa­
tering holes along a stream frequented by land animals. 
It seems probable that the land animals, most of which 
were relatively small, were killed at the stream by the 
larger reptiles. 

Fossil collections made in the Tatman Mountain 
area indicate that the Gray Bull and Lysite faunal 
zones overlap in bed A (fig. 1). This zonal overlap, 
a few feet thick, locates relatively precisely the boun­
dary between the 2,000-foot Gray Bull zone below and 
the 400- to 500-foot Lysite zone above. Fossils below 
bed A are indicative of the Gray Bull zone. The Lysite 
and Lost Cabin faunal zones are not clearly separated 
in this area because of the paucity of diagnostic fossils 
in the upper strata of the Willwood. Bed A is a 
molluscan zonule that locally contains fragments of 
mammals, and it is both a biostratigraphic and rock­
stratigraphic unit. 

Figure 1 shows places where fossils were observed 
in the Willwood and Tatman Formations during map­
ping of the Tatman Mountain and heep Mountain 
quadrangles. Each of the invertebrate-fossil localities 
in the Wilhvood, with one exception, is in bed A. The 
ex eption is near locality 38 (fig. 1), where pelecypods 
and ga t ropods occur in material that may have been 
reworked during the Quaternary, but the material can­
not be distinguished from the Willwood. Bed A is 
probably the same bed that 0 born (1929, p. 70) called 
the "chief faunal horizon of the Big Horn Wasatch" 
in the Buffalo Basin area (upper Dry Cottonwood 
Creek, sec. 20, 28, and 29, T. 50 N., R. 96 W.). 

Mammal common to the Willwood sediments are 
the oryphodon, a hippopotamuslike animal· Homo-' . 
galax, an early tapiroid; and Hyracothe1'ium, an early 
horse. Inse tivores, carnivores, and other herbivores 
are also present. The list of fossils given below is 
numbered according to map locality (fig. 1). The fos-

sil mammals were identified by C. L. Gaz~n. Other 
animals \Yere identified by members of the U.S. Geo­
lo<Yi al urvey: the clams and snail by D. W. Taylor 
th~ turtles and crocodilians by Ni holas Hotton III, 
and the fi h by F. C. Whitmor , Jr. Forms marked 
with an a terisk (*) were identified in the field by W. L. 
Rohrer. 

Fossils from the Willwood and Tatman Formations, Tatman 
lviountain area, Wyoming 

IAlllossils are mammals unless otherwise noted. ' , fie ld identification; t, raptile; 
t. fish) 

usa 
Localitv on Cenozoic 

figure 1 localitv Fo&&il 

l _ _ _ _ _ P henacodus cf. intermed1:us. 
2. _ _ _ _ 22895 Fresh-water pelecypod Plesielliptio priscu8 

3 _____ ------

4 ____ _ 
5 ____ _ 
6 ___ _ _ 

7 __ __ _ 
g __ __ _ 

9 __ __ _ 
1Q ____ _ 
11_ __ _ _ 

12 ____ _ 
13 ____ _ 

14 _____ - - ----

15 ____ _ 

16 _____ 22896 

(Meek and Hayden). 
Coryphodon sp. 
Undet. mammal. 
Gar pike. 
Allognathosuchus cf. heterodont. 
Crocodile*, coproli te *, turtles*. 
Coryphodon sp. 
Phenacod1LS sp. 
Hyracotherium sp. 
Crocodile. 
Phenacodus copei Granger. 
Coryphodon sp. 
Coryphodon sp. 
Palaeosinopa sp. 
Hyracotherium sp. 
Allognathosuchus cf. heterodont. 
Crocodile. 
Palaeosinopa cf . veterrima Matthew.1 

Coryphodon sp. 
P elycodus frugivorus. 
cf. Phenacodus vortmani Cope. 
of. Hyracotherium sp. 
Hyracotherium sp. 
Homogala:x sp. I 
Esthonyx bisulcatus Cope. 
Hyracotherium sp. 
Diacodexis metsiacus ( ope). 
Turtle*, crocodile*. 
Pelycodus cf. jarrovii (Cope). 
P elycodus? sp. 
Phenacodus brachypternus Cope.1 

cf. Phenacodus brachypternus Cope. 
Esthonyx bisulcatus Cope. 
Diacodexis metsiacus (Cope). 
Hyracotherium sp. 
cf. Homogala:x sp. 1 

? Didymictis protenus. 
Coryphodon sp. 
Hyracotherium sp. 
Fresh-water pelecy pods: 

Plesielliptio priscus (Meek and Hay­
den) . 
wasatchensis (Cockerell). 

Fresh-water gastropods: 
Bellamya aff. B. raynoldsana (Meek 

and Hayden). 
Pleurocera aff. P. tenera (Hall). 

1 Sec footnote on p. Dl37. 
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Fossils from the Willwood and Tatman Formations, Tatman 
Mountain area, Wyoming- Continued 

USGS 
Loc<Uuv on Cenozoic 

fiqur e I localU v 

16 ____ _ 

17_ ___ _ 

18 ____ _ 

19 ___ _ _ 

2Q ____ _ 

2L ___ _ 
22 ____ _ 

23 ____ _ 

24 ____ _ 

25 ____ _ 
26 ____ _ 
27 ____ _ 

Hyracotherium sp. 
Undet. mammal. 
Turtle*, crocodile*. 
Coryphodon sp. 
Pelycodu13? sp. 
Small creodont. 
Turtle*. 
Coryphodon sp. 

Fo&&il 

Undet. smaller mammalB and reptiles. 
Turtle*. 
Coryphodon sp. 
Turtle*. 
Coryphodon sp. 
H yracotherium sp. 
Heptodon of. ventorum (Cope). 
Undet . mammal. 
Gar pike. 
Coryphodon sp. 
Coryphodon sp. 
Turtle*, coproli te*. 
Undet. fresh-water pelecypods. 
Hyopsodus miticulus (Cope) .' 
Hyracotherium sp. 
Crocodile. 
Hyopsodus miticulus (Cope) .' 
Hyracotherium sp. 
Homogalax ? sp. 
Small artiodactyl astragalus. 
Coryphodon*. 
Crocodile. 
Fresh-water pelecypods*. 
Hyopsod~ts cf. miticulus (Cope). ' 
Coryphodon*, turtle*, and crocodile*. 

28 ___ _ _ 22897 Fresh-water pelecypods: 

29 __ __ _ 
30 ___ _ _ 

3L ___ _ 

32 ____ _ 
33 ____ _ 

34 _____ 22 98_ 

Plesielliptio pr1:scus (Meek and Hayden). 
wasatchensis (Cockerell). 

Pelycodus cf. jarrovii. 
Anacodon of. ursiden.s (Cope). 
Esthonyx bisulcatus Cope. 
H yopsodus cf. mitiwlus (Cope).' 
Coryphodon sp. 
Allognathosuchus cf. heterodont. 
Crocod ile . 
Turtle *, Coryphodon *. 
Diacodon? or Palaeictops? sp. 
Pelycodus cf. trigonodus Matthew.' 
H1f.racotherium sp . 
1-lyracotherium, either 1-l. angustidens or 

H . craspedotmn. 
Coryphodon sp. 
Fresh-water pelecypods* and gastropods*. 
Fre h-water pelecypods : 

Plesielli ptio priscus (Meek and Hayden). 
wasatchensis (Cockerell) . 

Fresh-water gastropods: 
B ellamya aff. B. raynoldsana (Meek and 

Hayden) . 

' See foo tnote on p. D 137. 

Fossils from the Willwood and T~tman Fo~mations, Tatman 
Mountain area, Wyomtng-Contmued 

USGS 
Locolitv on Cenozoic 

fig u re 1 locali!V 

35 ____ _ 
36 ____ _ 
37_ ___ _ 

38 ____ _ 
39 ___ _ _ 

40 ___ _ _ 

4L ___ _ 

42 ___ _ _ 
43 ___ _ _ 
44 ____ _ 
45 __ __ _ 

46 ___ _ _ 

47 ____ _ 

48 __ __ _ 

49 ____ _ 
50 ____ _ 
5L ___ _ 

Pleurocera aff. P . tenera (Hall) . 
Coryphodon sp. 
Gar pike*, crocodile*, turtle*, Hyraco-

therium?*. 
Homogalax*, Coryphodon*. 
Coryphodon sp. 
Coryphodon? sp. 
H yracotheriurn sp. 
Heptodon sp . 
Crocodile. 
Undet. fish vertebra. 
Gar pike. 
cf. Didymictis protenus (Cope) . 
Coryphodon sp. 
cf. Homogalax p.' 
Crocodile. 
Pelycod~~s sp. 
H yopsodus miticulus (Cope) .' 
Homogalax sp .1 

Crocodile. 
Aquatic emydid turtles of small to moderat~ 

size, a trionychid, and po ibly other 
forms. 

Crocodilian of proper size for Allognatho­
suchust, but not certain. 

Turtle in clude probable emydid, more 
terre trial form than at loca lity 4 , or may 
be testudinid. 

Coryphodon*. 
Alligator*, turtle*, Coryphodon*. 
H yracother·ium*. 
E'sthonyx bisulcatus Cope. 
cf. Coryphodon p. 
Pelycodu.s? sp. 
Cynodo;;tomys sp. 
Anar.odon cf. ursidens Cop 
cf. Didymictis protenus (Cope). 
Coryphodon p. 
Phenacodus sp . 
Hyopsodus miti culus (Cope) .1 

Hyra~otherium p . 
Heptodon? sp. 
Crocodile. 
Turtle include large emydid, moderate-

sized trionycbid, and probably testudi nid . 
Fresh-water pelecypods*. 
Hyracot.herium sp. 
cf. Amyda, aquatic oft- hell turtle; testu-

dinid or possibly a terrestrial emydid. 
cf. Ectoganus sp. 
cf. Hyracotherium p. 
Cro codile. 
Large emydid turtle (aquati c) and small 

turtles, probably also emydid. 
Large turtle, probably emydid . 
Coryphodon*. 
Crocodile*, turtle*. 
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Hyopsodus miticulus (Cope). 1 

Hyracotherium sp. 
Homoglax? sp. 
Diacodexis metsiacus (Cope). 
Lepisosteus t. 
Fre h-water ga tropod Bellamya cf. B. palu­

dinaeformis (Hall). 
Fresh-water ga tropod Bellamya cf. B . palu­

dinaeformis (Hall). 
Fresh-water pelecypod Un ion.idae?, indet. 
Fre b-water gastropod Bellarnya cf. B. pa/u­

dinaef ormis (Hall). 
Fre h-water gastropod : 

Bellamya cf. B . paludinaeformis (Hall). 
Pleurocera afi. P. tenera (Hall) . 

Fresh-water pelecy pod Sphaerium. 
Fre h-water ga tropod Planorbina pse·udo­

arnrnonius (Schlotheim). 
P ercoidea t. 
Fre b-water gastropod : 

Planorbina pseudoammonius (l::ichlotheim). 
Physa?. 

Fresh-water pelecy pod n.ion.idae?, indet. 
Fresh-water ga tropod : 

Bel/amya cf. B. paludinaeformis (Hall). 
Planorbina pseudoammonius 

( chlotheim). 
Fr sh-water pelecypod Unionidae?, two 

specie . 
Fre h-water ga tropod Bellamya cf. B. palu­

dinaeformis (Hall). 
' These gen ra or species occurring in or below bed A have not been reported above 

lhe Gray Bull in the llighorn Basin (Van !Jouten, 1945). Van Houten (1945, p. 
1!1)), however , repo rts P elycodus trigonodis from only the lower and middle pa rts of 
1he Gray Bull. The P . triuonodus pecimen at locality 30 occurs only 250 feet below 
bed A, but it is r !erred to that species on the basis of size . '!'he H yopsodus cf. 
"~icul!L .! specimen a t locality 26 is referred to the species also on the basis of s ize. 

On th · ba is of the urrently r ognized verti al 
di t ri bution of Jlomogalax and lleptodon lo ally, b d 
.\may b int · rpret d a includino- an overlap of the 
Gray Bull and Ly it faun1d zone.. In thi b d H ep­
lodon. ·u CYge t i v of a Ly i te age, wa identified in the 
coil ction from locality ~0 an l tentati\·ely r o<rniz d 
in th ollcction from lo ality 46. Tlomogalax, though 
found in younger bed in the ·washakie Bn in appear 
to be r . tri<'tecl to the Gray Bull b d· in the Bighorn 
Ba in and ha not been f und in the typical L. i te 
of the 1\ ind Riv r Ba in. It is evid ntly repr ented 
in the oll ction from locali.ti A and 5 in bed 

Re OCYn ition of !Iyopsod~t. miticul1t. at everallocal­
ities in b d A might app ar from Van Houten ' listing 
to pre en further vidence of th e Gray Bull a pect of 
thi level. The distinction of this speci from later 
materials that have been called Hyop. odu mentalis 

appears to be mainly a matter of ize, but the fre­
quency-distribution urves for tooth proportions of H. 
miticulus and H. mentalis overlap. This is particularly 
true when comparisons are made between Gray Bull 
and Ly ite specimens, so that materials which have 
been called Hyopsodus mentalis lysitensis do not seem 
separable from the Gray Bull materials called H. miti­
culus. The speciation and morphology of Hyopsodus 
are currently under study by . L. Gazin. 

P elycodus and Notharctus represent a continuous 
evolutionary line and are distinguished rather arbi­
trari ly at a stage of development that i presumed to 
orre pond to the change from Lysite to Lost Cabin. 

Bed A could not be definitely identified at locality 
but the collection is approximately from that strati­
araphic position. The specimen from lo ality re­
fen·ed to P elycodus j1'Ugivortts is rather N otharctus­
like and might SUCYCYest recognition of thi genu in 
beds rather earlier than Lost Cabin, but it is inter­
preted as a progressive variant in the Pelycodus-No­
tha1·ctus sequence, much as Matthew (1915, p . 440) 
handled the later Gray Bull and Ly ite materials that 
had been earlier included tmder P. nunienus when that 
specie was transferred by Osborn to N othm·ctus. A 
d tailed review of the notharctid of W a at chi an pro­
v in ial age of \'V ood and others ( 1941) is needed. 

Nichola Hotton III (written communication, May 
22, 1962) reports that a true cro odile of modest size 
i pre ent in the Willwood Formation, althouah mo t 
of the " rocodi lian" material collected may pertain to 
the aJ]iCYator o-enus .A.llognatho uchus. Mr. Hotton also 
report that the groups of turtles break down aenerally 
into member of the families Trionychidae (soft-shell 
turtles) and Emydidae (pond turtle ) . The trionychids 
are water dependent a a family, and the emydids that 
are identifiable to family are more aquatic members 
of the group. ome of the sculpture on the fraCYments 
of triony hid turtles suCYaests that the genu repre-
en t d i A myda. 

ording to D. \iV. Taylor (written ommunication 
May : , 196~), the 1\ ill wood mollu ks are species pre­
viou ly found in the formation, but the names have 
been chanCYed. Ple ielliptio ptiscu include the species 
cnlled Unio clinopisthu by Russell, Bellamya nff. B. 
m ynoldsmw i Vivipa1·u wyominge11.~. Ru ll , and 
Plett?'OC'era a ff. P. t&nem i Oonioba.sis cnrt 1·ii Russell. 
Th oll ection make up n large part of nll k:nom1 
aquati c mollu k from the Willwood. They lived in 
per nnial fr h \Tater ·with som current act ion , prob­
ably n reek or river. 

Taylor al o reports that the Tatman mollu can as­
semblage are eli tinct from tho e in the \Villwood For-
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mation. Pleurocera aff. P. tenera in the Tatman is 
probably not the same Pleu1·ocera that o urs in the 
Willwood. All the Tatman mollusks li ted are charac­
teristic of those in perennial bodies of fresh water, 
but they probably represent two different habitats. 
Pleurocera, Bellarnya, and the pelecypod lived where 
some current action oxygenated the wat r, perhaps in 
a river or around the edO"eS of a lake where there was 
wave action. The more thin shelled phae1ium and 
Planorbina may have lived alonO' the edO'es of a river 
or lake in quiet areas of less current. 

Some fragments of fossil fi h ,,-ere collected from 
the Tatman Formation. F. C. Whitmore, Jr. (written 
communication, J m1e 4, 1962), report that one peci­
men i a tooth-bearing pharyngeal plate of a fi h that 
probably belongs to the uborder P ercoidea. The teeth 
on the pharyncreal plate are hemispheri al and adapted 
to crushinO'. Thi fish was doubtles a bottom-livinO' 
type that ate small mollusks. Another specimen is that 
of Lepiso teus, a gar pike. D. H. Dunkle (written 
communication, Feb. 5, 1963) identified a collection 
that contained two types of vertebrae, kull bones, ribs, 
and scale fragments of fresh-water teleostean fi hes. 

In summary, fossil vertebrates of the lower Eocene 
Willwood Formation, common to the Gray Bull and 
Lysite faunal zones, were found in a mappable clay­
stone bed that is characterized by a molluscan fauna. 

The claystone b d i about 750 fe t below the top of 
the Willwood Forma-tion and i within the . trati . 
graphi rang of th contact of the Gray Bull and Ly. 
ite faunal zon a determined by \ an Hout n. The 
lay-stone bed i con id red a bio tratigraphi and rock­
trnLigraphi unit that demar ates a time-stratiO"raphic 

boundary. This bed probably extend beyond the Tat­
man 1otmtain ar a· if so, it will be u eful in separat­
incr the Gray Bull and Lysi te faunal zones in adja ent 
areas. 
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TONGUES OF THE GREEN RIVER AND WASATCH FORMATIONS 

IN THE SOUTHEASTERN PART OF THE GREEN RIVER BASIN, WYOMING 

By WILLIAM C. CULBERTSON, Denver, Colo . 

AbM1·aot.-Th Luman Tongue of the Green Ri ver Forma­
tion uud Nil a nd Tongue of the VI a.·atch Formation, pr viously 
mapped on ly in the Wa hakie an l Great Div ide Ba in , are 
here extended into the ·outheastern pa r t of the Green Rive r 
Basin . The Luman Tongue i 3 0 f E>et thick at the . outhea t 
rornE>r of thE> ba.·in; it thin. northward and di. appea rs about 
30 miles to the north . The iland Tongue i. 0 feet thick at 
rhe outbea.·t corne r of th ba in and th icken. northward to a 
mnximum of 4-5 feet at Sage r ek , about 1:3 mil e. to the 
northw t. 

Ac ording to the late t geologic map of the Green 
Ri\·er, Gr at Divide, and Washakie Basin (Bradley, 
1961; 1964, pl. 1), the Luman and Tipton Tonaues of 
the reen River Formation are pre ent in the Great 
Divide and " a hakie Ba ins, but only the Tipton is 
pr ent in th Green River Basin. Recently several 
()'eoloai t (McGrew and Roehler, 1960; Bradley, 1964, 
~ - . 0 ~ Love, 1964) have reported that beds equivalent 
to the Luman are present in the southeastern part of 
th Green River Basin. My inve tigation of these 
tongue began in 1962 a part of a project to evaluate 
oi l hal and t map f ur 15-minute qnadntngl outh­
\rest of R k prina , \\ yo. Thank are due H. Roeh ­
ler and R. W i gman forth ir h lpful eli u ion of th 
probl m involv d. 

STRATIGRAPHY 

ln the :rr at Divid and \ a hakie (fig. 1) 
the early Eo ne Luman Tongu of th :rr en Ri,·er 
Formation is a. quence of oil shale, . and tone, and 
clay hal 1, 0- 39 fe t thi k (Pipirinao , 1961). Over­
lying the Luman i th iland Tongu of the " asat h 
Formation, which con i. ts of a equenc of clay shal 
. illstone, and a.nd ton with bed of lignite and oil 
hale - 400 fe t thi k. Th ihtnd, in turn, i ·ove rlain 

by the Tipton Tongue of the Gr n River Formation, 
\\'hich as r defined by Bradley (196±, p. 31) con i t 
principall y of low-arad oil shale and i about 1 0 
feet thick. 

In the southeastern part of the Green River Basin 
the Tipton Shale Member i a persistent, easily recog­
nizable unit of oil shale 150-200 feet thick. The Tipton 

hale is termed a member rather than a tonaue in the 
Green River Basin becau e it is not eparated from the 
main body of the Green River Formation by the 

athedral Bluff Tongue of the Wasatch Formation, 
as it is in the Wa hakie and Great Divide Basins. The 
T ipton changes southward from a moderately rich 
dark-brown oil shale (locality 1) to a predominantly 
lo,\·-arade yelJowi h-brown or olive-aray oil shale (lo­
calities 4 and 5). 1 nderlyina the Tipton is the Wasatch 
Formation, which consists principally of lenticular 
bed of fine-grained ma sive friable sandstone, silt-
tone, mud tone, and clay hale. These rocks are for 

the most part brightly varieaated, exhibitina hades of 
red, brown, purple, greenish aray, grayi h orange, and 
olive gray. 

I n the vicinity of localitie 3, 4, and 5 ( fi a . 1) the 
upper part of the " Tasatch lack red oloration, and 

ntain many interbed of oil hale, lime tone, and 
lignite. The oil hale i yellowi h-brown or olive-gray 
papery hale that at most place contains fossils of 
o tra ode , pel cypods, and a variety of gastropods. 
K o a ay of these oil-shale beds are available from 
cores or fresh out rops, but the e rocks resemble other 
oil hale who e lmow:n oil yield ranges from 5 to 15 
aallon of oil per ton. The lime tone b d are a fe"­
inche to 4 fe t thick, and most contain uch an abun­
dant fauna. of aastropod , pelecypods, and ostracodes 
that th y are cla ifiable a coquina. The coquina oc-
ur. either a resi tant ledge- or ben h-formina beds, 

or as weak marly bed that crop out a a rubble of 
shell . t mo t .places the coquina pa es laterally 
from r istant ledae to nom·e istant slope in a hort 
eli tan e. Locally the coquina arades into fo siliferous 
mud tone. The lianite bed are generally th in and 
highly ,reathered, and contain interbed of shale, silt-
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l~JO JlE 1.- lnclex maps .· ho\\'ing location of a rea and location 
of meaF<urccl .·ections. Area underl ai n by the Tipton Shale 

.!ember (Tgts ) or the Tipton Tongue (Tgtt ) of the Green 
Ri ver I<'o rm at ion ~ h own b~· light t ipple. Geology modified 
from Bn1dley (1964). 

tone, and fo iliferous limestone. However, liunite 
beds ar o numerous in the southern part of the area 
that at lo ality 5 (columnar section 5, .fiu. 2) a total 
of 22 feet of lirni te is present ; at locali ty 4, 31 feet; 
rtnd at lo ahty 3, 12 feet. At locality 5 an 18-foot bed 

5 feet below the Tipton con ists of 11 feet of lignite 
and 7 feet of shale and lime tone. 

The diversity of rock types in the upper part of the 
V\ asatch in the southea tern part of the Green River 
Ba in makes it diffi ult to letermine what part, if any, 
should be as igned to the Luman Tongue of the Green 
River Formation. In a dis us ion of a similar problem 
in the northwest part of the Green River Basin, Ori 1 
(1961) pointed out that some detrital ro ks do not fi t 
the original descriptions of eith r formation. In the 
orio-inal definition, Hayden (1 69 p. 90- 91) app lied 
the name Wasatch to variegated sand tone and clay­
stone in which some shade of red predominated; he 
applied the name Green Riv r to "thinly laminated 
chalky shales' which lo ally include "combustible or 
petroleum shales.' He t re sed the peculiarly banded 
appearan e of the Green Riv r ro ks. In this area 
(fig. 1) some of the equences of andstone and lay-
tone lo ally lack the red oloration typi al of the 

Wa atch, yet do not have laminae typical of th Green 
River. ome subsequent usage of H ayden's names 
tressed gene is; that i , rocks of la. u trine oriuin were 

a igned to the Green River and rocks of fluvial oriain 
were a igned to the Wa atch. As Oriel further noted, 
this criterion becomes impra tical where the rocks con· 
sist of sandstone and mu l tone of undetermin d origin. 
In this paper the name "iiV a atch Formation is applied 
to the typical red varieuated ro k and to the non-red 
ligni te-bearinu sandstone and laystone that ar other­
wise li tholouically similar to the W asatch bed . The 
name Green River Formation is applied only to strata 
that consist predominantly of laminated or thin-bedded 
madstone, oil shale, and limestone. 

The section at locality 5 (fig. 2) was measured on 
Pine Mountain from the top of the uppermo t red bed 
up to the ba e of a thi k oil-shale sequence that is here 
considered to be the Tipton Tongue of the Green River 
Formation. Bradley (1961; 1964, pl. 1) howed the 
Luman and Niland Tongues pinchinu out about 3 miles 
northeast of locality 5 (fig. 1), and southwestward 
from there he placed the ba e of the Tipton T ongue 
at the base of the beds equivalent to the Luman. Ac· 
cording to my ob ervation , th Luman and Ni land 
Tongues extend as far west as lo a.lity 5, and are inter­
preted as havina been continuous westward to lo ality 
4 (fiu. 2). At locality 5 the upper 220 feet is assigned 
to the N i land Tongue of the Wasatch, and the underly· 
ina 1 0 feet is assigned to the Luman Tonuue of the 
Green River Formation. According to Love (1964, pl. 
1), the Luman thickens eastward from Pine Moun tain 
by interfingering with the overlying Niland Tono-ue, 
and replaces the Niland about 16 miles east of lo­
cality 5. 
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FIG nE ~.-Lower 100 feet of the Luman Tongue (Tglu) of the 
Green RiYer ]<'ormation at lo ·ality 4 on Little Mountain, ec. 
H, '1'. 13 ., R. 103 W. 'l'op bench at upper left i. lime. tone 
c-oquina 335 feet bel w the Tipton hale 1ember and about 
40 feet below road . l'ine Mountain and locality 5 in back­
ground. 

The 760-foot ection on Little Mountain (loc. 4) was 
al o measured from the uppermost red bed up to the 
ba. e of the oil-shale equence here considered to be the 
Tipton hale Member. The upper 2 0 feet i assigned 
to the I iland Tongue and the und rlying 3 0 :feet 
i a igned to the Luman Tongue (fig. 2, 3). South­
westward from lo ality 4 the oil-shale beds of the 
Luman Tongue terminate abruptly by interfingering 
with a facies that consists of sandstone, conglomerate, 
and reel bed . 

orthwar l from locality 4, the reel coloration 
abruptly disappear from most of the Wasatch For­
mation, and many beds of oil shale, limestone, and 
1 ignite in the Luman and ilancl Tongues thin or 
pinch out (fio-. 2). So few bed of oil shale and lime-
tone are pre ent at locality 3 that the Luman Tongue 

i. here con idered to be the 35-foot bed of oil shale 
~-05 f et below the Tipton Shale Member. A measure­
m n t of the 600 feet of rock below those shown in 
columnar ·e tion 3 howed only 20 feet of red beds. 
D spite the car ity of red beds, these trata contain 
only about 20 feet of coquina] lime tone, fos iliferous 
marl tone or low-grade oil shale similar to the rocks 
in the Luman Tongue. 

r orthward from locality 3, red oloration appear 
in both the main body of the \\ asatch Formation and 
in the Niland Tongue. The Luman Tono-ue thins, and 
several beds of lignite and limestone pinch out. At 
locality 2 the Luman Tongue is 15 fe t thick, and the 
Niland i -:1:55 feet thi k (fig . 2, 4). The oil shale ll.nd 
the underlyino- ostra ode coquina that here constitute 
the Luman Tongue ontinue north ward nearly to the 

nion Pa ific Railroad (fig. 1). The bed of lignite 
and limestone shown in columnar section 1 pinch out 
5-6 miles north of lo ality 1. 

A equen e of oil shale, limestone, and lignite simi­
lar to that at localities 3 and 4 may extend westward 
into the subsurface for more than 40 miles. ( ee also 
Love, 1964, pl. 1.) Data on the thickn , l itholoo-y 
and exten of thi equence are spar e, but it appar ntly 
und rlies an area 5 to 10 miles 'vide that enters ap­
proximately on the north line of T. 13 N. 

ENVIRONMENT OF DEPOSITION 

The environment of depo ition in this area varied 
considerably durino- early Eocene time. The fit t 
\iVasatch s diment onsisted of ands, lays, and muds 
that were d po ited by tream , primarily in a well­
drained, oxidizing environment. To the south the an­
cestral inta Mountains towered high above the area 
and at intervals large fan of boulder were built out 
in the area. An elongate depres ion more than 40 

Fro onE 4.- The Luman Tongue (Tglu ) and Tipton Shale i\lenl· 
ber (Tgts ) of the Green River Formation and the iland 
(T.wn ) 'fongue of the Wasatch Formation at locality 2, north 
ide of Sage Creek, W 14 sec. 13, T. 15 No. , R. 105 W. 
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111 ile lonO' and centering on the north line of T. 13 N. 
eems to have formed in front of the mountains at 
nbout this time. Sands, clays, and muds were deposited 
here, as el ewhere, but because the depression was 
poorly drained fe» red beds formed. Occasionally a 
mall swamp or lake formed, but apparently each of 
the e ''a quickly filled. During the late early Eocene, 
la rge wamps beo-an to form; they '"ere succeeded by 
a large lake. This abrupt change may have been due 
to th onset of a wetter climate or to more rapid down­
wa rping. Fresh-,Tater snail , lams, and ostracodes 
flouri hed in this lake, and deposition of the oil hale 
of the Luman Tono-ue began. During Luman time 

rerallake formed and, after intervals durino- which 
lime tone and oil shale were deposited, disappeared. 
wampy and flu ial conditions alternately prevailed 

durino- the interval between epi ole of lake forma­
tion. The lakes were probably confined chiefly to the 
elonCTate depression, but several expanded across a 
la r(Ter area for short periods. One lake expanded 
about 30 mile north, and probably well into the 
Washakie Ba in to the east. Depo ition of the Ji]and 
Tongue was inauo-urated by a rene"·al of alternating 
flurial and n·ampy environments in much of the 
outhern part of the area, and of a fluvial environment 
in the north. In the area directly south of the Rock 
prino- uplift the lacustrine environment pre umably 

contin~1ed on, almos uninterrupted, from the time of 
depo ition of the Luman T ono-ue into that of the 
Tipton Tongue. Elsewhere in thi uea clepo ition of 
the Niland Ton o-ue »as terminated by the o-rowth of 
the large, table Tipton lake, which eventually covered 
ma ny thou and of square miles in the three-ba in area 
(fig. 1). 

Descriptions of the Luman and Niland Tono-ues by 
Pipiringos (1961) and Bradley (1964) indicate that a 
similar sequence of events also occurred at about the 
same time in the Washakie and Great Divide Basins. 
·whether the lakes in those basins were connected 
across or around the ancestral Rock Spring uplift 
with tho e in the southeastern Green River Basin is 
not known, but some of them may well have been. It 
is unlikely that any lakes extended into the northeast­
ern Green River Basin, however, because no lake beds 
have been reported from the upper part of the Wasatch 
in that area. 
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POSSIBLE BURIED MINERALIZED AREAS 

IN NYE AND ESMERALDA COUNTIES, NEVADA 

By R. E. ANDERSON, E. B. EKREN, a nd D. L. HEALEY, 

Denver, Colo . 

WO?'/c dmw in cooper at·ion 1.vith t.he U.S. A.tontic En ergy Com·mission 

A. bst1·a.ot.- Recent geologic reconnaissance i.n the vicinity of 
Goldfield, Ne\·., has revea led the widespread occurrence of an 
upper Tertiary (Pliocene) ash-fl ow tuff sheet, the Thirsty 
Canyon Tuff, laid down on a n ero ional urfa ce of con iderable 
reli ef. Several topographically high areas that were not 
covered by the tuff sheet commonly contain hydrothermall y 
altered and mineralized rock. At three locali ties adjacent to 
these areas it i likely that gold- and ilver-bea ring rock 
extends beneath, or lies in epa rate bodies beneath , the tuff or 
overlying alluvium. One of these locali t ie i inferred from a 
gr·a vity anomaly in Stonewall Flat. 

Re ent geologic reconnaissance in the vicinity of 
Goldfield, ev., has revealed the widespread occurrence 
of an upper Tertiary (Pliocene) ash-flow tuff sheet 
called the Thirsty Canyon Tuff (Noble and others, 
1964). At Goldfield the Spearhead Member (formerly 
called Spearhead Formation by Ransome, 1909, p. '71) 
of the Thirsty Canyon Tuff (Noble and others, 1964) 
i clearly yow1ger than the gold- and silver-bearing 
veins and the major faulting of the area. Ransome 
(1909, p. 175) first recognized these relations, and later 
earls (194 , p. 13) suggested that there may be ore 

under these younger strata. 

DISTRIBUTION OF THE THIRSTY CANYON TUFF 

The Thirsty Canyon Tuff was depo ited in low areas 
on an erosional surface of considerable topographic re­
lief. Topographically high areas (fig. 1) such as the 
hills around Goldfield, the Cactus Range, Stonewall 
Mow1tain, Mount Helen, and the hills around Gold 

rater, were not covered by the Thirsty Canyon Tuff. 
These areas of pre-Thirsty Canyon rocks contain the 
O'Old and silver deposits of the famous Goldfield dis­
trict, as well as smaller deposits at Gold Crater , east 
of Gold Crater, and local areas along the western 
margin of the Cactu Range. At Gold•field, Gold Cra-

ter, and east of Gold Crater the minerali zed tenane 
abuts unmineralized Thirsty Canyon Tuff, but the 
Ca tus Range is flanked on the we t by Quaternary 
alluvium and colluvium through which the thinning 
marO'in of the sheet of Thirsty Canyon Tuff protrudes 

e . 
only locally. In a few places alonO' the we tem margm 
of the Ca tus Range unaltered Thir ty Canyon Tuff 
rests on hydrothermally altered Tertiary ro k . In 
most areas adjacent to the Cactus Range the surficial 
material, deposited on a gently lopinO' pediment sur­
face, thickens gradually toward tonewall Flat. If 
a concealed range-front fau lt (fiO'. 1) inferred from 
gravity data exists, an abrupt thickening of alluvium 
can be expected on the downthrown side, away from 
the Cactus Range. The Thirsty anyon Tuff is prob­
rubly buried lby the Quaternary depo it· throughout 
much of thi area, as is inferred in figures 1 and 2. 

It seems probable that the Thirsty anyon Tuff and 
Quaternary surficial deposits conceal ore depo its that 
are extensions of known ore deposits and possibly al o 
orne totally eparate, hitherto-unknown, ore deposits. 
The Thir ty Canyon Tuff crop out discontinuou ly 

within an oval-shaped area that extends in a north­
\Yest direction from a point about 20 miles northea t 
of Beatty, Nev., to a point 7 miles north of Goldfield 
(fig. 2) . The actual shape of the area of outcrop is not 
apparent in figure 2, as the pattern ed area on the 
figure shows both t he outcrop and the inferred sub­
surface extent of the tuff. Geologic mapping in the 
northern half of the outcrop area (fig. 1) has shown 
that the Thirsty anyon Tuff rests unconformably on 
Tertiary volcanic rocks and related intrusive rock 
which are in part equivalent in age and rock type to 
the ore-bearing rocks in the Goldfield mining district. 
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POTENTIAL GUIDES TO ORE 

Geoloo-i condition that suggest favorable ground 
fo r buried mineral deposits can b inferred from the 
geologic environment in the Goldfield and Tonopah, 
N el'., m i nin 0' district . Ore in the T onopah eli tr i t, 
~6 mile north of Goldfield, has a gold-. ihrer ratio of 
1:100 and ore in the Goldfield eli tri ct ha a ratio of 
;U (Ba.teman , 19~0 p. 430, 459). Both areas are ite 
ot e~.:ten. ive T er iary intrusive and vol anic activity 
(Ran ome, 1909; olan, 1935) and contain fault-con­
trolled ore bodie and hoots thrLt ar modified loca lly 
by superO'ene proce . es. Replacement deposits in lava 
fto"·s ranging in compo ition from rhyolite to andesite 
predominate at Tonopah, whereas most of the ore 
deposit. at Goldfield are fi ure filling. in andesite 
and da it flows. Hypaby sal Tertiary intru ive bodie 
occur at both eli tri t but are not con idered to be the 
sou r e of the mineralizinO' elution . Alunitic altera­
tion RPI ea rs to be pa.tial ly and genetical ly related to 
ore depo ilion at Gol lfield. Harvey and \ italiano 
( !!16-1-) . t udied the wallro k a Iteration in the Goldfield 
di . tri t ancl found three principal zones of alteration . 
From the ,-ein outward th y ar : (1) an alunite-quartz 
zone, (:..) an arO"illic zone, which includes an illi te­
kaolini te nbzone a ljacent to the alunite-quartz zone 
and a montmorillonite subzone out"·ard, an l (3) a 
propyliti zone. In the Tonopah li tri ct, Nolan (1935, 
p. 11) re ogniz d a entral alteration zone character­
i~r.e<l by a quartz-adularia-seri cite mineral a emblaO'e 

l 0 b 
ann a " ·1de. pread hlorite- arbonate zone a\\·ay from 
the ce ntral zone. These zones are superimposed on an 
ea rlier !age of whole ale albitiza,ti. n. Nolan's wide­
. prertcl chlorite- arbonate zone can be con. idered equi,-­
al nt to a 1 rop) liti c zon . 

In th r port area, th hydroth rmally all red rock. 
in the C'ndu. Rang and . ulh of th a Ius Range 
(fio-. ~) are all quite imilar to all red r k in th 
Tonopnh and Goldfield eli trict . fin ra,l iz d v in 
(1) are fra <'l nr c ntrollecl in Tertiary ign on rock.; 
(:2) sho"' n pr f r .n e for ro k of int rm diat om­
po. it ion ; (:~) ar ac mpani d by a .. emblage of ec­
Onflnry quartz, seri it e alunit , and kaolin it in variou 
combinations, and (4) o cur in terrane that i perva­
sil'cly pr P. lit izecl. Th conntry rock a ija ent to 
min emlizccl ,. in . i. g n rally bleached to pal I a t l 
rolor is weakly pyritized, an l lo nll y int n ely sili ci­
fi ed. The primary mafic min ral an l feld pars have 
common ly been repla d by se ondary min raJ . . 

SUGGESTED AREAS FOR MINERA'L EXPLORATION 

On the blts i of the for o-oing obs n ·at ion nnd com­
pari son. it is a um cl that the ar h for one aled 

mineral depo its in the Ca tu R ange and in the area 
. outh of the range should fir t be directed to areas 
adjacent to faulted terrane where flow rocks of inter­
mediate ompo ition and hypabyssal intrusive rock 
are kno,vn or believed to occur. Three such areas in 
the mapped area are : (1) the eat side of Stonewall 
Flat, (2) the area between Stonewall Mountain and 
".\Iount Helen, and (3) Ston wall Flat north of Stone­
'"all Mountain. 

The sugge tion of a favorable area for buried mine­
ral deposits on the ea t side of tonewall Flat is based 
on (1) ' 'idespread occurren e of hydrothermally al­
tered ro k in the ac u R anO'e, whi h border Stone­
wall Flat on the ea t, (2) o currence of abundant large 
intrusive rna. ses in the Cactus Range, and (3) the 
fact that the mo t produ tive min alono- the rano-e ,., b 

f ront. are located at the margin of the valley alluvium 
and appear to hav produced ore from fau lts in tuff. 

The intru ive ma se in the Cactus RanO'e include 
se1·eral tocks and approximately 75 dike and pltws 
ranging in ompo ition f rom diorite to granite. Th e 
bodie are ommonly bounded by faults that t rend 
northwe and we t; several haYe rather flat-lyinO' 
roof of a h-flow tuff and related tuffaceou sedimen­
tary rock . The country ro k adjacent to the intrusive 
ma e common ly is ex ten ively altered, and in some 
places the intru ive rna es them elves are pervasively 
altered . As an example, a quartz lntite porphyry in­
t r u ive ma i. eroded to a depth of about 400 feet 
along the road that lead from actus pring to Gold­
field ( fio-. 1). The intrusive mas ontain horizontal 
zone of altered ro k . The lowe t exposed zone con­
tnin. propyliti al ly altered ro k in which biotite i 
chloritized and plaO'io la e is pnrtially altered to al­
bit , al ite, and s r icite; alkaLi feld. par i larO'ely 
unaffe ted. Thi ro k O'rade upward throuO'h a zone 
of mor inten e arO"illic alteration in which plaO'iocla e 
i omplet ly altered and alkali fell par is partially 
ericitized, leaYino- quartz a the only unaffe ted min­

eral. The uppenno t zone is compo eel of inten ely 
ilicified quartz-sericiti ro k that contain alunite 

;tn<l ja ro ite a determined by X-ray analy i . Locally 
th upper zone pa e into th country ro k of rhyoliti 
~Yelded tn If, "'hi h commonly ·hoiYS a r ver e pattern 
of zoni no- a"'ay from the contact. The zone in the 
intru . i1· ma eli. I lay color ntriation ranO'ing from 
g reen gmy and light bro,Yn upward through buff and 
pa le orange t light. O" ray in the in ten ely ili cified 
roek. \Vh r th e quartz htt it porphyry i unaltered 
in the northern part of the ranO'e it i medium O'ray 
an<l di st inctly porphyritic. 

Preli minn ry X -ray studies of altered rocks from 
se1·ern l fault zone in the a tus RanO'e how s ricitic 
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alteration and local development of jarosite and alu­
nite. ilicified and kaolinized areas are also common. 
Most of the rocks in the Cactus RanCYe how, in addi­
t.ion to fault-controlled hydrothermal alteration, the 
effects of perva ive propylitic alteration. This type of 
n,lteration results in partial or total alteration of pla­
gioclase to albite, biotite to chlorite, and partial re­
placement of both phenocrysts and CYroundmass by 
carbonate (generally calcite), epidote, sericite, and 
magnetite. 

It is not known to what distance the intrusive rocks 
or the hydrothermally altered rocks extend west of 
the actu Range beneath the Thirsty Canyon Tuff 
and superficial deposits, but the eastern part of Stone­
wall Flat appears favorable for the occurrence of 
altered and possibly mineralized rocks beneath the 
Thirsty anyon Tuff and alluvium. 

A se ond area of buried altered rock eems likely 
under the Thirsty Canyon Tuff between Stonewall 
~fountain and Mount Helen and north of Mount Helen 
where isolated patches of altered Tertiary rhyolites, 
intermedi ate flow rocks, and tuffs are surrounded by 
the unaltered Thirsty Canyon Tuff (fig. 1). The gen­
eral urface geology of the altered strata in this area 
i omewhat simil ar to the surface geolo()"y in the Gold­
field area a de cribed by Ransome (1909). Observa­
tions made at several abandoned mines and prospect 
pits indicate that the ulfide mineralization showed 
an affinity for hydrothermally altered rocks of inter­
mediate composition. The area is characterized by 
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ridrres of gray to red-gray dense silicified rocks that 
are bounded by valleys formed in liCYht-gray, pink, 
and tan intensely argillized rock. Silicified and argil­
lized rocks both contain pyrite and chalcopyrite. The 
intensely altered areas abut the Thirsty Canyon Tuff 
in numerous places and probably extend beneath the 
tuff. 

The third possibly mineralized area is in Stonewall 
Flat north of Stonewall Mountain. The favorable loca­
tion for prospecting in this area is delimited by a 
gravity high located about 12 miles southeast of the 
Goldfield mining district (fig. 3) . Because of the allu­
vial cover this area has never been prospected. Thirsty 
Canyon Tuff probably extends beneath Quaternary 
alluvium and colluvium in Stonewall Flat, as inferred 
in figure 2. 

A CYravity high is located over the Goldfield mining 
district as well as over the smaller mining districts at 
Gold Crater, the Cactus Range, and south of the Cac­
tu Range. Gravity lows are situated over the north­
east part of Stonewall Mountain and Mount Helen, 
and neither of these areas contain known ore deposits. 
However, the presence of a gravity high is in itself 
no indi ation of the presence of ore. It can and com­
monly doe. reflect the thinning of relatively low den­
sity post-Mesozoic rocks over pre-Tertiary rocks of 
high density, or the juxtapositioninCY of rocks of these 
contrastinCY densities by faultiiw. Thus, the gravity 
high over the Goldfield district is in part at least the 
ex pres ion of a structural dome that brings pre-Ter­
tiary rocks to the surface (Ran orne, 1909 p. 76), and 
the gravity high over the Cactus Range is partly an 
expression of a northwest-trendinCY raised structural 
blo k that also brinCYS pre-Tertiary ro ks to the sur­
fa e. However, Tertiary lavas and intrusive masses of 
intermediate composition and propylitized tuffs have 
an average den ity CYreater than that of unaltered rhyo­
lite and tuff (unpublished data, U.S. Geological Sur­
vey files, Denver, Colo.) and areas underlain by the 
former ro ks can produce CYravity highs. Part of each 
of the relative gravity highs within figure 3 is probably 
caused by density contrasts of this type. 

The ()"ravity high in tonewall flat is located along 
a chain of gravity highs which together form a ridge 
extending from the Goldfield district southeast to the 
. outhea t corner of the map area (fiCY. 3). 

north-dippin()" fault scarp and a broad zone of 
fra tured nnd altered rock on the north flank of tone­
wall Mountain, and a broad zone of faulted and altered 
r k almw the we t ide of the a tu Range, together 
with steep CYravity gradients in both areas, sugCYe t 
that tonewall Flat is in larCYe part a structural basin. 
Th Tertiary tuffs and flows that flank the southeast 



D14 
ECONOMIC GEOLOGY 

37'45' 

37 ' 

\ 
\ 

0 5 10 

X Mellan 

f 

NEVADA 

Area o f 
repor't 

M~ GoM' "' ' H~:nt~ l 
?........._ 

Gol.o ?..........._:> 

.o-~,. . ,.> 

15 20 MILES 

11 6' 15' 

I<'IGURE :L-Gen p ra li~ed map of parts of :'\ye and E meralda Countie.:, :'\eY., showing known and in ferred !'.nrface 
and snh~urfa ·e ex t<.>nt of 'l'hir.'ty nnyon Tuff (patterned area). Contncts quer ied w here doubtful or inferred . 
. \ I'PH ou ts ide of fi ures 1 and:~ from K oble and other s (1964). 

sid of the Gold field eli trict, to the northwest of tone­
well F lat, clip to the outheast and are unmineralizecl . 
If th e e dip. are projected into tonewall Flat one 
would expe -t a th iclmess of ·everal thou and feet of 

uaterna ry fill in the area where we ·ee the o-ravity 
high; however, depth calcu la,tion based on an aero­
magneti survey over the Nellis Air F orce Range in ­
dicate n. depth of only 300 to 500 feet to the top of the 
rock can ing thi anomaly (G. W. Bath, '"ri tten com­
muni at ion, 1!)64) . Thus, the urface geology of the 
a reas urronnd ing tonewall Flat offer no clues either 
to th presence of a structural hio-h or to the rock type 

tha t could be cau ·ing the ob erve l anomaly. The 
occurren ce of the o-ravity hio-h within a st ructural 
basi n apparently i the expres ion of a somewhat i s~­
Jated st ructural dome that may refte t a buried volcaniC 
center imilar to that at Goldfield or T onopah. What­
e,·er its origin, the anomaly i worthy of fur ther in­
vestigation. 

None of the above observation represent pos1t1ve 
e1·idence of buried mineral deposits · the implications 
are tenuous and specul ative. Jever thele s the area has 
. ufficien t potential for gold and sil ver depo. its to war­
ran exploration by geophysical and geochemical meth-
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od . Electrical-resistivity measurements of Thirsty 
Canyon Tuff and hydrothermally altered pre-Thirsty 

anyon Tert iary strata were made in the vicinity of 
Gold rater (fig. 1) by James H . cott (written com­
muni ation, May 1963) . Average value of 74 and 6 
ohm-meters were obtained to a depth of 200 feet for 
hydrothermally altered rock at two localities. The re­
sistivity of Thirsty Canyon Tuff at three localities was 
found to range from 330 to 750 ohm-meter , with an 
average of about 550. The 470-ohm-meter difference 
in average resistivity indicated by the e data seems 
O'reat enough to permit the delineation by ele trical­
resistivity methods of areas of hydrothermally altered 
rock buried beneath the Thirsty Canyon Tuff. 
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OUTLOOK FOR RESUMPTION OF DIATOMITE MINING 

IN SOUTHERN MARYLAND AND EASTERN VIRGINIA 

By MAXWELL M. KNECHTEL and JOHN W. HOSTERMAN, 
Washington, D.C. 

Work clone in cooperation with the Maryland Geowg·ical Su.rvey 

Abstract.-. mall amount of diatomite were mined intermit­
ten tly for se1·e ra l decade prior to 1930 from . trata of middle 
.\Jiocene age in ~outhern Ma ryland and ea ·tern Yirginia. As 
compared with Ca lifornia di atom ite, whi ch atisfies mo ·t of 
the national demand for this product, the i\laryland-Yirginia 
material conta in a la rge r proportion of ;;ub. tances other than 
opaline ·ilica. A thee " impuritie." on. i t c·hi efly of highly 
montmorilloniti c adsorbent clay, the diatomite in whi b they 
occur may proYe u able for many of th purpo es for whi ch 
fu ller's earth a nd actil·ated 1.> ntonite are no'" marketed. 

The earliest produ tion of diatomite in the nited 
. tat arne from deposits in southern Maryland, and 
fo r many year Maryland headed the list of diatomite­
producing tate ( 1iller, 1907a, 1907b). This ma­
terial, described at the time as "infu orial earth" or 
'tripoli,' was mined from the lower part of th Cal­
re rt F rm ation- th old t unit of the he apeake 
Group (middl and !a t ;\[i ocene) - anrl '"a hipped 
by wat r to w York and other a t- oa t port to be 
mark ted as a h at-insulating mat rial a filt ·rinO' m . 
di um. and a cleansing and polishing a<Tent. e> 

The oriCTinal ourc of upply wa a pit opened in 
1 4 on the ea t. . id f the Patuxent River at Lyon 
Creek \Vharf, 2 miles nortll\Yest of Dunkirk, alvert 
County, Mel. (fiO'. 1). In 1 the ombined output of 
this pit and another pit then newly opened on the ea t 
bank of the Potoma RiY er at the mouth of Pope. 
Creek in harl County {d. was approximately 1 500 
hort ton , valued at 7,500. hipments from outhern 

Maryland continued intermittently and in varyin<T 
amounts for many years, and in 1910 produ tion of a 
mall quantity of "infusorial arth wa. r ported from 

stratigraphi ally equivalent depo it m Virginia.. 

From time to time during the succeeding two decades 
the mining of small amounts of such material was 
reported in both tates, but since 1930 there has been 
no commercial production from either State despite a 
large nationwide increase in the demand for diatomite 
~nd a persistent interest in the po ibility of develop­
mg ources of supply in the Eastern nited States. 
Among the mo t recent activities relatin<T to this ob-
. . e 
Je t1ve have been small shipment of diatomite from 
Dunkirk in 1962 and 1963, which were reported as 
de tined "for experimental uses" (Eilertsen and Dzie­
ni , 1962, p . 531; Eilertsen, 1963, p . 534) . 

The Calvert Formation crop out extensively on the 
coa tal plain of southern Maryland and ea tern '\ ir­
ginia.. In outhern 1aryland it lower m mber, the 
FairhaYen Diatomaceou Earth '!ember, underlie the 
Plum Point. l\Iarl Member <<nd rests un onformably on 
trata of Eocene age that belong, in different places, 

to the quia ranjemoy, and Piney Point Formations 
( tton, 1955, p. 94, pl. 1) . The Fairhaven Member, 
whi h i expo eel at many places in the vicinity of the 
conta t between the Miocene and pre-Miocene strata 
(fig. 1), i des ribed by hat tuck (in Clark and others, 
190-:1:, p. LXXII- LXXIV) and by Dryden and Over­
b k (19-:1: , p. 53-56) as comprising 3 zones, of which 
th lo"'er 2 con i t almo t exclu ively of sandy mate­
ria ls. Only the uppermost, zone 3, is made up of ma­
terial containin<T diatoms in ufficient abundance to 
warrant it de cription as "diatomaceous earth" or 
'diatomit. . Data now available ugge t that zone 3, 
which embraces t.he once-productive deposits near 
Dunkirk and Pope reek a well as diatomite deposits 
at and near the urface at many other sites in southern 
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FIG tJ HE 1.- :\lap showing area. in southern Ma ryland underlain by ro<:k. of :\Iiocen age ( he apeake Group) · 
Adapted from map by. hattuck (Cla rk and others, 1904, pl. 1 ). 

1\fn.ry land and in Virginia, can still be considered a 
polential our e of larae supplies. 

Though diatomite has been mined at only a few 
pla e in outhern Maryland and ea tern Virginia, 
lo ely omparable material is believed to be present 

in th Fairhn.ven Member throughout the large areas 
in " ·hi h trata of the Miocene Series crop out (fig. 1). 
At many ites in the vicinity of the long, sinuous line 
of contact of the Miocene Series with older . trata, and 

in the outliers of that series near pper Marlboro, 
such material is pre ent at the surface or beneftth 
overburden sufficiently thin to make trip mining P0 · 

ible. Farther southea tward, owing to the regional 
dip of the formations, the overburden i · everywhere 
excessive. 

The thickness of zone 3 is everywhere considerablef 
ldthough much less than that of the vast depo its. 0 

late Miocene age from which large tonnages of dwt-
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T •1111 ta Barbara County, Calif. S hattuck (in Clark and 
others, 1904, p. LXXXVI) reported 60 feet of the 
materia l of zone 3 in the cliffs along the Chesapeake 
J3ay shore at Fairhaven, Anne Arundel County, Md. , 
and (p. LXXIV) 55 feet at Chesapeake Beach, Cal-
\'ert ounty, Md. According to Dryden and Over-
beck (194 , p. 54), zone 3 is 14 feet thick at Hollin 
OliO', miles southwest of Dunkirk, Calver t County; 

1/z feet at Ferry LandinO', 2 mile soutln<>est of Dun­
kirk; 17 feet at Popes Creek, Charles County, Md. ; 
10 feet near \\ ilmot Landing [\;vilmont Wharf] , Va., 
on the north bank of the Rappahan nock River, 2¥2 
miles outh of Rollins Fork, Kin O' George County, Va. ; 
and (D ryden and Overbe k, 194 , p. 10 ) 60 feet in 
a ,rell at \ Valdorf, Charles County, Md., wherein the 
top of zone 3 is reported to be 100 feet below the 
urface. 
, pe imens of the material of zone 3 are described 

by hattuck (in Clark and others, 1904, p. LXXIV) 
rery ri h in diatomaceous matter, yieldin<Y more 

than 50 percent of diatom ' '"hen ana lyzed me han-
ically. A exemplified in the chemical analyses in the 
accompanyin<Y table, ho\\-ever, the Maryland material 
contains in ufficient sili a and too much alumina to 
compare favorably, according to present standards, 
with diatomites typical of the California deposits. 

Ana/y e , in weight percent, of marine diatomite of M i ocene age 
from depos1:ts in Maryland and in California 

/11arvland 1 California • 

• i01--- -- - ____________ _____________ _ 79. 55 9. 70 

AIIO!-- -- --- ------------------------ 0 1 3. 72 
Fe,0

3 
___ _ _ ____________ __ ___________ _ 2. 62 1. 09 

~ --- --- --- ------- ----------- l. 30 0 65 
CaO__ _ ___ --------- ___ ------- 0 25 0 3.'> 
X a10 t K

2 
_ _ _ _ _ _ _ _ _ _____________ _ ). 31 2 

Ti02 ----- 0 70 0 10 
Ignition loss__ _ ___________________ _ 5. 0 3. 70 

99. 7 1 100. 13 

1 "ample from zone 3, Fni rha ,·en !II em l~ r of the Col v rt Formation (C' umm ins and 
~lulrya n , 19·19, p . 295). 

'Sampl from the i\l on tc rry Fonnntion , T~rnpoc, Calif. (C're man , 1962, p. '1'6). 

The ratio of lay-siz d ( <2JJ- ) parti l to l:trg r 
grain i approximately 3 :1 in a spe 1m n of dark-
reeni h-gmy hat mit obtained in 1959 from the 

cliff at Fairhav n. The coar. er fra t ion i made up 
almo. t " ·holly of the opal in silica te ts of diatom , 
111ore than ha,lf of "-hi h axe of sand-grain ize 
(>61,u. ) . The re t of this fra tion, onsist incr of silt­
ized ( < 61 JJ- ) parti l , i made up of ·maller liatoms 

fragment. of diatoms, and a l ittle quartz an l other 
detrital m in erals. The clay, a. determined by X -ray 

>­
I-
(/) 

z 
w 
1-
z 

-
30 

Untreated 

Heated to 300"C 

Glycol sa turated 

M. Montmorilloni te 
I. Illite 
K. Kaolinite 

20 
DEGREES 2 8 

_ _J 

10 0 

FIG URE 2.- X-t·ay diffraction t t·ace ( 'uKa raclia t ion) of clay 
fra t ion. of diatomite from the Fai rha ,·en Diatomaceou 
Earth Member of the a !Yer t l! ormation (m iddle Miocene) 
a expose l in 2 loca li ti . : (1) Fa irha,·en, Anne Arundel 
County, Mel. ; and (2 ) nea r Fe rry Landing, 2 miles south­
" ·est of Dunkirk, Cal ve r t Connt,,-, :\Jet. 

diffraction' analysis (flO'. 2, locali ty 1) , con i ts chiefly 
of montmorillonite but includes a1 proximately 15 per­
cent illit and 10 percent kaolinite. ·weathered whitish 
mat rial from a point a fe>-.; feet away contains vir­
tually the same mineral as embla<Ye plus a small 
<tmount of isotropic glas . The approximate bulk 
d n ity of the unweathered material ''hen dry is 40 
pound per ubic foot; that of the weathered material 
i :?-5 l ounds per ubic foot. Five pe imen of diat­
omite from an exposure of th Fairhaven Member 
near Feny Landi1w, 2 miles southwest of Dunkirk, 
~Id., in h1ding the I ecimen for which the X-ray dif­
fra tion tnwe of the clay fra ·tion i given in fi<Yure 2, 
were found to have similar <Yrain size and mineral 
on tent. 

r ot on ly the sizes but also the hapes of the opaline 
sili a particles contained in a crude diatomite deter ­
mine to a large extent some of the use. for which it 
may be proces ed and marketed. Evaluation of such 
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ma,terial accordingly depends in part on the <Yenera 
and pecies of diatoms that are present. In genera.l 
the diatoms of the Fairhaven Member re emble tho e 
in orne of the best commercial gmde of diatomite, 
and about a fifth of the species represented in the 
Maryland-Virginia deposits occur a,lso in the deposits 
of late Miocene age that are mined in t.he Lompoc 
eli trict, California (K. E. Lohman, oral ommunica­
tion , 1965). Lohman (1948, p. 152) recognized 9 
species in his study of 8 core samples of material of 
the Calvert Formation from depths of 1,000 to 1,140 
feet in the H ammond well, 6 miles east of Salisbury 
Wicomico ounty, Md., rt1bont 65 miles outheast of 
Fairhaven and beyond the area shown on figure 1. 
Available data indicate that virtually the same diatom 
a :emblage occurs in the Fairhaven Member •wherever 
the Miocene er1 es crops out ·in Maryland and Virginia . 

As was pointed out by Cummins (1960 p. 312), dia't­
omite i. a hulk commodi ty, and increasing shipping 
o ts "are a big factor in the diatomite business be­

ca.nse the markets in the main are far removed from 
the deposits an d mills." As compa.red with supplies 
from California, which is currently the principal 
source of diatomite for the entire country, diatomite 
a.vail able in Maryland and Virginia has the competi­
trve advantage of short hauling distances to destina­
tion in the Eastern United States, but its reputed in­
ferior quality, due to its high content of substances 
other than the opaline si lica of diatom tests, has here­
tofore nullified this advantage. The outlook for re­
sumption of diatomite mining in Maryland and Vir­
g ini a may neverthele s be expected to improve with 
fur ther increases in shipping costs and in the demand 
for d'iatomaceou material . Such a re ult mi<Yht be 
ha tened by technologic advances, such as th~ dis-
overy of uses for the diatomaceous material in un­

beneficiated form, or the development of economical 
proce ses for its beneficiation and of profitable uses for 
any recoverable byproducts of such processes. Result 
of tests onducted by the Boone Wood Products Co. 
of B~ltimore .in a pilot plant set up in 1961 at F erry 
Land.m<Y, 2. m~les s?uthwest of Dtmkirk sug<Yestecl that 
the cbatom1te 1s smtable after bein<Y calcined f . ' o , or prep-
a,ratJOn ~f a sweeping powder of a type now used to 
ab orb ml or oil-water mixtures from floors and decks 
made o~ c~ncrete, wood, or steel. These experimental 
re ults mdiCate. that clay wh ich is present in relative] 
large amounts l~ the diatomite and which heretofOl~ 
has been conslderecl objectionable has ad orptive 
pmYer generally comparable to that of .._ ·11 ' 1 < u1 er s eart 1 

::tnd activated bentonite, whi h a re marketed f . 
sweeping materials in lar<Ye quantities annually. 

01 

The feasibility of benefi iatin<Y diatomites contain­
ing large amounts of clay and sand as impuri ties was 
studied, begi1ming. in 1937, in the laboratories of the 

.S. Bureau of Mmes at College Park, Mel. ( orman 
and Ralston, 1940). After much experim ntation with 
diatomites from Maryland, California, Oregon, and 
Kan as, a pilot plant was set up a.t Lyons Creek 
\iVhari, Mel., 2 miles northwest of Dunkirk, Md., and 
several tons of a concentrate rich in diatoms was 
prepared, using raw material taken from nearby ex­
posures of the Fairhaven Member. It is noteworthy 
that this material contained onsiderable sand whi h 
had to be removed, whereas 4 of 5 samples that we 
obtained from the Kaylorite Corp. open pit near Ferry 
L anding, as well as 2 samples from the cliffs at Fair­
haven, contain no grains, other than diatom tests, that 
are larger than sil t particles. tep in the concentra­
tion process were: (1) removal of sand from an aque­
ous slurry of the raw material· (2) attrition milling 
to break down clay particles; (3) settling, whereby a 
slurry containing diatoms and lay was parated from 
clay lef t in suspension; and ( 4) fro th flotation to elim­
inate most of the remaining· clay in the diatomaceous 
slurry. otwithstanding the demon trate l effective­
ness of this process, however, its pra ti al application 
would presumably involve substan tial costs. We ac­
cordin<Yly suggest that in efforts to r evive the diato­
mite mining industry of Marylan l and Vir<Yinia 
emphasis be placed on finding u es for the crude dia­
tomaceous material. One proper ty of the rude diato­
mite that should be e pecialJy con idered in seeking 
new uses is the adsorp tive power of the large content 
of montmorillonitic clay. 

REFERENCES 

Clark, W. B., Shattuck, G. B., and Dall , w. H., 1904, The 
Miocene deposit. · of Mary land, in Ma r yland Geological 

Survey, Mi ocene [volume]: p. 1-CLV. 
Cres man, E. R., 1962, Nondetri ta l s iliceou sedi ment : .S. 

Geol. Survey Prof. Paper 440-T, 23 p. 
Cummin , A. B. , 1960, Diatomite in Inclu t rial minerals and 

rocks (nonmeta lli cs other th~n fu el ·), 3d cl .: 1\ew York, 
Am. In t. Mining Metal!. a nd P etroleu m Engineer. , P· 
303-319. 

Cummin ·, A. B., and Mulryan, H enry, 1949, Diatomite, in In· 
dustria l mineral. and r ocks: ew York, Am. In t. Mining 
and Meta l!. Engineers, p. 294-312. 

Dryden, L. , and Overbeck, R. M., 194 , Detailed geology, in 

Tbe physical features of Charles County [Md.]: Maryland 



KNE·CHTEL AN D H OSTE RMAN D155 

Dept. Geology, Mine.· a nd wate r R e ·ources [R ept. 13], p. 

29-127 . 
. 
1 

t e11 N A 1964, Tbe mine ra l indu try of Ma ryland, i:11 
f) er · ' · ., . . u.s. Bureau l\Imes, l\Imer a l: Yea rbook , 1963, v. 3: p. 

527- 53 . 
Eilerts 11 , N. A., and Dzienis , S . A., 1963, T he mi nera l in-

dust ry of Ma ryla nd, in .. B urea u fin e. , Minera l Year ­

book, 1962, " . 3 : p. 525-534. 
!.ohman, K. E., 194 , Midd le l\Ii ocene d iatoms. f rom t he H am­

mond well : i\la ry land Dept. Geolo 'Y, l\lmes a nd Wa ter 
Resou rce. B u ll. 2, p. 151- J 7, pis. VI- XI. 

78 1- 906 0 - 65- 11 

Miller , B. L ., 1907a, T he econom ic re ·ources of t . Ma ry's 
Coun ty [:\ld .], in St. Ma ry'· County: f a ryla nd Geol. ur­
,·ey. p. 113-124. 

--- 1907'b, 'l'be economri · re ourc of a lver t Cou nty [ Md.], 
·Ln Calver t County: Ma ryla nd Geol. Su rvey, p. 123-134. 

lor man, J ames, and R a lston, 0. C., 1940, P urifi cation of 
diatom ite by froth fl otation : Am. I n t. Mi ning i\l etall. E ngi­
neer Tech. Pub. 119 . 11 p. 

Otton, E. G., 1955, Ground-1;ater r e our e of t he ou thern 
Ma ryland coa ta l plain : Ma ryla nd Dept. Geology, 1ine 
and W a ter Resources Bull. 15, 347 p. 



GEOLOGICAL SURVEY RESEARCH 1965 

EVALUATION OF THE MARTINSBURG SHALE AND TWO YOUNGER FORMATiONS 

AS SOURCES OF LIGHTWEIGHT AGGREGATE 

IN THE DELAWARE RIVER AREA, PENNSYLVANIA-NEW JERSEY 
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2 

W a shington, D.C. ; No rri s, Tenn . 
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Abstnwt.-Five sample of late from different tratigraphic 
interva ls within the Martin. burg Shale and one ample each 
from the ew cotland Limestone and the Esopu Shale were 
tested as potentia 1 raw materia I for production of bloated 
rotary-kiln-fired lightweight aggregate. The expanded products 
that formed in the muffle-kiln and rota ry-kiln firing te t of 
the Martin burg material were found to compa re favorably 
with elected commer ial lightweight aggregate . Mutlle-kiln 
fi r ing of hale from the New Scotland Lime tone and the 
Esopus Shale, however, failed to cau ·e it to expand notably, 
and consequently resulted in products too heavy to be usable 
as lightweight aggregate. 

In a re()'ional geologic study nen.r the Delaware 
River in western New Jersey and ea tern Pennsyl­
vania, amples of shale from the ew Scotland Lime­
stone and Esopus hale and of slate from different 
. tratigraphic intervals of the Martin burg Shale were 
collected and tested for possible use in making bloated 
lightweight aggreO"ate. Similar tests on other raw ma­
terials from the Ea tern United States have been pre­
viou ly reported by Lodding(1956), Knechtel and 
Hosterman (1960), E penshade and Hamlin (1961), 
and Calver and others (1961). Although material 
from at least one stratigraphic interval of the Martins­
bur()' ha been u ed previously a raw material for 
lightweight; ag()'regate, there are no published accounts 
of testing of JewS otland or Esopus material for this 
u e. 

late of the Martinsburg Shale has long been quar­
ri ed for roofing material, blackboards, and other com­
mer ial purposes, especially in the Bangor- Pen Argyl 

area, in eastern Pennsylvania, where normou quan­
tities of wa te slate have re ulted from these op r­
ations. Conley (1942), Bates and others (1947), and 
Conley and others (194 ) reported on the suitability 
of this waste as a pqtential raw material for manu­
facture of li()'htweight a()'gregate, and in recent year 
it ha been fired for that purpose in a rotary k-iln 
operated by Pennsylvania LiO'htweight Aggre()'ates, 
Inc., at East Bangor, Pa. Because the waste slate wa 
quarried from a relatively restri ted tratigraphic in­
terval in the upper part of the Martinsbur()', we col­
lected samples from four other stratigraphi position 
within the main Martin bur()' b lt,. T est r ults of 
these samples can be directly compared with those of 
other samples of Martinsburg materials from the Ap­
palachian Valley that have been subjected to identical 
firing tests in the U.S. Bureau of Mines laboratory at 
Norris, Tenn. The results reported here complement 
the data of Lodding (1956), who u eel somewhat dif­
ferent techniques in his tests of samples from New 
Jersey localities. One sample, number 2 in table 1, 
was taken by us from an outlying mass of Martins­
bur()' that had not previou ly been sampled. The lo~­
tions and descriptions of the material sampled for ht 
tudy are given in table 1, and the locations, together 

wi th those of the materials sampled by Bates and 
others (1947) and by Loddin()' (1956), are shown also 
on figure 1. 

DESCRIPTION OF FORMATIONS SAMPLED 

I u.s. Rurcnu or 1\lln e~. 

• Decca Red. 
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The New Scotland Limestone and Esopus Shale are 
both of Early Devonian age. The New Scotland 
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TAD I,£ ].- Description o.f materials tested .fo1· suitability as 1·aw 
material.foT bloated lightweight-aggregate 

nmple 

1. --- -- - --

2 .. --- ----

3. ---- ----

j - --- ----

6 ______ __ _ 

6 .. --- --

Description 

Slate of t he Ma rtinsbu rg , 'hale from outcrop along 
Mount \ ernon Road , about 1.2 mil northwe t 
of it junction " ·ith ' W J cr cy Highway 94, 
Por Janel quadrangle, Warren County, .J. 

!at occu r in terbccldccl wi h cro bedded gray­
wacke in the middle gray wack '-bearing member 
of the formation. Fi ld number P-56. 

!at of the Martin burg hale from outcrop along 
th Mu conetcong Riv r, ncar the trout hatchery 
about 2.4 mile southwc t of A bury, Bloomsburg 
quad rangle, Warren County, .J. ample is 
from a SC' paratccl ma s that i. infolded and in­
fau lted \\ith old<>r rock . Rock is strongly de­
formed a nd ha t wo di t inct laty cleavages. 
F'~elcl number B-G-5-4. 

, late of the Ma rtin bu rg ha l , verging on phyllite, 
from outcrop a long D !a wa re, Lackawan na , and 
We tern Ra ilroad, ju t abo \·e .. Highwa:y 46, 
0.4 mtle north of Ma nunk a Chunk, Belvidere 
quadrangle, Wa rren County, N.J. Thi rock 
occur tratigraph ically in the upper pa rt of the 
lower clay tone member of the form ation. I t 
i . trongly deformed, and laty cleavag i folclecl 
a \\·ell as bedding. lip cl avagc i trongly 
dc \·clopecl an I is paralleled by minor thru t 
fa ult . Fi lei numbC'r Bv- A-6- L 

'!at of t he Ma rtin. burg Shnle from outcrop along 
U.S. lligh\\·ay 46, about 0. mile . outh of Ma­
nunka hunk, Bch ·iderc quad ra ngle, v\ a rr·en 
County , "N. J. Thi materia l i from the t rati­
graphically lowe.-t pa rt of the form ation in the area. 
It contain noticeable quantities of ca lcit and 
pyrite, and frc h urface effervesce lowly in dilute 
H I. The outcrop nr a contain a f \\' 4- t o 
6-inch int rbed of dolomitic il t tone . The 
rock i strongly 1 formC'd by cascade fold of 
mall ampli tude and by . mall thru t fault that 

pa ra ll I a poorly developed slip clcavagr. F icici 
number Bv-C- 5- 2B. 

Slate of th Ma rt in burg ha le from a cut a long nn 
unnumb r d country road about l.4 airlinC' mi l s 
. . 63° W . from Manunka Chunk, X .J .; locality 
is in Brlvicl n quadmngl<', .:'\orthampton ounl_y, 
Pa. This rock npp0nr to b<' abou 00 fe<'t 
strntigraphica ll _y nbo \·e ·tmple 4, and i. agoocl hard 
ribbon slatC' . Ribb n, repr<•sPnt the trace of 
bed of clifTPrent c mpo ition on the lnty cleavage. 
Rock contain:-; minor c:l lcitC', and effen ·e, c<' \'Cry 
Wt'aklv in dilute II I. F'icld numb r Jh-B--J- 2. 

• 'hall· of the Xr \\" , c ll ancl LimC' tonr from out­
crops a long an unnumberrcl roncl pamlh' ling F lat 
Brook, about :3.43 mile outh wC' t of \\'allpac k 

<•nt('l', Lak(• Mn k<•nozha quadranglr, 11. C'X 
ounty, N.J. Mat<• ria l i cnlcareou.. Fi lei 

numb r LM- 1. 
K opu .• hale fr m ou rop:-; a long an unnumb r!'d 

road pamllC'ling Flat Brook about -1. -H mi lr 
·outhwl'st of \· a ll pack Crnter, Flatbrookvi ll c 
quadrangl<·, .'u.-sex Ollnty, N.J. no k i quit-e 
sili cC'Oil and w<• ll clraved. Field numb r F- 1. 

Lim tone near the D la \\'ar River con. it of 76 feet 
of fine-grained dark-gra calcar ou ili eou hale 
with interbed and pod · of dark-crray finely rystalline 
argi lla eou limeston . The E. opus ha1 in the same 
general area consi t or 1 0 fe t of dark-crray finely 
arenaceous silt hale, with les er interbeds of siliceous 
iltstone. laty leavage is well developed in the 
g opus and commonly ob nres the bedding. 

41 ' 
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0 Wallpack Center 

0 Newton 

0 Blairstown 

Washington o 

5 10 MILES 

Fro RE 1.-Sk tch map of ea tem Pennsylvania and we tern 
rew Jer ey, showing loca lities from which sample. were 

collected for lightweight-aggregate tests. X, tbi tudy­
number refer to table 1 ; .&., Lodding (1956) ; 0 , Bate and 
other (1947). 

The Martinsburcr hale of Middle and Late Ordo­
VJ 1an a e crop out continuously aloncr the Appala­
ch ian Valley from Vircrinia through New Jersey and 
i the tratigraphic equivalent of rocks that have been 
alled the Hud on (Hudson River) Shales or Schist 

in ew York. Near the Delaware River the formation 
an be divided into a lo,Ter thin-bedded clay tone unit, 

a middle unit of interbedded claystone and crraywacke, 
and an upper unit of thick-bedded clay tone. In ex­
treme ea tern Pennsylvania and in New Jersey the 
claystone has been metamorphosed to slate, which in 
pla e verges on phyllite. Becau e of structural com­
plexity and the Jack of complete detail d mapping, 
the exact thiclrness of the Martinsburcr is not lrnown. 
It is probable1 however, tha,t the formation 1 more 
than 10,000 feet thick. 

late of the Martin burg is mostly dark gray in 
fr sh expo ures and weathers medium gray to yellowish 
brown. Les r thin beds are black, probably because 
of thei r carbonaceous content. Quartz, white mica, 
i lli te, and chlori te are the most abw1dant minerals in 
the slate. Some calcite, dolomite, pyrite, rutile, placrio-
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la e, hydrous iron oxide, and carbonaceous matter 
are present in most specimens. 

The formation is characteristically trongly de­
formed, and slaty cleavage is typically the domina~t 
planar element. In certain. areas slaty. cleavage 1s 
folcled and a conspicuous shp cleavage 1s developed. 

umerous thru -t faults seen in outcrop parallel both 
slaty and slip cleavage. The major outcrop belt of 
Martinsburo- hale in this area occupies the upright 

0 

limb of a northea t-plunging recumbent fold of nap-
pelike magnitude. Farther southwe t in the direction 
opposite to that of the plm1ge, the inverted limb rises 
to the present level of erosion. The Martinsburg also 
crops out in two masses alono- the Mu conetcong River 
in New Jersey. 

RESULTS OF TESTING 

Preliminary tests on 3- to 5-poU11d samples of shale 
from one exposure each of the New Scotland Lime­
stone and Esopus Shale and of slate from the 5 ex­
posures of the Martinsburg Shale were made to de­
termine bloatability, bloating temperature, general 
firing characteristics, and other properties of these 
materials. vVhen subjected to quick-firing muffie-kiln 
tests the ew Scotland and Esopus samples failed to 
bloat, and materials in these two formations were not 
tested further. However, the Esopus Shale has a 
potential use as an ingredient of dark brick or tile if 
blended with suitable quantities of plastic clay. 

imilar tests on the Martin burg samples were 
favorable, whereupon duplicate samples weighing ap­
proximately 200 poU11ds each were collected from the 
ame 5 expo ures and were te ted in a 14-foot rotary 

ki ln. The results show that when fired under controlled 
condition the slate expands to produce a liuhtweight 
ao-o- I'egate of good quality. Results of preliminary 
te ts of the Martinsburg samples are given in figure 2 
and table 2. 

Riley ( 1951) determined that a bloatable material is 
one having a chemical composition that balances flux­
ing ao-ents auain t silica and alumina to allow the 
formation of a melt with a viscosity hio-h enough 
to trap a o-as. orne substance must also be contained 
that will liberate gas at or above the fusion temper­
ature o~ .the J~aterial. Riley (1951) also developed a 
ompos1t10n diagram that gives the approximate limit 

beyond which bloating will not occur. The chemical 
compo~itions of the 5 Martinsburg samples collected 
for thts study are compared in table 3 with those of 
~ ource · of commerrial lio-hb-..-eiuht ao-gregate from 
~ther area and ~f 1 s.ample of waste Martinsburg 
toofino- slate. MaJor ox1de data for the Martinsburg 
samples were calculated from these analyses and 

TABLE 2.- Results of preliminary bloating te ts of IJ samples of 
slate from the Martinsburg S hale heated in an electric mujJle kiln 
for 15 minutes 

Properties 
T emperature !--- ......,..----! 

(degrees I Hemarks 
Fahrenheit) Density Absorption• 

(lbs per (weight 

1,900 ___ ___ _ 
2,000_--- --
2,100 _____ _ 
2, 200 - - - - - -

1,900 ____ _ _ 
2, 000- - - - - -
2,1 00- - - - - -

2,200 _____ _ 

1 '900- - - - --
2,000 _____ _ 
2,100_--- --
2,200_--- --

1 '900- - - - - -
2,000_--- --
2,100 ___ __ _ 

2, 200- - - - - -

1 '900- - - - - -
2,000---- --
2,100 _____ _ 

2,200 ____ _ _ 

cu It) pereeo t) 

100. 3 
75. 4 
38. 6 
30. 5 

102. 8 
69. 8 
42. 4 

38. 6 

97. 8 
77. 2 
44. 2 
29. 3 

101. 5 
71.0 
41. 7 

34. 9 

100. 9 
56. 7 
36. 1 

31. 8 

Sample I 

6. 5 
6. 3 
5. 9 

14. 3 

o bloating. 
Fair expansion. 
Excellent b loating. 
Overbloa ted, ticky; slight 

melting . 

Sample 2 

7. 2 o bloating. 
6. 8 Good expansion . 
8. 2 Excellent xpansion; slight 

ticking. 
7. 7 Exc llent expansion; very 

sticky. 

Sample 3 

7. 8 
6. 9 
8. 0 

10. 6 

o bloating. 
Good expan ion. 
Excellent xpans ion. 
Overbloated, fragile, and very 

s ticky. 

Sample 4 

9. 1 
9. 7 

14. 5 

13. 2 

o bloating. 
Good expansion. 
Overbloated, fragile, and very 

ticky. 
Overbloa ted, fragile, and 

melting. 

Sample 5 

8. 3 
9. 2 

10. 8 

15. 9 

o bloating. 
Good expansion. 
Overbloated, very sticky, and 

melt ing. 
M elt ing, fragile, and ticky. 

1 Water bsorptioo of aggrega te, in pereeot weight increase a fter soaking for 48 hours. 

plotted on Riley s composition diagram (fig. 3). It 
can be seen that the data fall well within the favorable 
area and indicate admirable compositions for bloating. 
Petrographic study and the chemical data suggest 
that in addition to water, at least t,-..-o major gas­
producing substances, pyrite and dolomite, are present 
in the Martinsbu rg. Chemical analy es were not per· 
formed on the New Scotland and Esopus samples, 
as the preliminary bloating tests ,~vere unfavorable. 

The 200-pound Martinsbura samples were tested by 
the pro edures described by Klinefelter and Hamlin 
(1957) for evaluating raw materials for manufacture 
of lio-htweight aagregate by the rotary-kiln process. 
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20 L_ ___ 19_0_0--------~--------2-0_0_0----------------~2~1~0~0--------~--------2~2~0c:"0 

TEMPERATURE, IN DEGREES FAHRENHEIT 

FIG RE 2.-Chang . in den ity of 5 a mpl e. of !ale from the Martinsbu rg ha le dur­
ing 15-minu te muffle-kiln bloating te,.ts. Compa rable da ta a r e a l o giYen f or two 
comme rcial li h t weight-aggregate r a \\' material 

TABLE 3.-Chemical analyses, in weight percent, of 6 samples of 
slate f rom the Martinsburg hale and 2 samples of shale used in 
manufacture of commercial bloated lightweight aggregate 

[Analyses In weight percent) 

Constituent 
I at from the •I arlin sburg Shal 

hale used lor 
commercial 

bloated light-
weight 

agg regate 

'l'ota t__ ____ 09.53 09.93 09.55 100.32 09.36 104.86 100.02 101.1 5 

1 Rapid rock analysis by Paul E lmore, Snm u I Dotts, Gillison hloe, Low II 
Art1s, and n . mlth, .. Geological Sur vey. 
P~ Martinsburg ribbon slate rron.l waste pi le at Parsons Brothers Quarry, Pen Arf!yl, 

·(Bates, and others, 1947, p. 43). 
1 Shale sample from the Western Brick o. hnyd itc plant, Dan ville, 111. (Conley 

and others, 1948, p . 34). 
I' ' Shale sa mple furni shed by th E rath Co., Strawn , '!'ex., manuractur rs or Feather-
1tr aggregate (Conley and others, 1948, p . 34) . 

Not Included In total. 

50 percent 
AI , 0 3 

SiQ, 
100 percent 

50 perc e nt 
CaO , MgO 
FeO . Fe , o , 
(K. Na) , 0 

B' IG nE 3.- Trian rular dia gram ba eel on major ox ­
ide . . . ·howing fi e ld (patte rned ) defin ed by an a ly­
ses of clays t ha t fire to a ma vi. ·cous enough 
to in ·tu e good b loating (R!Hey, 1951, ·p. 123 ). Dot.· 
within patterned area r present ana ly ·e of 
l\lartin burg . amples given in table 
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TABLE 4.-Screen analyses of 1tnjired crushed slate samples from 
the Martinsburg S hale 

[In ,,olume percent! 

Sample 
u. . standard screen slze 

1 2 3 4 5 

---------
+Ys inch _________ _______ 26. 5 33. 8 24. 1 17. 7 36.4 
-Ys inch toY. inch _______ 31. 5 27. 3 29. 8 30. 2 27. 0 
-}i inch to mesh _______ 15. 7 16. 2 17. 6 18. 6 15. 2 
- 8 mesh to 20 mesh ______ 13. 5 12. 9 16. 1 16. 2 12. 4 
- 20 mesh ________ _______ 12. 8 9. 8 12. 4 17. 3 9. 0 

--------------
TotaL ______________ 100. 0 100. 0 100. 0 100. 0 100. 0 

These te ts yielded data given in table 4, 5, and 6. 
creen analy e of crushed unfired samples yielded sizo 

fra tions hown in table 4. All samples ex ept No. 1 
ho\\·ed poor cru hing haractePi tic , n they tended to 

break into angular platy fraO'ments. All the material 
broke into fragments of nonuniform thicknesses. 

The results of the rotary-kiln tests are given in 
table 5. All the material fired well and produced ag­
O'reO"ate of good quality. Bloated material from all 
sa.mple sho"'ed medium-fine pore space and good ex­
pansion. Firing was uniform for sample 2 and 5 and 
nonuniform for the other th ree. The color of the ag-

TABLE 5.- Res1dts of rotary-kl:ln test (15-minute retention time) of slate from the .l\lfartinsburg hale 

ample 

I 2 3 4 5 

---------------
Feed s i;r.e (volume percent): 

48. 4 46.9 46. 2 -% in ch toY. inch _____ _________________________ ___ 51. 8 49. 3 
-Y. inch to 8 mesh __ ______________________ __ ___ ___ 26.0 28. 7 27. 7 28. 7 27. !l 
- 8 mesh to 16 mesh _____ _________ __ __ _____ ________ 22. 2 22. 9 22. 9 25. 1 22. 

\\'eight of raw materi a l (Ib per cu ft) __ _________________ __ 99 96 97 106 95 
Particle temperature (degrees Fahrenh eit) : 1i ni mum ________________________________________ 2,000 2, 035 2,020 1, 990 1, 910 

Opt imum __________ ___ ______ ______ _______ _________ 1, 940 1, 910 1,960 1, 940 I, 940 
Ma ximum ________________________________________ 2, 130 2, 075 2,075 2, 030 2, 065 

Weight of aggregate (Ib per cu ft) _______________________ 42 45 50 50 4 
Water absorpt ion (weight percent) : 

~ in ch to}~ inch . __ ------------------------------- 15. 9 10. 6 14. 1 7. 4 8. I 
}~ in ch to }~ inch __________________________________ 16. 8 10. 2 14. 3 . 2 7. 9 
}~ in ch to 8 mesh ____ ______ __ ____________ __________ 10. 7 9. 5 12. 9 .3 .2 

Processin g characteristic _______________________________ Good Good Good Good Good. 
Poin t of material release (minute) _______________________ 11 10 11 10 
. hape of parti cle in bloated product . ____________________ Angu lar to Angular to Angu lar to Angular Angular. 

rounded. elongated platy. 

TABLE 6.- creen analyses of fired aggregate of slate from the 
Marti n burg hale 

[In volume percent) 

u. . standard screen sizes 
Sample 

1 2 3 4 5 
------------

+Ys inch ________________ 26. 6 19. 1 20. 2 13. 7 7. 3 -Ys inch to}~ inch _______ 57. 7 50. 9 43. 1 52. 6 55. 8 -Y. inch to m h _______ 9. 3 21. 3 26. 2 25. 6 26. 3 
- mes h ________________ 6. 4 8. 7 10. 5 8. 1 10. 6 

---------
TotaL ______________ 100. 0 100.0 100.0 100. 0 1 100. 0 

platy. 

gregate ranged from light brown through gray to 
black. creen analy es of fired aO'greD"ate from the 
five sample are given in table 6. 

tandard 2-inch concrete cubes were made with ag­
greO'ate from all 5 amples, using 2 different mixes 
and 2 method of curing. Specific gravity, compre­
sive strenoth, and absorption data for the e cube are 
given in table 7. These properties compare favorably 
with the properties of tructural concrete made from 
samples of commercial liD"htweiO'ht aO'greO'ate that o e 
normally have a compressive strenoth of 1,000-5,000 
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Tt~ BLE 1.- Pe1jomwnce tests of concrete made with lightweigh t aggregate produced from slate j1-om the ~Martinsburg Shale 

Property 
Sample 

2 3 5 

AUTOCLAVE CU R E (6 hrs a t 150 psi) 

5 bags of cement per cubic yard of concre te 

Bulk pecific gravi ty ___________________________________ 1. 41 1. 45 1. 60 1. 47 1.4 
Den i ty (lb per cu ft ) _______________ ___________________ 88 90 100 92 91 

7 

ompr si ve strength (lb per sq in.) ____ ---------- - ------ 4, 788 3, 724 4, 532 4,089 3, 7 
Ab orpti on (weight per cent) _____________ ___________ ____ 6. 7 6. 1 7. 2 5. 4 7. 0 

7 bags of cement per cubic yard of concre te 

Bu lk pecific grav ity ___________________________________ 1. 44 1. 53 1. 73 1. 54 1.4 9 
D Il i ty ( lb p r cu ft) __________________________________ 90 96 108 96 93 
Compre. ive t r ength (lb per sq in .) _____________________ 4, 565 4, 252 5, 263 4, 288 3, 365 
.-\b orption (weight percent) _____________ -------------- - 7. 1 7. 0 8. 4 6. 6 5. 1 

STEAM CU RE (28 days) 

5 bags of cement per cubic ya rd of concre te 

Bulk pecific grav ity __________________________________ _ 
Den i ty (lb per cu f t) _________________________________ _ 
Compr sivestrength ( lb per q in .) ____________________ _ 
Ab orpt ion (weight per cent) ___________________________ _ 

1. 45 
90 

3, 203 
5. 8 

1. 48 
92 

3, 061 
5. 1 

1. 64 
102 

3, 747 
6. 

l. 52 
94 

3, 064 
5. 1 

l. 56 
97 

3, 45 
6. 5 

7 bags of cement per cubic yard of concre te 

Bulk pecifi c gravi t y ___________________________________ 

D n i ty (lb per Cll 
f t ) __________________________________ 

Compr iv trengt h (11 per q in.) ____ -----------------
Ab orp t ion (weigh t per cent) ____________________________ 

pound per quare inch and water ab orption of 5-30 
weight percent (Wash a, 1956) . A com pari on of the 
rompressi ve t r n oth of the 2 -day . team- n reel sample 
and the t r n<Yth of 67 ample of oncr te made with 
comm r ial and p t ntially ommercial expanded-
hal a<Yo-r gat i giv n on fi<Yur 4. Thee data how 

that ampl of on r t mn.d with Mar tin bura 
bloated a <Yr aate, with one exc ption ar he trona-

t of tho e ample ma 1· with the proportion of 5 
sack of ement I er ubic yard of con rete and that 
they ompar favorably with on r te made from com­
mer ial a<Ya regate. 

CONCLUSIONS 

It can be concluded that the slat te ted i reasonably 
repre entative of the slate from th Martin burg 

1. 54 1. 53 1. 69 l. 57 I. 62 
96 96 106 9 101 

4, 199 3, 65 5, 251 3, 780 3, 495 
7. 5 7. 0 . 9 5. 6 5. 5 

ha le near the Delaware River and will make a good­
quality hahb...-eight aagregate. In fact, it appears that 
all th Martin burg, ex lusive of the graywacke, of 
co ur , i a potential ource of light,...-eight aggregate. 
~ o hem ical or mineraloaic differen e is obvious that 
migh t explain why ago-regate from the different 
ample formed concrete of different compressive 
trenath ; the pe ifi o- ravity of ao-gregate made from 
ample 3, ho,...- ver, i hi<Yher than that of the other 
amp] . Concrete made with aagregate produced 

from ample 3 is generally tronaer than that made 
from the other four Martinsburg sample . It seems 
to be the rule that among various type of lightweight 
concrete the trOJ1D'er on are made from relatively 
h a vy aggre<Yate. 
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LITHIUM-BEARING BENTONITE DEPOSIT, YAVAPAI COUNTY, ARIZONA 

Bv J J NORTON, Washington , D.C. 

Abstract.- ample. of montmorilloniti clay from a depo i t 
in and near the W% ·ec. 12, T. 13 N., R. 6 W., contain 0.3 
to o.~ perc nt Li,O. bemica l and spectrographi aua ly show 
th!lt the clay is ba racte r ized by the unusua l constituents L i, 
~'. and Mg in am uot intermediate between normal mon t­
m rillonite and the end member, h ctori te. 

The exi ten e of lithium in a depo it of bentonitic 
montmorillonit , known a the Lyles lithium clay de­
po it, in Yavapai ounty r iz. ha been knmYn for 
some year but it ems not to have been recorded in 
th ()'eoloD"ic literature. Most of the depo it is in the 
\r% sec. 12, T. 13 N. R. 6 W ., but some of it extends 
into e . 1 and 11 (fig. 1) . It is 22 miles . 0° W . 
from Pre cott and 9 mile. N. 60° W. from K irkland, 
.\riz. The road from Kirkland to BaO'dacl pa 
along the outh edge of the ar a containinO' exposure 
of lay. 

The eli covery that the clay ontain lithium in cle­
t lnbl amounts wa made by Jo eph Lyle of Yarnell, 
.\riz. in th micl-1950 ' . He brought the clepo it to 
the attention of E. T. Turley of Phoenix, Ariz. who 
did n m 1 tam unt of ' ploration by pit an l au 
hoi in 19 1957. "\ . . P t r th n of th 

f th 
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12 
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R. 5 W 

Lyles llth1u m 
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10 MILES 

l!' ro RE 1.- Index map showing loca tion of Lyles lhtbitllll clay 
dep it , YaYapai ounty, Ariz. 

make them a nilable to others. 
The Lyles lithium lay deposit is one of a growinO' 

li t of montmorillonite clepo its in the W estern nitecl 
tates founcl ·to be enriched in lithium. The best known 

alifornia, 
wh r a. la min ral of unu ual nature wa oriD"inally 
r p rt cl by Fo haD" and '' ooclforcl (1936) . The min-

IHtmed h cl01·i t b Ros a ncl H nclricks 
(L45, p. 27) who cl rib cl it a an end member of 
th montmorillonit O'l'Oup in whi h maO'n ium and 
lithium tak th pla of aluminum and in which there 

mor Auorin than OIL An analy i by R. E. 
te,·en (R and H nclri k 19-:1:5, p. 35) hows 0.13 

per nt ~\h 3 25.03 p r nt 1()'0, 1.05 p rcent L i20, 
and :>.96 percent F; another analy i by S . S . Golclich 
( me and other 195 , p. 31), how 0.33 percent 

120a 2-:1:. 1 p r nt 1()'0, 1.14 per ent Li20, and 4.75 
p r nt F. T '"''O oth r lithium-r i h clay lo ali ties have 
a! o b en repo rted in the Mohave D er region: one 
of th m 1 mi les n01thea t of Amboy, ali£., ha 0.50 
p r ent Li2 (Fo hag and W oodford, 1936, table 1, 
p . 2-:1:1) · th other i at Boron, ali£., '"'·h re the shaly 

U .. G EOL. SURVEY PROF. PAPER 525-0, PA GE 0163- 0 166 
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matrix of borate deposits has 0.5 to 1 percent Li20 
(ICe ler, 1960, p. 524). Still another lo ality is the 
Road ide beryllium depo it, por Mountain, Juab 

ounty, tah, where Shawe and other (1964) found 
that 1 amples of montmorillonitic tuff have an aver­
age of 0.22 percent Li20 and range from 0.04 to 0.43 
percent Li20. lay-rich fraction epara.ted from 2 
of these samples contain 0.3 and 0.39 percent L i20 
and 3.10 and 1.8 percent F, respectively. 

At the pre ent time, the lithium of uch clays is 
chiefly of geochemical interest, and only potentially 
of economic importance. The lithium content is uener ­
ally lower than the lithium content of commercial 
deposits in peumatites, which generally range from 1 
to 2 percent Li20. Yet a clay deposit with somewhat 
Ies than 1 percent Li 20 is not necessarily at a severe 
competitive disad\7antage, for the mining and extrac­
tive co t may \Yell be less than for pegnntites. It is 
for this reason that the L yles deposit has been ex­
amined in the light of its po ible value as a source of 
lithium. 

GEOLOGIC SETTING 

The Ly les lithium clay deposit i in the valley of 
Kirld and Creek, which flows westerly throuuh the 
area. The creek itself lies to the south, and the main 
valley wall, made up of basalt cliffs, lies to the north 
of the depo it (fig. 2). The chief e},:-po ures of the 
clay are on the top and sides of a low north-north­
easterly t rending hill, show·n in fiO'ure 2 in the west 
ha lf of e tion 12. The largest exposu re is in an open 
pit, 250 feet in diameter, at locali ty C of fiuure 2. Thi 
pit is a source of bentonite u ed locally in dam irriua-

' b 
tion di tches, and ot her water-containi ng st ructures. 
Clay i al o expo ed in the floor of the arroyos on 
ither ide of the hill, and in the pit and auuer holes 

mad e by E. T . T urley. Throughout mo t of the area, 
ho,vever, the clay i concealed both by a caliche­
emented aprock and by andy surfic ial material. 

Boulder of basalt from the cliffs to the north are 
tr wn aero s the urfac , and a fe,,- outcrop of ba alt 

appear. beneath the clay in the floors of arroyos. The 
geolOO'J map of Yavapa i C'.tOunty by the Arizona Bureau 
of Mines ( 19 ~ ) how both the'ba altand thesediments 
of this region as T er tiary or Quaternary in aue; it 
also how Pre ambrian g ranites only a few miles 
away in all directions. 

\ \ hether the ediments are younger than the basalt 
in tl:e li ffs. to the north or whether they are inter­
st ratlfie 1 wtth basalt is by no means certain fro . . . m 
e:n stmg evtdence. Geologic mapping is needed to 
ascertain the structural and stratig raphic relations of 
the clay to nearby rocks. Because the clay is not 
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widely exposed, the mapping will probabl have to 
be supplemented by auu r hoi and t t pits. 

DESCRIPTION OF THE BENTONITE 

The clay ranges from white to light uray or liuht 
ureen, or even to dark gray or dark rrre n, e pe ially 
'rhen wet. orne of it i tan. fottl d 'vhit and green 
clay i con pi uous in orne expo ur . Bedding with 
a low dip i evident in the laru r expo ure . The 
only visible nonclay con tituent i opal pod of which 
may be everal inches acros . Th hiuh cal ium content 
indicated by the analyse of table 2 pr umably reflect 
a hiuh content of calcite. 

The fir samples tested in the laboratories of the 
· . Geological urYey wer uppli d by W. C. 

P eter . X-ray analy i by A. J. Gud 3d howed that 
montmorillonite is th dominant lay mineral. Flam 
photometric analyses by W ayne Mountjoy of two 
s~mples,. said by W . . P eter to be pecially rich in 
L120 , y1elded values of 0.54 and 0.90 percent Li20. 
Ana.lyse of additional samples coll ected by J. J. Nor­
ton m March 1960 are given in tables 1 and 2. 
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TA OLE I. - Analyses of clay from the L yles li thiwn deposit, sections 1, 11 , and 12, T . 13 ., R . 6 IV. , Yavapai County, Ariz. 

[Tn percen t; . D., not determined] 

Sample locali ty (tlg. 2) and descri ption 

--------
.\ . Bu lldo zer t rench. JJK I 0, . urfi-

ia l materia l that ror m a ha rd 
wh ile ca prock; JJX 2 0, 4 to 12 
inch below urface; JJ - 3 0, 
I .!' f t below sur face. 

lJ . uLting from dri ll ho le. J J N 5-60. 
andy. 

C. Op n pit . JJ !\ 10- 60, from a 
part of pit; JJX 12- 60, from 
north id ; J JI'\ 13-, 14- and 
J. 60 from 3 epa ratc bed on 
sou h ide of pit: J J X 13 0, 
uppcrmo. t; JJX 1 0, int r­
mcdi te; and JJX 15- 60, lower-
mot. 

Field ' o. 

JJ N 1- 60 
JJ T 2- 60 
JJX 3- 60 

JJ T 5-60 
JJ N 6-60 

JJ N 10-60 
J J N 12-60 
JJ X 13- 60 
J J K 14--60 
J J :K 15-60 

Labor a-
LioO 

tory No. 
(') (') 

------- ----
2 1065 0. 11 0. 09 
28 1076 . 35 . 32 
2 1077 . 45 . 43 

28 1067 . 12 . 09 
28106 . 37 . 37 

. 53 . 4 

. 46 . 47 

. 46 . 50 

. 29 . 28 

. 44 . 42 

• R b,O • Cs,o 'Sr O • F 

(') 
--- -----------

0. 1 0. 005 N.D. 0. I .D. 
. 4 . 014 .D . . 39 l. 07 
.4 . 01 5 N. D . . 39 1. 20 

K .D . . 020 <. 001 . 18 K .D. 
K .D . . 010 N .D . . 21 .D . 

T. D . . 01 3 . 001 . 28 K. D . 
K .D . <. 005 I .D . . 26 .D . 

.4 . 009 -.D . . 21 l. 36 

.2 . 009 - .D . . 19 

. 4 . 006 <. 001 . 14 1. 2 

D. Gu ll y wa ll _______________________ JJX 17-60 2 1081 . 4 . 42 .4 . 013 <-001 . 21 . 96 

E. Cutting from dri ll hole ____________ JJ N 0 2 1071 . 31 .2 X. D . . 010 X .D . . 1 K. D . 

F. ut crop and dri ll hoi . J J X 20-60, .JJX 20- 60 2 1066 . 12 . 15 . 15 . oo - T. D . 0 X.D . 
hard white caprock from ex-po ure J J X 21 0 2 10 2 . 32 . 27 .2 . 006 <. 001 1. 9 . 96 
in arroyo; J J X 21 0, cuttings 
from dri ll ho i . 

G. utting from dri ll ho i JJ X 22 0 2 1072 . 35 . 32 X.D . . 014 N. D . . 19 N. D . 

H. Pro p ct pi L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ J J K 25-60 2 107 4 . 24 . I 9 K.D . . 011 K. D . <. 05 K. D . 

I. Drill hole and outcrop. , andy ma- JJ 23 0 2 10 3 . 05 . 04 . 15 . 013 .1\.D . ~.D . . 21 
t rial. JJX 23 0, cut ing from JJK 2 60 1073 . 03 . 02 .1\ .D. . 006 X .D . . 14 K .D . 
dri ll hole; JJX 24--60, from pro-
pe t pit. 

J. Outcrop ncar a pring _____________ J JK 27-60 28 10 4 
J JK 28- 60 2 1075 

' 1'1 me photometric. Analyst : Warne Mountjoy. 
' Fl m photometric. Anal yst : J. l. Oi!Ulin . 

1 indirat that th 

area 
than 

ntrnt i. also high in th Ia -r i h 
fr m 0. , to l.~ 1 H<'ent F. Thi 

yet th Anorine i 
only about:) tim . a. ahnn lant n. Li ~ 

lyzecl h r torit fr·om the typ lo alit ' ha nbout . tim . 
a mu h An01·in a. Li ~O - L ithium-ri h snmpl .. a -
rordino- to thr . rmi<prnnl it at i,- . 1 ctroo-rnphi anal ­
y e in tab! 2 ar nl. o high in { p: and lo w in Al 
whi h uo-g t . imila ritie t hecto rite. 

Th nt nt of . t rontium (table 1 and ~) i high 
enouo-h to indi at th pre nc of n st rontium min ra l 
which ha · not 1 cen identified. T h ontent f ru bidiu m 
and cesium i v ry low. 1 nl ik t·h lay , a lt red tuff 
desc ribed by McAnnHy and LrYin on (19G-± p . 772) in 

. 15 

.0 
. 15 
. 07 

. 15 
:--;.D. 

. 025 

. OJ 
T.D. 

N.D. 

' Quantitative spectrographic. Analyst : R . 0 . H avens. 
• Volumetric. Analyst : \\' . D. Ooss. 

I'\. D. 
:K. D . 

. 33 
J.D . 

th Jl on comb Hill r tah, i enriched not only in 
lithium but al o in rubidium and ce ium. Beryllium i 
on pi uou at the H oney omb H ill depo it but vir­

tually ab n in th Lyle li thi um depo it. T he beryl­
lium ont nt of thr lay ample from Jo aliti A , 

, and F determin d by D . R. hawe '"i th photo-
n utr n a tivation quipm nt i le than 10 ppm. 

ORIGIN 

Th bedd d natu re of the lay in the Ly le depo it 
led b thE. T. Tu rley and \\ . . P t r ( 'ui tten om­
mu ni ntion , 1957) to uppo e that it fo rmed or io- inall y 
a a Ink diment. T hi i an ac eptable conclu ion 
f r th origin of the main body of mater ial. The 
nbundan of lith ium flu or ine nnd t ron tium , how­
eY r uo-o-e t that the onver ion of the diment to 
bentoni t wa at 1 a tin pa r t by hyd roth rmal altera­
t i n. In thi conne t ion it i note \\'orthy that re ent 
pa p r all fo r hot p rino- a the ourc of some of 
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· t 't t ' t aJ·•h?'c anal yses of clay from the L yles l ithium cla.y deposit 
TABL E 2.- enuquan t a ~ve S]Jec rogr ' · 

C kiln . d b 1 detected and concentration Wl OOrtain; 0, searched for but not fOWldJ 
(Analysts: R. 0 . Haven and Nancy on , , are Y 

Sample 1 

JJ !<HlO JJ N lb-60 JJ N 17-60 JJ N 21- 60 JJ 27 20 JJ 23-60 Element JJ ' 2--60 JJ N 3-60 ]J i 13-60 
----- ---------- ---

> 10 > IO > 10 > IO > JO 7 > JO > IO 'i _________ > IO . 7 3 . 7 7 7 AL ___ ____ 3 3 3 . 7 
Fe ________ .7 .7 . 7 .3 .3 .7 .3 1. 5 1. 5 
~g _______ 7 7 7 7 > JO 7 > JO 1. 5 3 

> JO 7 3 > 10 7 7 > 10 1. 5 7 a ________ 
.7 .7 .3 1. 5 3 N'a ____ ---- .7 . 7 .7 . 7 

Ti __ ____ __ . 15 . 15 . 15 . 03 . 07 . 15 . 03 . 15 . 3 
Mn _______ . 03 . 03 . 015 . 007 . 03 . 03 . 007 . 03 . 03 
B ____ _____ . 003 . 003 . 003 d . 003 . 007 0 . o· . 003 
Ba __ ______ . 015 . 03 . 015 . 007 . 007 . 015 . 007 . 07 . 07 

e ______ __ 0 0 0 0 0 0 0 . 03 0 
o __ ______ 0 0 0 0 0 0 0 . 0007 0 

Cr - ------ - . 003 . 015 . 003 . 003 . 003 . 007 . 0015 . 007 . 007 
Cu ____ ____ . 0015 . 003 . 0015 . 001 5 . 003 . 0015 . 0015 . 007 . 003 
La ________ 0 0 0 0 0 0 0 . 03 0 
Nd __ _____ 0 0 0 0 0 0 0 . 015 0 

Ti _ ------- . 0007 . 0015 . 0007 . 0003 . 0003 . 0015 . 0007 . 003 . 003 
Sc ________ I . 0007 . 0007 0 0 . 0007 0 . 0015 . 0015 

r ________ .3 .3 . 15 . 15 . 15 . 15 1. 5 . 03 . 15 v _____ ____ . 03 . 03 . 007 . 003 . 003 . 003 . 001- . 0 15 . 007 
y _________ d d d d 0 . 0015 0 . 0015 . 0015 
Yb ________ d d d d 0 . 00015 0 . 00015 . 0001 5 
Zr ________ . 007 . 007 . 003 . 003 . 003 . 015 . 003 . 007 . 01 5 

Element searched for b u not found in any sa mple: 
P , Ag, As, Au, Ee, Bi , Cd, Dy, Er, Eu, Ga, Gd, Ge, Hf, Hg, Ho, In, lr, Lu, Mo · b, 0 , Pb, Pd, Pr , Pt, H.e, H.h , Ru , , IJ, , n,, m, 

Ta , T b, Te, Th , T l, Tm, , W, Zn. 
r\na ly ica l res ult a re reported to t he nearest number in the ries 7, 3, 1.5, 0.7, and o forth . 
60 percent of t he reported re ults may be expected to agree wi th r ults of quantitative ana ly 

1 Location, description, and laboratory number or samples are given in table I. 

the materials at H ector, Calif. (Ames and other , 
195 , p. 35), and a io-n a major rol e to hydrothermal 
fluids from magmati sour e at por Moun tain , tah 
( hawe and other , 1964, p. C 7 ; taatz, 1963, p. 33-
35), and at the Honeycomb Hill s, tah (McAnulty 
and Levinson, 1964, p . 77'Z--774). 
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SUBSURFACE STRATIGRAPHY OF GLACIAL DRIFT 

AT ANCHORAGE, ALASKA 

By FRANK W. TRAINER and ROGER M. WALLER, Washington, D.C. 

Ab8t1'act.- Glacia1 drift at An chorage, which is .· ituated at 
an eclg f a wid glac iat d lowland, r eache. a tbickne.ss 
greater Lhan 5 0 f et. The drift includes till, outwa b- tream 
ctcpo ' it , and e tuarin and lak ecliments wbi ·h r epre. ent at 
lea -t five lacial pi ode ·, and it thick n.· progre ·iv ly from 
the mountain wall on th ea t toward the cl ep r, axial part 
or th vall y. Its con titution changes in tb ame direction, 
from pr dominant till n ar th mountain wall to t ill , and and 
gral'el, and clay in an int 1·mediate r egion and then to till 
and lay n ar two e. tuari .· which border the area. Tb s 
changes ar attributed t o a r eal cliff r eo es in dominant mode 
of ecl im ntation. The expr .·sion of th same topogr aphic 
f ature in cv ral buri d . urfac s (unconformitie ) i s be­
liei'E'Cl to r fleet continuing. indirect influ nee of the preglacial 
ropogntphy on clepo.·iti n of th drift. Di sa. t r ou . lide during 
rhc Ala skn earthquake of :\fa rch 2:7 , 1964. ,,·er e au. ed b.> 
fa ilure o f a t hick clay unit xpo d in bluff at Anchora"'e. 

PI i to·ene depo it at Anchora()'e, in outh-central 
.\.I aska represent at l a t fi e epi odes of O'laciation 
and in Jude all the type of ediment commonly found 
in gla ial drift. Th tratiO"raphy of the drift i 
de ribed in thi report, and the areal di t ribu tion of 
the parat unit i outlin d. Th di tribution of one 
unit, th B ot I ggPr o,· Clay I roYid background 
informati n h lpful in th inte rpr tation of wh) land -
lid · o urr l wh r t h y di l during t.h \.I a lm 

earthquak f March 27 1. 6-l-. he re ult rer orted in 
th i pap r are bn d UJ on , urfa e inv tigations 
coupled with . tud} f the d tnil d lo~t of 21 deep t t 
well and of thC' I I!· of 40 dom t i and indu trial 
well and 93 t t lorin~t. : and tudy of , amplC'. from 
many of he well . Th lo~ts, tudie 1 rang(' from 35 t 
5±0 feet in depth nnd ~n-C'rnge 160 f et. A totnl of 
1,500 fe I of lo~t . 1\'a . , tudi ed. riteria f or the r og-

nit ion of oifl'e rent t. p . of gin inl drift in the log ar 
~riven by Ceder. trom and other (1964 p. 16- 20) . 

Anchor g is :ituat d on a t r ian~tnlar t ra ct of low-
land that i bound d on th il t b) high mountain 
and on th outhw t and northwe t by two tuari 
(fig. 1) .The area de crib d in thi rrport i ntirely in 

61. 
15' 

61. 

(}ire 
d/:~~nd 

0 

150. 

10 15 MILES 

FIG RF: 1.- lndex milp howin approximat boundarie of 
An ·l1 orage are11 , Ala k a. Diagonal pattern ' h(}w Ancb(}ra!!'e 
and h!'H I' ily ttled n{!ja en t area . 

th lowland exc pt at the outhea t wher it extend a 
short di tan e up the mountain lope. Loca l relief i 
le than 100 f t except near ome tream vall y and 
hilly tra ts. The land urfa e i underlain O"en rally 
b .O']a ial drift. The drift compri e (1) till, and a -
o iated till-like ediment believed to ha.ve been ome­

what orted dur·in()' depo ition by mudflow, by melt­
\Vater treatns, or in tandinrr ''ater at ala ier n1argin 
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(2) outwash sand and gravel depo ited by melt-water 
t reams; and (3) sand, silt , and lay deposited in 

standing water (fig. 2) . 

CHARACTER AND SUBDIVISION OF THE GLACIAL 
DRIFT 

Two sheets of glacial drift are exposed at the lapd 
surface (fig. 2) . The younger of these wa formed 
during the la t glacia tion of the upper Cook Inlet low­
land, the Naptowne Glaciation of Wi consin arre 
(!Carlstrom, 1964). Thi s drift heet con i t of the 
Elmendorf end moraine (Miller and Dobro' olny, 
1959) formed by a large valley glacier that advanced 
into this area from the ea t-northea t, and of outwash­
pla.in and lake deposits which co,·er most of the central 
part of the area outh of the end moraine. Older 
ground-moraine and associa ted deposit , exposed in the 
outhern and ea tern parts of the area, repre ent the 

next-older Knik Glaciation (Mill er and Dobrovolny, 
1959, p. 12-14) or the Knik a.nd an older 1:;laciation as 
well (!Carl strom, 1964, pl. 6). ub urface data from 
the records of \Yells and te. t borings reported in this 
paper provide evidence of older drift deposits which 
are not exposed. Mill er and Dobrovolny (1959) and 
Cederstrom and others (1964) have described the Pleis­
tocene deposits, and these authors and Ka rls'trom 
(1964) have discu sed thei r stratigra,phy and history. 

The fen ce diagram (fig. 3B), based on the log of 
selected wells, summarizes our interpreta-tion of the 
st ratig raphy of the drift . The diarrram is a revision, 
at a new scale and with added data, of one prepared 
as part of a study of ground water in the Anchorage 
area. Part of the older diarrram was published in 

ederst rom and other ( 1964 fig. 11), and part of j 

was reproduced in an engineerinrr-geology report on 
land lides which occurred after the ea r thquake.' Mo t 
of the logs have been publi heel: W aller and other 
( 1961) i the most complete referen ce · other are 
Miller and Dobrovolny (1959), Ceder t rom and other 
(19~4), and hannon and W ilson (1964). All the Jogs 
are m the file of the \Vater Re ou rces Di,·ision of the 
1 . . Geological Su r vey at An chorage. 

Problem of identification and of the adequacy of 
th~ data a ffect the reliability of interpretation of the 
dnllers' log , on which figure 3B is based. T he om­
mon type of materials ca n be identified readil from 
driller ' report for most "-ells, and the materials are 
suffi ciently different that the boundarie of till and 
clay-. ilt units probably were located within a few feet 

1 Engin~ering Geology Evaluation Group 1964 G 1 
March 1964 ca rthquak~ in the Grea ter An~horag~ a:Za~g~~::~:r~,ta~! 
Housi ng Authority, 41 p. [Dupli cated report] 

of their true po ition in on -ha,l f to two-thirds of the 
log . In most of th remaining loo- our error in lo­
catino- conta,cts wa pr bably le thn,n 20 to 30 feet. 
The buried depo its of and and gmv l pr nt a dif­
ferent typ of problem. They genemll can be id nti­
fi ed '"ith confidence, but their thickne is poorly 
known becau e most " ·ell do not pen tmt them com­
pletely. The water " ·ell omm nl y w~ r drilled into 
and and g ravel only fa r enough to obta in the de ired 

yield, and the te t bor ing ommon ly were terminated 
in the upper part of th and and gra 1·el, ju t below 
the overl) ing lay or till. 

F igure 3B shows that t h depo it at An horage 
form eYeral drift heet of wi 1 xt nt. \ iVe believe 
that each of 6 well (197 64, 111 177, 590, and 291, 
1 is ted from eft t. to ". l) penet.ra t 4 t.i ll heet toha.t a.re 
sepa rated by and and gravel clay or a weathered 
zone ( eder trom an 1 other 196-1: p. 26). nother 
well (163) appea r t·o penet rat :1: or 5 till sh t , and 
s vera] hallo,ver well pen tra.te at 1 a t 3 ti lls thought 
to be part of the ame eq u n of b d . Be au e the 
boundary between each pair of till he t , a w haY 
correlated them, i marked by a weath red zone that 
must ha• requi red an ar pre iabl i -f ree int nal for 
its formation , 1Ye beli eY thn,t th buri d ti ll heet rep­
resent at lea t four g lacia l epi ode . Thi interpreta­
tion, with the additional viden e of the Elmendorf 
end moraine, implie thnt th .\.nchorn,g area has 
been glaciated a lea t five time . K a rl trom (196+) 
has identified five glaciation in the Cook Inlet region 
on the ba i of surfac ob en·ation interpr ted partly 
in the light of radiocarbon date . \Y b lieve that the 
2 drift heets expo ed in thi area. repre nt the 2 
younge t member of the qu nc - t h Kni k (older) 
and Naptowne Gla iation . We he itate, however to 
a ian the older ti ll. in the ub uda e to the first 3 of 
~is glaciations, becau e of uncertainty in the correla­
twn of the older tills and b cau we cannot eliminate 
the pos ibility that more than fiv till are present. 

The ompo ition of the drift e tion change pro­
gre iYely with increasing di . tan ce from the mountain 
wa_ll toward the center of the mlley. At the wa1l the 
drift t. largely till. F a rther west, near well 114, 16::\. 
and 177, bed of and and graYel of app reciable thick­
ne s, and some of clay, are interbedd d with the ti ll. 

till farther we t (a far as wells 291, 427, and 624, 
for example) the sand and gravel are thin or ab ent 
and the e tion con ist chieAy of lay and till. 

The drift also thickens toward the enter of the 
valley. The logs of 9 ''ells whi ch rea h bed rock near 
Anchorage record total thicknesses of drift of (1) 
about 100 to 230 feet on and near the slope outh and 
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La te glacial and 

postglacial deposits 
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Outwash and 

associated deposits 
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FIGURE 2.- urfi cia l geology of pa r t of the Anchorage a rea, Alaska (generalized after _Miller and Do?rovolny, 
1H59, pl. 1, and ed r trom and others, 1964. pl. 1). Bootlegg r Cove Clay wh1ch crops ou t m bluff 
along Knik Arm and Ship Creek and locally elsewhere, not shown. 

ea t of th r gion . hom1 in figure 3B; (2) about 350 
to 450 f t fnrlh r out in the lowland (well. 4- and 
197 firr. 38 and n. w 11 north a t f 64 that i not 
hown on th diagrrtm) ; and (:~) m r than 5..J.O feel 

but 1 . th an 7 fe t n ar K nik . \.rm ( w 11 2, ; the fop 
of th b c1rock i clifli eulf fo identify in th 1 g). 

Th hange. in th ron t if uti on an 1 thi kne . of 
the drift r f1 r t nr<'R.I liffer n es in the dominnnt 
mod of dim nfation. " Th r th mountain lope 
and aclja nt lowlan 1 wer not ove r d by ire m It­
water stream (fl wing mainly ae ro .. the lo"·lnnd ) 
depo it d . an 1 nncl gran' I that r present d part of the 

dim nt ca rried from the gla rie r. In ro ntr·a. f. 11111 h 

of th d et r part of fh nlley lay under wate r during 
perio l wh .n it WH . n t c " reel by ire nnd mo, l of 
the s dim nt carrie 1 int o fh . tanding wat r wns d -
po it d th r . Thu. , th nont ill clcpo. it to the we t 

are much thicker, and ontain mnch more lay nnd ilt, 
than tho lo th ea t. 

YOUNGEST DRIFT SHEETS 

Figur 3B illu t rate everal drift heet , each of 
'"hi h appea.t b a compo ite of (1) till, (2) and 
and graY 1 and ( ) la. and il that represent a 
inrrl g la iation. The younger depo it are b tter pre­
en· d tha.n th old r one and are mu h better k-nown 

bee au man mor well pen trn.te them. Two uni , 
fh Knik Till and the Bootleg<r r Cove la) which 
o,·e rli th till are uffi iently well known to be 
mapp d in om detail. ontour map of the ba e of 
th till and of the ba of the clay revea l th <rro 
form of th land urfa e before and after the next-to­
la t rrla iation of th area. The map agree in their 
p rtrayal of v ral forme r topo<rraphi feat u res (now 
part of unconformiti ) and thi agreement lend 
r den to our interpr tation of the sub u rfa.ce data. 

It i imr or tant to note, howeYer , that the maps are 
ba d larg ly on the ame lorr , o that if one map i 
in error at a gi ' en p la e the other probably is also in 
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-11 · q 1en e (in a cend -. . Thus if th upper tJ 111 a se l 
~rroi.d ) o,f. tl' ll clay ti ll and clay had locaJly been ma or er . , ' , ' . t1 . 
re~oved by erosion before depo itwn of \e. uppel 

1 . I t be interpreted a bema the clay the two c ays mlg 1 . h 
' ' • 1 aloJ1e and the lower till identified a t e upper c ay ' ' 1 · d f 

t ' ll it Con equently the inferred a tJtu es o upper J un . b . . How 
the bases of both map uni ts 'vould e m error. -
ever, this type of error eems unlikely becau e the well 
are numerous and clo ely paced. 

Knik Till 
Figure 4 i a contour map of the ba e of the Knik 

Till. This till is expo eel a ground (and la~eraJ ~) ~o­
raine in the eastern p ar t of the map area but JS bmled by 
younaer deposits in most of the area ~ho,>n. The ~at­
tern of contour line shows tha,t the hll was depos1 ted 
on a gently slopino- surfa e which in the outh-central 
part of the area fl atten. and e~te~d westward a~ a 
broad low hill. We interpret th1s lnll as an expres 10n 
of the prealacial divide (undoubted!~ greatly ~roded) 
between the major valleys now occupied by Kmk Arm 
and Turnagain Arm. The hill is bounded on the nort_h 
and we. t by deep valley . The Yalley to the west 1 
thou aht to be the northward extension of the Turn­
agai~ valley. That to the nortl~ may_ repre ent the 
westward extension of the preglac1al h1p reek valley 
into the lowland. 

F igure 5 is a contour map of the base of the next 
younger extensive stratigraphic uni_t, the Bootlegg~r 
Cove Clay. That surface can be considered to approxi­
mate the upper surface of the Knik Till because sand 
and gravel are present beb,een the till and clay only 
locally. Comparison of fiaure 4 and 5 how that the 
ti ll i ommonly about 50 feet thick and that the form 
of its upper urface i a rather clo e replica of that of 
its base. The prominent topographi features of the 
surface beneath the till - the " ·ide hill in the central 
part of the area and the valleys north and west of it ­
are all repeated on it upper urface. Thus exc pt for 
mall buried hill such as those shown in generalized 

form at wells 333 and 39 , in the northwe tern part of 
fig11r 3B, and in somewhat more detai l in figure 5, the 
confiauration of the t ill heet r fl eets that of the topoa­
raphy on which the till was depo ited ; it i not due to 
ero. 1on. 

Bootlegger Cove Clay 

The Bootlegaer ove lay is a deposit of clay, silt, 
and subordinate material which underlies the surficial 
sand an~ aravel in much of the Anchorage area (Miller 
and Dobrovolny, 1959, p. 35-4 , pl. 5-6; additional 
data and di cu sions of the character, di tribution, fos­
sil content, and origin of the clay are given by chmidt, 
1963; Ceclerstrom and others, 1964; Karlstrom, 1964; 

}i'IOURE 3 

A. Index map to fence diagram on fa c ing pag , ho~ving loca-
tion of line of ction. land · Lid of l arch 1 _M (shaded 
areas) , and boundary f Anc horage (dash('(! lm ). 

n. F nee dia ram. bas d on sele ·t d w e ll lo s, that how the 
t ratigraphy of g la ·in l dri ft in pn:t of ~he Ancborag ar 11, 

Alaska Diagram is o ri oted \Ytth v t w · u thea tward. 
f rom abo' Cook Inl et, to how deposit in c n_tral part of 
area to be t ad \·an tag ; i t i omewhat ell ~o rted by 
projection. W 11 1 g numb r d with l tte r prefixe from 

b11nnon a nd \Vii on (1964); tber w II log. fr_ m Wall r 
and others (1961) and unpubli h d r ·o rd_ tn fil of 
Water R e our e Divi ion , .S. Geologtcnl 
Anchorage. 

and hannon and 'Vil on, 1964). Th lay i younger 
than part of the Knik drift; in part it extend ~ -
neath the Elmendorf end moraine and in part adJa­
cent to the end moraine it contain what app ar to be 
water-laid till and ha been deformed. Evi lently the 
Naptowne glacier adYanced into the wat r body in 
which the clay wa depo ited. Karl trom (1964. P· 
37-3 ) believes that the lay on i t of thr~e umt · 
Accordina to hi interpretation which we thmk rea-

e ' 'k onable, the lower bed w re depo ited in a _Kni · 
proglacial lake formed when water wa ponded 111 the 
upper Cook Inlet region by coale cent glaciers to th_e 
southwest· the middle b d represent e tuarine depo I­

tion duri~a the K nik- aptowne Interalaciation · and 
the upper beds were laid down in a Naptowne pro­
alacial lake. 

In gross form the upper urface of the Bootlegger 
Cove lay (fig. 6), with a broad hill in the central 
part of the area bordered by yalJeys to the we t and 
north, resembles the form of ea h of the older uncon­
formities shown in fi ures 4 and 5. It is inferred that 
the same strong control operated throughout the s~p~­
rate cycles of sedimentation in this area, aiving a SI !DI-
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Fro RE 4.-Contour map of the base (unconformi ty) of the Knik Till in part of the Anchorage area. 
Datum is mean sea level ; contour interval, 50 feet. Dot . how location of well from wh ich data 
were obta ined for drawing contour lines. 

larity in form to depo its otherwise quite dissimilar, as 
for exa mple the Knik Till and the Bootleager Cove 

lay. Appar ntly the controlling influence was the 
land surface, and the form of each successive land sur­
fa ce r fleeted that of the preced ing one. It follows that 
the ultimate control upon depo ition would be the pre­
glacial topography. Once thi preglacial surface had 
im po ed its ymmetry upon the first-formed deposits, 

that ymmetry " ·as repeated m all ub equent depo­
. ition. 

Other topographic feature of the top of th clay 
are narrow west- tr nding valley and several mall hill 
and clo ed depre ions. Th valley are coin ident 
with stream valley in the pre n t land urfa and 
must be due to tream ero ion. Land- urface depre ­
sions in the western part of figure 6 orne of whi h are 
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riOL' Rt~ 5.- ' ntour map of t he ba e ( unconformity) of the 
Bootll'gg r ove lay in pa r t of the Anchorag a rea. Datum 
is m nn en Ie,· I ; con tour in terval, 50 f e t. Dot show loca­
tio n of well fr om whi ch da tn w r obta ined for drawing 
contour line . Da h d line· how inferred bounda rie. of 
th Cllly . 

indi ate 1 on thi map ha.ve been explain d by the 
me ltino- of buried !rla .ia.l i e (:Miller and DobroYolny, 
1959, p . 5-±; Ceder trom a ncl other , 196+, p. 39) a.ncl 
by oth r pro e e uch as differ ntial ompaction or 
the m lt ing of ground ice (K a rl trom 1964, p. 3 -39). 
The imilarit ' f lnnd - urfa f rm h r nnd in the 
pitted ouhn h depo, it. wt>. t of the w t rn clay bound­
ary faYor xpl anation b ic -ll O<'k m Hiner. Th fact 
that om of th d prt>. ion . on fign r 6 ar 1 at d 
where the day i. thi ker than it i nearby Hgg . t 
localization by differential c mpa tion. The mall hill 
on the upper . ndn of the clay, in which the clay 

stands 30 feet or more higher than nearby and which 
are capped by sand and gravel, are chiefly in the cen­
tral and southwestern parts of the area. During our 
earlier work (Cederstrom and others, 1964, p. 34) 
these hills were interpreted as erosional remnants of a 
hicrher level of the outwash plain. Comparison of fig­
ures 5 and 6 suo-gests that differential compaction of 
the clay offers an adequate explanation of the hills. 

The Bootlegger Cove Clay is covered by sand and 
gravel deposited by outwash streams that flowed into 
this area from the northeast, from mountain valleys 
outside the Elmendorf end moraine. Toward the west 
these outwash deposits ,-.;-ere deposited in the Naptown 
progla.cial lake. During westward regre sion of the 
lake, treams from the mountains (particularly hip 
Creek, which may still have had a o-lacial source) 
flowed across the emero-ing plain, building alluvial 
fans near the mountains and trenching the plain near 
the shore. With draining of the lake and return to 
estuarine conditions the depo its in ,-.;-hat is now Knik 
Arm ,-.;-ere al o trenched. Durinrr this episode of down­
cutting, Ship Creek fto,-red in e' eral distributary 
channels whi h were abandoned in turn until only the 
present creek valley contained a through-o-oincr stream. 
Thu , the estuary and the channels of different arres 
\-rere cut to different depths into the and and gravel 
or into the underlyin 0' Bootleg<Ter Co' e lay. The 
presence of the clay near the modern shore and its 
expo ure in bluff along Knik Arm and along the 
deeper t ream valleys (especially the deepe t one, that 
of the modern hip Creek) , provided the setting for 
th eli a trous land lide cau ed b the earthquake of 
March 27 1964 (fig. 3A) . 

Durino- or after drainao-e of the proglaciallake, and 
before the po tgla ial ri e of sea level re•ersed the 
do,Yncuttino- trend, the hip Creek valley was trenched 
a much as 9 fe t below th pr ent ea I vel. In po t­
g lacial time tuarine water flooded the valley to a 
I vel ome\Yhat aboYe pre ent ea level, d po iting a. 
r t> latively thin clay upon the tr nched older lay and 
th alhn·ia l depo it in th Yalley bottom. Finally, 
during and after decline of ea 1 vel to it pr ent 
position th clay wa cover d by modern allm ium. 
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I<'ro RE 6. ontour map of the top of the Bootlegger ove Clay in part of the 
Anchorage area. Datum i m an sea level ; contou.r interval, 20. f eet. D ot 
·how location of wells from which data were obtamed for drawmg contour 
lines. Da hed lines how inferred boundarie of th clay . Larger lak . in land 
a rea underlain by the clay are . hown by tippled pattern . 
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.!bstract.- losed dep re ion · occupy a bout 30 per cen t of 
the 6 or of lh Gulf of Maine and conta in about percent of 
the water in the g ul f. In 21 of the e depre s ion t h e a rea 

11 sill lev I r anges from 27 to 10.400 sq km , and t he ba in 
door li '"' to 13- m below the s ill· , or 64 to 377 m below sea 
Jerel. T he clo ·ed cb a ract r of the de pre ions, t h e lack of 
. award g rndi n t'S, and t b pre ence of ediments ·imila r to 
(!acini drift su e t that g lacial e r o ion and d epos it ion have 
played sig11ifltant role in formation of t h e pt·e ent topograpb)· 
of the floor of th G ulf of I a ine. 

In 1962 th U. . Geologi al urvey, in cooperation 
with th V\ ood Hole 0 eanographic Institution, began 

5-year proara.m to tudy the ediments, topoaraphy, 
and tru tur of the ontinental marain off the east 
'Oa of th nited tat _ In the cou rs of thi ·inves-
ligation, hupi (1965) compiled a set of charts of 
he ontin ntal marain from all avai lable soundings 
l 0 0 ) of the .,. _ . Coa t and Geodetic urv y the 

Canadian Hydrographic ervi e, and "\iVood H ole 
eanoCYraphic In titution. The mo t trikina topo­

!raphic f atur illu trated by these charts is the Gulf 
of Main , a rectangular depres ion with an aYeraa 
depth of about 150 meter (fig_ 1). It extend from 
)fa a hu tt to Nova otia and is bounded on the 

h lf. 

FORM AND SEDIMENTS OF THE BASINS 

A ubmari n ba in a 
.~dvi ory ommi t on 
L" . . Board of Ge graphi 

ording to th u aa of th 
nd rwat r Featu r s of the 
Tam , is a s a-floor dep r -

1 Contribution 1652 of the Woods Hol e Ocennogrnphl c Ins tituti on. 

GEOLOGICAL SURVEY RESEARCH 1965 

BASINS OF THE GULF OF MAINE 1 

By ELAZAR UCHUPI, Woods Hole, Mass . 

sion that i aenerally equidimen ional. Wi thin the 
Gulf of Maine there are 21 such basins. There th sill 
depth (the depth to the low part of the rid ae or well 
eparating one basin from another) r anges from 59 to 

242 meters below sea level, and the depth to the sea 
floor ranges from 5 to 135 m below the si lls, or 64 to 
377m below sea level ( ee accompanyina table)- The 

Depth, area, and volume of basins in the Gulf of Maine 

Depth to 
Basin bottom 

(meters) 

Depth to Mean Area of basin Volume 
lowest sill depth at sill (square (cubic kil-
(meters) (meters) kilometers) om t~r ) 

------------l------- l-------1--------------l-------

Davis ____ ____ _ } 
Howell __ ____ _ _ 
Murray_____ __ 

295 Rodger ___ ___ _ 
Sharrer ___ ____ _ 
Wilkin on ____ _ 
Black_ _______ _ } 
Ca hes _ _ _ _ _ _ _ _ 220 
S ig bee __ ____ _ _ 
Jordan __ _____ _ } 

311 Truxton ____ __ _ 
Ammen___ ____ 221 
C r owell _ _ ___ __ 304 
E lizabeth___ __ _ 19 
Franklin_____ __ 243 
G eorges__ _____ 377 
Linden kohL_ __ 23 
Little 

S t Llwagen __ _ 64 
1ac --------- 157 

Manan ______ __ 211 
la in icu _____ 227 
1urr _ _ _ __ _ ___ 11 9 
~ ddick_ ___ __ _ 1 5 
Piat t _ _ _ _ _ _ _ _ _ 1 0 
I orpoi e_ _ _ _ _ _ 1 

cantum _____ _ 139 
tc !Jwagen ___ __ 102 

Tilli --------- 170 
Tu ket_ ______ -1 27 5 

188 219 

165 190 

190 214 

1 5 197 
212 235 
15 178 
229 236 
242 2 6 
223 235 

59 62 
114 129 
161 1 3 
1 3 205 

70 77 
139 149 
167 174 
154 167 
127 133 
7 9 

1 105 
201 22 

1(}, 400 

1, 100 

1 070 

760 
1, 310 

170 
340 

5 , 200 
160 

90 
210 

1, 590 
00 

190 
90 

1, 240 
320 

30 
350 
390 
1 0 

322. 4 

39. 6 

193. 7 

9. 3 
30. 1 
30. 4 
20. 4 

22 . 
1.9 

.3 
3. 2 

35. 0 
13. 2 
1.0 
.9 
.7 

4. 2 
. 2 

3. 9 
9. 4 
4. 

area of individual ba in , at ill depth ranaes from 27 
to 1 400 quar kilomet r · th volum of water belo'Y 
ill depth ranae from 0.2 to 322 cubic kilometer , and 

th t tal ,-olume of the ba in below ill depth, is 906 
cu 1m. This total volume repre ent about percent 
of the Yolume of wat r in th Gu lf of Maine. 
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EXPLANATION 

AB - Ammen Basin 
88 - Black Basin 
CB- Cashes Basin 
DB - Davis Basin 
EB - Elizabeth Basin 
FB - Franklin Basin 
HB - Howell Basin 
LB - Lindenkohl Basin 

LSB- Little Stellwagen Basin 
MB - Murray Basin 
NB - Neddick Basin 
PB - Porpoise Basin 
RB - Rodgers Basin 
58 - Sharrer Basin 

SCB - Sc antum Basin 
Sl 8 - Slgsbee Basin 

STB - Stellwagen Basin 
TB - Tillies Basin 

TRB - Truxton Basin 
TUB - Tusket Basin 

WB - Wilkinson Basin 
WD - Wilkinson Divide 

,377 

Depth of basin 

229 

" Oeptl't to sill 

20 0 20 40 60 80 100 KILOMETERS 

CONTOUR INTERVAL 20 METERS 

l<' IounE 1.- hart of the Gulf of }Iaine, showing the outlines (thin da bed lines ) and topography (continuou contour lines ) 
of the ba in.· and the interba ·in area (di agonal lines) on the floor of the gulf. Number indicat depth to basin sill and depth 
of ba ·in , iu meter.·. Ba. ed on soundings by U.S. Coa t and Geodetic urvey, Canadian B.vdrographi c · nice, and Wood 
Hol e Oceunographlc In -titution. Profile a long line A-A' i hown on figure 2. 

Mo t of the basins in the gulf are compound- they 
en lo e several areas, each of which is deeper than its 
. urroundings. For example, six uch depression , iur­
ray, \Vilkinson, Sharrer, Ho,Yell , Rod<rer , and Da.vi 
Basin , occur within the large basin northeast of the 
Cape Cod penin ula (fig. 1). The basin floor between 
these depre. sions is irregular and gently undulating, 
and the deeper sections of the basins are occupied by 
plains (fig. 2). A few of the basins contain small hills 

\Yhose crests rise slightly above ill depth . With ~he 
exception of Geor<res Ba in and Franklin Ba in, wluch 
are floored by sand, basin ediments are brown ilt and 
till-like depo its con i Hn<r of mixed and, ilt and 
graYel. The brown ilt deposits, whi h appear to ~e 
re tricted to the deeper part of the basins, tran mit 
sound o readily that the depre sions are area ~f 
pronounced sub-bottoms on sections made '"ith a sol11C 
sounder (Murray, 1947). 
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DI STAN CE, IN KILOMETERS 

~'!GU ilE 2.- Pr file A - .4' made wi th precisiOn depth reco rder 
fi(' ros. part of J ordan Ba in, howin" reflecting horizon 
(ja~g d line) beneath t he floor in the deeper part of t he 
bns in . 1'h lornti on of t b profi l i hown on figure 1. 

ORIGIN OF THE BASINS 

In a t udy of the morpholoO'y of the sea floor off 
~ew England, Johnson (1925 p. 267) ugg ted that 
the ulf of Maine and GeorO'eS Bank are an inner low­
land nnd a ue ta, r pectively, that had been eroded 
uba rially out of the continental- helf trata and later 

wer lrowne l. H e also UO'O'e t d that the basins 
withi n the O'Ulf are former tream valley , and that 
\"orth a t .hannel i th gap a sociated wjth this for­
mer drainage y tern. H beli eYed that gla ial ero ion 
had play d an insignificant part in the formation of 
the O'Ulf. 

John on' im e tigation of the morpholog of th 
a floor of the Gulf of Maine was ba d on a few 

scatt r d 1 ad-line sounding that outlined the major 
featu re of the O'Ulf but were inadequate to portray 
ac uratel its diagno tic f ature . in e then, enough 

undings ha.v been ollected by the oast and 
Geod ti urvey and the Canadian H ydroO'raphi 

<'1'\' ire to delinea te the topoO'raphy of the bottom of 
the gulf in on. i iernbl detai l. Th new ounding 
data, plu hundr d of edim nt ample now aYailable 
from the flo r of the gulf indirat that the eomoq hi 
e,·olution of th<> gulf ha. be n more com plex than 
.Tohn on bel i ,·eel and ngg . t that glacial ero ion and 
depo ition ha" pl ay d a signifi ant rol e in molding 
it urfa . hart. ba e l n th<> n w onnding data 
clearly how that in letai l the fl oor of th gulf do<>. 
not r emble h owned fln\'i al topography: tlw basin. 
are wider and mo re in gular than tr<>am chnnnel , 
they ar clo .d , they lark. award gradien , and ome 
are de p r than Northea t Chann 1 the post ulated 
wn.ter gap 1 a,ding from the O'Ulf. The. e broa,d d pre~-

sions, many of which are deeper than 200m, are typical 
of glaciated shelves and are absent from nonglaciated 
shelves (Shepard, 1931, p. 345). Many of the ediment 
amples from the gulf have textural characteristics 

si®lar to those of glacial deposits. These considera­
tions suggest that glacial erosion and deposition have 
played significant roles in the formation of the O'Ulf. 
Thus, it is sugO'ested that the origin of he gulf is 
probably due to a combination of fluvial and glacial 
erosion, not simply fluvial erosion as Johnson believed. 

During the fluvial cycle of Johnson an inner low­
land (Gulf of Maine) and cuesta (Georges Bank) are 
believed to have been cut out of the Mesozoic and 
Cenozoic strata of the continental shelf. Northeast 
Channel probably represent the water gap of tllis 
drainaO'e system. Cretaceou ( ~) erosional remnants 
thouO"ht to be present below the Cenozoic strata in 
Cape Cod Bay (Hoskins and Knott, 1961) may have 
been formed dm·inO' this fhn·ial cycle. At the end of 
the fluvial cycle the gulf was aD'ain submerged and the 
fluvial topoO'raphy was partially buried. Later the 
area '"a glaciated, and the former fluvial topography 
"·a exhumed and re haped into it present. form. The 
bulk of the . ediment removed by fluvial and glacial 
erosion wa tran ported from the O'Ulf by way of 
Northea t Channel and deposited on the continental 
rise. Evidently the volume of material removed and 
arried seaward from this channel 'ms 'ery large, for 

the reli ef of the ontinental slope in thi area i les 
than 1,000 m, only half that found el e\Yhere. Degra­
dation with in the O'ulf '"as o great that la rO'e seO'ment 
of the P aleozoic rock making up the ba ement were 
e~po eel. To the outh and far ther '"e t, where erosion 
of the helf was negliD'ible, hundreds to thou ands of 
meter of Mesozoi and enozoi strata remain on th 
F al ozoic rocks. 
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AUTOMATIC SAMPLE CHANGER AND CONTROLLER 

FOR AN X-RAY QUANTOMETER 

By LEONARD SHAPIRO and CAMILLO MASSONI, 

Wash ington, D.C. 

A bSII'aCI .- The automatic amp! changer and controller 
de cribecl replace the manual ample changer of the ARL 
10-channel X-ray fluore cence quantometer u ed in rapid rock 
analy i . The unit permits expo ure of 32 samples to the X-ray 
beam, in . equence and under vacuum condition , and auto­
matically control the va ri ou. step of the X-ray ana ly i. up 
to, and including, the final priut-out of characteri tic X-ray 
inten. ities. 

A 10-channel vacuum X-ray fiuorescen e quantom­
eter, model 25,000 of pplied Re earch Laboratories, 
Inc., has been in u e in the rapid rock analysis labora­
tory of the . . Geological Survey during the pa t 2 
year . Procedures for preparation of rock samples and 
for the use of thi instrument in rock analysi have 
been de cribed previously by Rose and others (1963). 
The instrument comes equipped with a mechani m for 
manually placing the ample pellet under the X-ray 
tube and evacuating the air from the sample chamber 
prior to expo in()' the ample to the X -ray beam and 
counting fluore cence inten ities. Thi paper de cribes 
a newly de ignated automatic sample chamber (fig. 1) 
and control mechani m which replace the manual am­
ple han O'er and original controller of the in trument. 

Advantage of the new sample changer and control 
for the quantometer include the follo·wing: (1) X-ray 
determination can be made more quickly, (2) deter­
mination. r quire less time and attention of the oper­
ator and (3) the ample an be kept in a more stable 
tate becau e a continuous va.cuum can be maintained 

throu()'hout a serie of determination . 
The writer is indebted to RaJ ton Fones, of the 

G ologi al urvey, for helpful suggestion during the 
development of the \\'Orking model here described. 

AUTOMATIC SAMPLE CHANGER 

The automatic sampl changer consists of two om­
ponents: (1) a sample carrier, and (.2) a po itioning 
mechanism. 

Sample carrier 

The sample carrier i made up of a rotatable 16-inch 
dish-shaped carrier plate enclosed by a metal hou ing. 
Thirty-two holes or r cepta le alon()' the periph ry 
of the aluminum carrier plat hold the ampl p llets, 
13/s inche in diam ter and approximately %6 inch 
thick (fig. 2). The 16-inch plate diamet r is the maxi­
mum diameter allowable within the available pace in 
the X-ray wlit. The metal housing in which the carrier 
is positioned (fiO'. 3) i airtiO'ht and air in it can be 
evacuated by onventional mean . drive haft (M) 
passes throuO'h a Teflon l eve (N) conne ting the 
evacuated side and the air ide of the carri r hou in11. 
This shaft is off et from the c nter of the housin and 
carries a gear (H) which me he with a 0' ar (/) 
around a center post( 0), whi ·h in urn is fa tened to 
the carrier plate. A thin sheet of 1 ad (G) n th 
bottom of the carrier hou ing functions as an ab orber 
for strong radiation. 

In the original con truction the drive shaft wa 
centrally located and was f a tened to the carrier plate 
but it was found that on evacuation of the air from the 
carrier housinO', the housinO' flexed enough to press 
upon the shaft and cau e it to bind. To eliminate this 
problem a stainle steel center po t ( 0) was con-
tructed to hold the upp r and lower walls of the 

housing apart internally, and the carrier plate was 
driven by an off-center drive gear. 

amples are in erted into a receptacle in the lowe!' 
face of the carrier plate through a hatch (D ) on the 
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Oflf -

Fro Rf: 1.- Automatic !'lllmpl chHnger 111 opNating p ilion . orne of the eontr ol for the X-ray quantometer, and th RESET 

button for the .Ample chang r, ar ho\vn above the changer. 

bottom of th carri r hou ing. The ampl . arC' pla d 
one at timC' fa up into th r cepta 1 , where they 
pre aaain t a protruding le lge. \ bra. di sk (.f) 
lightly le than lo/a inehe in eli am ter and about lis 

inch thi k i. placrcl below the ample and a . pring 
clip (P ) i. 1 rr . C'cl again. t thi. di sk to . npport the 
sample in pos ition. Th dri,·e . haft (lff) i th en ro­
tated o that t h n xt rece ptacle i. o\·er the ent ry 
hatch, and the loading operation i repented with the 
nexi . ample. A n·um rin rr indi ator fa . tened to the 

clriYe haft h ,,. \\·hi h r cepta le i beinrr filled and 
which one i under the X -r ay tube. After all the 
re pta le a r filled the hatch coYer is repla ed and 
lock d and the air in the hou inrr i then evacuated. 

Positioning mechanism 

Positionincr of th samples under the X-ray tube and 
at the entry hat h is ontro]] d by an indexin cr " ·heel, 
onstru ted on th prin iple of the Geneya d riYe, 

fa tened on th air. ide of the dr iYe haft (fig. 2 and 
4) . Thi wheel onsi ts of a round stai n less tee] pla te 
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hatch 
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=~ ;;;~=~~ 32 sample 

Carrier plate (goes int h . recepta c les 
o ousmg) 

Positioning hole 

6 

Housing 

Indexing wheel 

FrouRE 2.- Diagram of ca rr ie r plate and housing. (Only 27 of the 32 holes are shown 
in t his diagram.) 

A, Stain 1 e s s-steel rein- J , Brass disk. 
forcement plate bolted K, Sample pellet. 
and ceme nted to L, Lead sbi eld. 
hous ing. 111, Drive shaft. 

B, Carrier housing. N, Teflon sleeve. 
0, Cover. 0 , Stainless steel 
D , Hatch cover . center post. 
E , Rotating carrier plate. P , Spring-clip sample 
F , Spring-clip sample re- retainer (pushed 

tainer (pushed in) . on t to hold 
G, Lead sh ield. sample), 
H, Gear on drive shaft. Q, 0-ring sections. 
I , Gear on center post. R , Positioning b ole . 

Frou RE 3.- Details of the automatic sample changer. 

'fndexing wneel 

FIGURE 4.-Scbematic diagram of pin drive 
of the Geneva drive mechanism. 
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7 inches ·i diameter with a eries of emicircles and 
. groov s ut around the periph ry. The wheel is driven 

by 11 drive pin lo ated off center and at the top .of a 
eparat m haft in such a ''ay that as the cam haft 
rotat e th pin ride into a o-roove in the indexing 
wheel n.nd rotates the 'Yheel one ample po ition ( 1/ 32 
of a r vo uti on) for ea h rotation of the camshaft. 
During the portion of the rotation of the camshaft 
wh n th pin is not ''ithin the o-roo\e of the indexing 
wh · 1, the wheel is lo k d in po ition by an offcenter 

mi ir ul :tr luo- at the top of the camshaft, in a -
cor·dan c with the principle of the Genent drive. The 
camshaJt and three cam atta heel to it, are driven by 

' a nutll 11~ -rpm el ctri c motor which is turned on and 
off by the control mechnni.sm de cribed later. The 
1rhol d r iye unit (in lexing wheel, camshaft, and mo­
tor) i. mount d on a prino--loaded moYable frame 
(fio-. 1), whi h hold the drive unit agn.in t th index­
ing wh l. ' Yl1en de ired, a drive-eli conne t cam can 
b rotated 90° to for e the unit a\Yay from the indexing 
"'heel, thu al lowing the operator to rotate the arrier 
plate by hand to po ition any desired ample under 
the X-ray tube. 

CONTROL AND RECORDING MECHANISM 

Th ontrol and recording m chani m consi ts of 
four om nent. (1) tandem recycle timer, (2) wit h­
ing m ch ni sm, (3) X -ra) control con ole, and (4) 
chano- r-c ntroller power box (fig. 5). 

Time r 

In then rmal manual u e of the X-ray quantometer, 
aft r th ' ample pellet ha been placed into po ition 
and th sample chamber e\·a uat d, a button is pu heel 
1rhich tarts the X-ray integration. An external X-ray 
monitor rve a a timer and provides a pul. e at the 
end of om pr e] ted tim p ri ocl u uall .' eYeral 
minute . T hi pul el i continu the integra tion and 
cau th qunntometer to r a l out th int egra! d 
roltage in en h hannel in eqnence in the form of 
a pen-and-i nk r ording. Thi read- ut tep tak 
about 30 . e onl.. ft r the ,·acuum in the ampl 
chamber i eliminat d a n w ampl i place l in po i­
tion, and th wh le pro inre re1 at 1. 

"When the automati c Rm] J hanger i n eel tlw in ­
ternal timer i r pla d by an xt rna] timer whi h 
p1·ovi les a acc urat an integ ration tim a cl th 
internal tim r and a] o a llo"·· mor A ex i hili t) in on­
trol. The clcvi e 11 . e 1 i an Tndustrial Timer orp. 
el tri tandem rccyC'l timer e ntainino· two a lju t·abl e 
clocks, n ·alibt·at l in minutes and th other in 
econds. I t operat s a ingl -pol ino-1 -thro,,· "·it h 

whi h i op n :for apr et numl r of minut e and th n 

i cJosed for a preset number of seconds. Pairs of 
wires brouo-ht out from the timer paralleling the I -

TEGRATE and TER~n ' ATE buttons on the X-ray control 
c?nsole can be conne ted in proper . equence u ing this 
timer. 

Switching mechanism 

The switching mechanism is activated by the cam­
shaft which turns the indexing wheel of the automatic 
sample changer. To the cam haft are fa tened 3 bra s 
cams which operate the contact arm of 3 leaf-activated 
microswitches (fig. 5) . These cams and switche pro­
vide the electromechani al coordination between the 
sample changer and the X-ray-unit control. 

As the motor on the camshaft receives po,-ver the 
shaft rotate the index wheel of the automatic changer 
until the next sample has been moved into position. 
With further rotation of the cam haft, the No. 1 cam 
(with a hort lobe) briefly contact the No. 1 mi cro­
switch (,-.;,hi his co1m ected across the INTEGRATE button 
and normally is open), and integration by the X-ray 
equipment commence , simultaneou ly in all channels. 
The input to each channel builds up a Yoltage aero a 
ondenser and is there tored for later read-out. A few 

degrees of rotation later, the o. 2 cam (with a lono­
lobe) ontacts the o. 2 micros''' itch ("hich c01mects 
the tandem recycle timer to the line and normally is 
open), thus activating the ''minute lock, "-hich om­
mences to time a preset 2-minute X-ray inteo-ration 
interval. 

As the motor continues to operate, the No. 3 cam 
open the :r o. 3 mi cro \Yit h ( which i connected to the 
motor and normally is closed) and top the motor. 
The lobe of the o. 2 am is ufficientl) lono- to I rmit 
the o. 2 mi ro wit h to remain clo eel and continue 
channeJino- po,rer to the timer. The arrier plate of 
the ample hanger r mains stationary \\hile integra­
t ion pro d for th Ire t 2 minute . At the end of 
thi tim th timer ut on an internal witch for 4 
econd to power a r la}, with doubl -pole ingle-throw 

in the po'" r box. One t of contact on-
ne t acr the TERML .\T.F. button o that inteo-ration 
top and th pro e of read-out commences on the 

p n-and-ink r ord r or the print-out quipmen and 
continue for 0 econd . Th other set of conta t ori 
th r lay i connected a ro the No. 3 mi roswit h to 
the motor o that th motor i once again po~Yered and 
th cam haft tart to rotat . In 4 on l th motor 
has rotated the cam haft nough to brino- all cams 
pa t their mi ro wit hes and the motor is then being 
po\\'ered throuo-h the lo ed No. 3 witch. Th power 
to the t·imer i turn d off wh n th o. 2 am allow 
it mi ro wit h to OI n whi hi about 1 second later, 
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FIG RE 5.-Eiectrical circuitry of the control mechani. m for the automatic ·ample han er. 

and the clo k. of the timer snap back to their pre et 
time. 

As read-out proceeds, the next ample i beina 
hifted into place by the ample changer. bout 15 

. econd after ompletion of read-out and with the next 
sample in place, the cam haft ha rotated to a point 
where the Jo. 1 cam with the short lobe presse the 

o. 1 switch to tart the L"'\TEGRATE tep, and the entit:e 
cycle is repeated. The 32 amples can be passed 
through a . ingle cycle in about 0 minutes an l then 
recycled o that a dupli cate set of data can be obtained 
without further effort. In fact, the cycle can be re­
peated any number of times. It is also possible to take 
advantage of the timing device built into the power 

ource ,,-hich feed the X -ray tube it elf. The power­
source unit can be et to cut off at orne later time a 
for example 7 hour later; thu a s t of ample an 
be inserted in the late afternoon and allowed to run 
during the niaht. fter 7 hour quadrupli ate et of 
data will have been obtained and the unit 'rill then 
hut itself off. 

Additional recording equipment 

For further convenience a print-out device can be 
u eel in place of the pen-and-ink re order in the X-ray 
console. Commercial equipment i pre ently aYailable 
from a number of sources which will convert a d-e 
voltage into a pul ing voltage the frequency of which 
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is dire t ly proportional to the voltage. The output 
from the voltage-to-frequency devi ce is fed to a pulse 
counter and from there to a printer. The voltage-to­
freq uency device is attached dire tly to the pen-and-ink 
recorder a plifier connections ,,-ithout disconnecting 
the recorder. The printed numbers are somewhat more 

11ccurat than those made by readings from a char t and 
nre not ubject to reading error. The print-out repre-

nts a considerable time saving during a day 's work. 

OTHER MODIFICATION 

Prior to the in tallation of the sample chanO'er and 
cont rol m hanism onto the X -ray unit it is necessary 
lO conn t a normally clo ed pushbutton in series with 
th front afety microswitch. This RESET button (fig. 
I) i conveniently mounted on the front of the X-ray 
unit and i n ce ary a it is in series with a relay 
which will prev nt the proper operation of the shutter 
betwe n X -ray tube and sample compartm nt after 
I'R uum ha been eliminated unless the relay is de­
energiz d and th n re- nerO'ized again . Originally the 
ma nual ample hanger pushed aO'ain t the front safety 
microswit h each tim a sample was changed, provid­
ing the sa£ ty function of ensuring the proper closure 
of th ample hanger. The reset button allows the 
ma ke-and- r ak action required by thi cir uitry. 

OPERATION 

When the X-ray power is on, the operation of the 
whole X-ray quantometer unit can be briefly described 
as follows: (1) The 32 samples are placed into the 
sample receptacles, one at a time, using the brass disks 
and sprinO' clips to hold them in place. (2) The hatch 
cover is locked in place with thumbscrews. (3) The 
RESET button is pushed. (4) The START ANALYSIS button 
on the X -ray unit is activated, causing the vacuum 
pump to evacuate the air in the carrier housing and 
to automatically open the shutter between sample 
chamber and X-ray tube compartment. Evacuation is 
allowed to proceed to the desired level or until a con­
stant pressure of about 50 microns is attained. (5) The 
indexing wheel is rotated by hand until sample 32 is 
indicated to be under the X-ray tube. (6) The lug at 
the top of the camshaft is then allo,Yed to rest against 
the indexing wheel by rotation of the drive-disconnect 
cam on the spring-loaded movable frame. The force 
of the spring is sufficient to press the indexing wheel 
into precise position. (7) The toggle switch on the 
changer-controller power box is thrown, allowing cur­
rent to flow. The operator need do no more- all fur­
ther action is fully automatic. 
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SELECTIVE REMOVAL OF Po 21° FROM AGED RADIUM STANDARDS 

Bv KENNETH W. EDWARDS, Denver, Colo. 

A.bstmct.-Aged radium standard containing significant 
amount of Po"• ha"e been purified by pontaneous clepo ition 
of the polonium on 22-kt gold eli ks. In exce of 0 percent 
of the polonium in solution i · depo itecl within 4 hour at 
27" and at hydrogen-ion oncentration. between 0.11 and 0.21 
molar. The maximum polonium deposition (90 percent) took 
place at an acidity of [H•'] = 0.14 molar. Polonium was de­
tenninecl by mea uring its alpha actirity wi th a tbiu-winclow 
alpha-beta counter. Re ul ts on se"eral gold di ks and on the 
orre poncling olutions were checked with an alpha pectro­

meter. The method . houlcl prove useful not only in purifying 
radium standard. but in providing a ba is for mea urement of 
polonium in natu ral water . 

The analytical method pr ently u eel by the Water 
Resources Division of the .S. Geological Survey for 
the determination of radium in natural "Waters (Barker 
and Johnson, 1964) makes use of Ra226 standards 
which contain signjficant quantities of Po210

• These 
standards, purchased from the National Bureau of 

tandarcls, are prepared for use as gamma ources, for 
which purpo e the presence of Po210 is unimportant. 
When used as alpha standards, however, the concentra­
tion of Po210 must be accurately known or the polo­
nium must be removed. 

Radium standards as furnished by the ational Bu­
reau of tandards are usually several years old. Thus, 
even if one assumes the radium to be free of Pb2

'
0 (the 

<Yrandparent of Po210
) at the time of preparation of 

the tanclards a significant amount of this 20.4-year 
nu licle ,..,.iJl have grown in. The activity of 13 -day 
Po210 is controlled by the activity of Pb21 0 with which 
it may be considered to be in tran ient equilibrium. 

The present procedure for radium determinations 
used in the Survey's quality of water laboratory in­
volve the copre ipitation of radium with barium sul­
fate. The precipitate i aged for 10-12 days to allow 
nuclides in the decay series down to, but not including, 
Pb2 10 to oTow in. The sample is then alpha counted and 
the a ·tivity compared to that of a radium standard 
prepar d in the same way. Figure 1 shows the decay 
scheme of Ra226 and daughters, together with the ap­
propriate half-lives. 

It has previously been a sumecl that Po210 is present 
in negligible amounts in both sample and standards. 
While thi approximation appears to be satisfa tory 
for most natural waters, this is not true for radium 
standards. Examination of the alpha pe tra of the 
barium sulfate precipitates of radium standard clearly 
indicates the presence of a sub tantial amount of Po210

• 

Becau e of the uncertainty in the degr e of oprecipita­
tion of polonium it eemecl aclvisabl to r move the 
polonium before precipitation rather than to attempt 
to correct for its presenc in the fu1al residue. Of the 
separation method available- ion exchan<Ye, electro­
deposition, and pontan ous electrochemi al depo ition 
-each has certain advantages. The last method wa 
chosen because of its simplicity. 

Spontaneous electrochemical depo ition may tak 
place when a metal is brought into contact with a olu­
tion containing ions of a more noble metal. The elec­
trochemical displacement occur by oxidation of the 
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less noble metal and simultaneous reduction of the 
mor noble metal at the solid-liquid interface. As 
the m t a])ic ion are reduced at the interface they are 
imultan ously d posited on the solid surface, and a 

thin surficial deposit results. 
Polonium is a relatively inactive metal, having an 

oxidation potential of -0. volt for the rea tion P~ 
p0•4 + 4e-1 (Bagnall, 1957, p . "61). I t has been fre­
quently depo ited on silver, nickel, monel, and copper 
by ] . t ro ·hemical displacement, and this procedure 
i oft n u d in the preparation of pure polonium com­
pound . For pre nt purpo e it was de ired to remove 
polonium from the radium tandard ·without removing 
any radium or contaminating the olution. 

Th ·tandard recei ,·ed from the ational Bureau 
of tan lard ontai11 0.1 microcurie of radium in 
5 milli lit e r of 5-p r ent H Oa. These are received in 

aled glas am1 oul whi ch were prepared by the 
bur au in May 1947. The e standards are diluted ''ith 
HC'l in our laboratory to a con entration of 50 pico­
curi per milliliter and have a final acid con entra­
tion of approximately 0.3 mole per liter. 

\]though both nickel and monel are efficient in re­
movinrr polonium from the radium tandard, they "·er 
both found to be attacked by the acid olution, even 
with a dilution to an acid concentration of approxi­
mate! O.OlM. ilver i probably the mo frequently 
u d m tal for pontaneou el tro hemi cr.l depo ition 
of polonium ; however, its u e was felt to be unde ir­
able he au . e of the u ual formation of silver chloride. 

pontaneou depo ition of polonium on pure gold 
ha been tudied by everal imestirrator (Bagnall , 
1957, p. 1, - 19) and ha been found to b o-enerally 
un ati fa tory. Erbacher (1932a), howeYer, reported 
ucce. ful depo ition on gold from 1M HCI in the 

pre ence of 0.9111 thiourea. Thi compl xing ag n t 
increa e. th . olubi li t: of gold and rai e it . oxida­
tion potential above that f 1 olonium. Erbach er 
(1932b) al o repor ted . ucce. fnl d po ition of polo­
nium on gold fr m 0.1 r ITC'I but d tail. of th pro­
cedu re w re not rC'portecl. It i. probable, in the latte r 
ca that eitlwr tlw gold contained oxidizable impuri­
tie or that th depo. it ion '"a ad. orp tion ra.ther than 
an elec trochemica l proc 

Polonium ha al been rep r t d to depo. it pon -
taneou ly on gold alloyed '"ith ei th r op pC'r or ih ·er 
(Tam man and Rienfl.cker, 1 !L-6). The amount of de] o­
. ition on copper-gold alloy wa. found t d crea . 
(in th pr sen e of ex e .. p Ionium) with in crea . ing 
gold ontent up t 0.25 mol e fra. t ion of gold. boYe 
!hi amoun t of gold no depo ition " ·a. found to oc ur. 
The ituation was imilar with ih·er-o-old alloy , al ­
though the polonium depo ition did not clro1 com-

pletely to zero at high gold ontent. 
The pre ent investigation ,...- as carried out not only 

to find a means of remo\'ing polonium from radium 
olutions, but also as a preliminary tep in evaluating 

methods for determination of polonium in natural 
water samples. 

ANALYTICAL METHOD 

Reagents 
Aged radium tandard solution- National Bureau of Stand· 

ards radium gamma-ray sta ndard 495-. 
24-kt gold foil , 0.003 in. thi ck. 
22-kt gold foil, 0.003 in. thick, 91.65 percent Au, 6.00 percent Ag, 

2.35 percent Cu. 
20-kt gold foil, 0.003 in. thick, 83 percen t Au , 13.5 percent Ag, 

3.3 percent Cu, 0.2 p rcent Zn. 
Go ld- ilver alloy foil , 0.003 in. th ick, 90 percent Au, 10 p r ent 

AG. 
Po"• tanda rd di k (obtained from Atomic Acces ori , Valley 

Stream, N.Y. ) 

Apparatus 
Sharp Laboratorie Wide-Beta low-background imultaneou · 

alpha-beta counter . 
Alpha spectrometer con ·isting of Technical l\Ieasurements orp. 

400-chann I analyzer. Ortec 300-sq-mm iii on urface-bar rier 
det ctor , Ortec model-101 prea mplifier, Ortec model-201 low­
noi e amplifier. 

Mechanical shaker table. 
Constant-temperature bath. 

Procedure 

Pure gold and three rrold alloy were te ted for re­
moval of polonium from the radium standard . All 
di ks were cleaned in a concentrated olution of pota -
sium hydroxide prior to use. d orption on pure o-old 
was found to be inefficient and not reprodu ible. In 
preliminary tudies the three alloy tested appeared 
to beha.-e identically. The remainder of the mea ure­
ments were therefore made using 22-k t o-old, and the 
followino- discu sion applie to thi alloy only. 

Gold di k havino- a total urface area of 4.0 sq em 
wer add d to 50-ml aliquot of 10 pc/ ml (1 pc = 10-12 

urie = 2.22 di int gration per minute) radium 
tanda rd olution in ~50-m l Teflon bottle and placed 

in an agitating water bath at 27-+-0. °C to attain qui­
librium. The rat of d po ition of th polonium is 
hown for a typical amp! in fio-ure 'l. !though 
quilibrium ar pear to be attained after ap1 roxi­

mat ly ~ day , a 5-da agitation period wa genera ll y 
u d. 

After quilibration th olution " ·a poured off and 
th eli k were wa heel rapidly wi th di tilled water 
and ethanol, and then ai r dried. ft r a.ll owing 3.05-
min. Po2 18 to d ay, both ide of the di k " . re 
counted on a thin ,,-indow proportional ounter which 
had a m a ured counting efficien y of 30.6 p r ent for 
a Po210 tandard under n arly identical counting con-
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FIG URE 2.- Depo. it:ion of Po'10 on 22-kt gold as a func tion of 
t ime at 27 •c. 

ditions. On a few ample the disks were also cotmted 
on an alpha· pectrometer to check the purity of the 
polonium deposit. A portion of the solution remain­
ina after removal of the aold eli k wa evapora.ted to 
dryne on a imilar gold disk, and the alpha pectrum 
similarly measured. A eros -check '"a thu obtained 
on the amount of polonium removed from solution. 

The experiments "-ere carried out enti rely at 
27+0.5 ° . The pH of each olution was adjusted by 
addi tion of the appropriate amotmt of sodium hydrox­
ide or hydrochloric acid. In many insta.nces al iquot 
of the solu tions were titrated to check the calculated 
hydrogen-ion concentration. 

RESULTS 

The effect of hydrogen-ion concentration on the effi­
~iency of polonium deposition on 22-kt gold is shown 
m the a companyina table and in figure 3. nder no 
condition. wa. the polonium found to be ompletely 
r~moved. Ma~1mum recov ry i at [H+']~O.l4, which 
atve. app rox1mately 90-per ent depo ition. Greater 
than 0-p r ent recov ry i · obtained over the interval 
0.11 < [H+'] <0.21. 

Figure 4 shows the alpha pectra of the radium 
· tanda rcl before purification (4A), after one extra_ 
tion of the polonium (4B), and after two extraction 
( 4 ) . In ea~h of the two extraction in this experi­
ment. app roximately 5 percent of the polonium in 
olu tion ':-as removed by the aoid eli k. The purity of 

the polomum depo ·ited on the gold eli k i shown in 
fiaure 5. 

It i_s evident from figure 4A that the initial solution 
contam~ a. rather Iarae .amou~t of Po210, and this may 
cause Sl!nuficant error m radiUm determinations if it 

i not removed I rior to pre ipitation with barium 
sulfate. Two separation are ·uffi ient to r du e the 
polonium activity to a barely d tectable J vel where 
its interference is negliaibl . 

Deposition of Po210 on 22-kt gold at 27°0 

[H+IJ p 0210 

(moles per liter) deposited (percent) 
0.043L-- ------- - ------------ 7. 2 
.058L-- - - - -- -------- -- ----- 15.4 .0 19 _____ _____ ____ _________ 43. 2 

.0830--- --- - --- - ------- --- -- 23. 8 

.1 092_-- --- - --- - - - --- -- - - --- 86. 4 .1321 ___ ____ ___ _______ __ ____ 87. 1 

.1326 _____ _____ _____________ 91. 5} 92 0 ( ) 

.1326--- - - - - - - --- - ----- - - --- 92.4 · avg 

.1336--- - --- ------ - -------- -.1351 ___ ____ _______________ _ 

.1351 ___ ____ _______________ _ 

.1370 ___ ___ __ ____ ____ ______ _ 

.1370 __ ___ _____ ________ ____ _ 

.1722 ___ ____ __ ____ ________ _ 

.1913 __ ______ ______________ _ 

.2301 ____ ________ ________ __ _ 

.3272 ___ ___ ___ _____________ _ 

.4691 ____ __________ ______ __ _ 

The polonium depo ited on the aold di k appear 
to be completely free of all oth r radioacti' e lements. 
Thus, the depo itjon doe not re u 1t in any lo of 
radium from the olution, and it remain a valid 
tanda rd for radium determination . Lead and bi -

muth were imilarly found not to b pre nt in d -
tectable amounts on the di ks. Thi i e' idenced by 
the absence of beta a tivity in the d po it . The ab-
ence of Pb210 wa al o hown by agr ment of Po210 

activity a a function of time with th th or tical 
value for a pure Po2

' 0 ou r e. Depo ition of polonium 
on aold under t he condition de cribed thu al o ai,·e 
rise to a pure polonium our e for alpha pe trometry 
and for other uses. 

The depo ition appear quite d finitely to b an 
equilibrium proce. . . gold disk with 4 imes th ur-
face area, that i , q em, '"a found within ountin ()' 
error rto remove the same amount of polonium from 
olution as the mall di k . It was al o obsened that 
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Fro RE -.-Alpha spectrum of Po'l• spontaneously depo ited 
on 22-kt gold. 

the two sides of the di k adsorbed unequal amount 
of polonium, but that the total amount ad orbed was 
constant ~t a given acidity. 

The extent of attack on the gold di ks by the a id 
appears to be quite negligible. A pectro copic analy-
is was performed on the residue obtained on evapo­

ration of a olution of 0.13N H Cl and 0.002 V H 0 3 

in which a ~2-kt gold di k had been shaken for 1 
week and allowed to tand an additional week. The 
analy is howed only 15 parts per billion of copper 
and 6 parts per billion of ilver; no <YOld wa 
detectable. 

The dependence of polonium depo ition on i con-
entration wa not thoroughly checked, although the 

fraction removed appears to be independent of con­
e ntration for con ecutive xtraction from the ame 
. olution. Thi will be tudied further, to<Yether with 
temperatur dependence, in xtending thi tudy to 
d ,. lopm nt of an analyti al method for determinin<Y 
th amount of polonium in natural water . 

DISCUSSION 

pontan ou lectro hemi al depo ition of polonium 
on gold alloy afford a imple and direct method of 
removal of thi impurity from radium standard olu­
tions without contaminating the solution or altering 
it radium on entration. A 22-kt <YOld disk allo,,•ed 
to tand, with intermittent a<Yitation, in a radium o­
hltion a a hydro<Yen-ion concentration between 0.11 
and 0.21111 will reduce the polonium con entration to 
l than 20 p rcent of its original value. If the po­
lonium activity in the radium tandard i not lar<Ye, a 
in<Yle extra tion will be ufficient to reduc polonium 
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error in radium det-ermination to a nerrligible JeyeJ. 
A de cribed by Barker and .John on (196±), the 

method of radium det rmination u d employ not 
only radium alpha acti,·it), but al o the acti1·ity of 
three alJ ha- mittino· radium daugh ter which are al ­
lo,>ed to g row to near equi librium in the baxium sul ­
fat depo it. If on a ume Po210 to b- in ·ecular 
equilibrium ''ith radium in the tandard, the maxi ­
mum error in radium analy e due to thi impuri ty 
would be 2 .5 per ent. Thi value i based on the a -
umption of a 10-day aging period for the pre ipi­

tate, equal counting efficien y for all alpha emitte r 
present and omplet-e carry of polonium by ·the barium 
ulfate. If the polonium concentration i redu eel to 

20 percent of it. equilibrium ntlue the maximum error 
is 5.7 percent. 

In the actual radium standard used, the polonium 
con entra.tion has been found to be les. than half of 
the equi librium nlue, o tha t maximum error will be 
le s than 2.9 per ent after polonium depo ition on 
22-kt gold. In practi e it i likely that the error is 
cons!d~ral~ly le s than this because of incomplete co­
prec1p1ta.bon of the polonium and u e of a slight-ly 

long~r ao-inrr p riocl. If it i de ired Lo r lu the 
l) O 1bl e error to a low r value, t he fir t o·old di 1, 
r . 'may 
be r moved and a e ond l1 ·k a lded. h r th c d . 

1 
. . on 

quilibrahon t 1e max1mum error lll t h radium a 1 . " . ' na Y-
es attnbutabl to Po-10 will b app roximately 0.6 p r-

cent. It hould be not.ecl holl'. '.er. that polonium will 
rrradually gro1Y ba k 1nto eqnlllbnum with it o·r·a l ' n -
parent Pb2

'
0

, .o that aJt~r v raJ half liv (t%= l ~ 
day ) the max1mum po tbl e error will again approach 
3 percent. 
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USE OF BA THOCUPROINE IN THE QUANTITATIVE DETERMINATION 

OF COPPER IN SOILS, SEDIMENTS, AND ROCKS 

Bv G. A. NOWLAN, Denver, Colo . 

Abs lra ot.- A high ly pec: ifi and r a . onably rapid in ·t rumen­
tn l method for determining tr ace· of c pp r in geologic mate­
rial i · presen ted. The sa mple i::; clec:omposecl wi t h a mixture of 
nit ric, p rchl oric, and hydrofl uori c acid ; estimation of opper 
i · made wi th bath ·uproine (2,9-dim tby l-4, 7-diphenyl-1, 10 
ph!'nanth rolin ) in an i, oa myl a lcohol extract . 1' he ta ncla rd 
de ,•iation ba,.ed upon clupli<-ate a nalyse of 27 sa mple of tream 
~cdiment and roc k;; i 0. 4 ppm ·oppcr for the ran<>e 5-50 ppm. 

Batho uprome (2,9-dimethyl -4 7-diphenyl-1, 10 
phenanth rolin e) i the mo t en itive of the cuproine 
j!roup of Cu (I) spe ifi reagen t· . I t forms a stable 
oranrre-yello" · he! ate compound with u (I) whi ch 
i extra tabl e ·''"i th water-immi cible al cohol uch a 
i oamyl, n-amyl, and n-hexyl ( mith and "Wilkins, 
1953) over a pH rano-e of 4-10 (Bor hardt and But­
ler, 1957). Batho uproine " ·a originally im·e tiaated 
by m ith and W ilkin (1953), wh o used it a a copper 
.pccifi reaaent in the determination of copper in iron. 
. ub.equently th r eagent ha been u ed for the deter­
mina tion of copper in pu lp, paper, and pulping liquor 
(Borchardt and Butler, 1957 ), ''"ine (Banick and 
, mith 1957) blood (L ande r and Zak 195 ) , and for 
ropp r val nc d terminal ion in conjun ct ion with 
enzyme . tudi (P oi ll on :md Dn"- on 1963) . omc 
obje tion ha\· h en rai . 1 lhnt thi s reagent i too 
expen. iv but th co. t [ r determination i negligibl . 

\.n th r memb r of th ·nproine g rou p (:.., 2' -b i<luino­
line ) ha long b en u. eel b ' the Expl ra t ion Re e:nch 
Branch of the 1 . . reologi al , nrHy a the colori­
metri r ag nt in l th labornto ry and field m thod. 
for the d termin a l ion of tra ce of copp r in geologi 
mate rial . Th metho ~ pre en te ~here i a n ada1 tnt ion 
of th . earli er pror lure . . B ntho uproinc howeYer, 

ub titnted foe ~ ,~' - bi<luinoliM l:x>ca u. e it. great r 
n itivity' 1 rmi t. th cl !E> rminati n of . mall er 

1 Th~ mol ar rxtln ti on ror ffi c lcnt i ~ 6.220 f or 2.2' -blquin olinc nnd 
14,100 for bnth OCU PI"O IIIP. 

amount of copper tha.n loes 2,2' -biquinoline (Di hi 
and mith, 195 , p. ) . B y the procedure described in 
this paper the lo,,er limit of detection i 5 parts per 
million. 

R'EAGENTS AND EQUIPMENT 

All reag nt. a re reagent g ra de. Demineralized water is u d 
th roughou t t he procedure. 

Bathocuproine reag-ent . ol uti on, 0.03 percent ( W / V ) : Dis olve 
0.300 gram · of bathocuproine (2,9-climethyl-4 , 7-diphenyl -1, 
10-phenanth roline) in abou t 900 milli liters of i oamyl a lcohol 
by bea ting on a stea m bath. 1'1' hen th e solu t ion ha coo led. 
dilute it to 1,000 ml with i. oamyl a lcohol. Occasiona lly some 
reagent grade of i oamyl alcohol will ha1· a fair ly con­
·picuon · yell ow olo r ,,·hen bathocuproi ne i' dissol•ed in 
t h m, owing to impu ri t ies in th nl obol. The u e of a 
different lot of a! ·ohol or e1·en th u.·e of n different bra nd 
will olve thi problem. 

Buffe t· . olu tion: Di. ·, o!l·e 400 g of sod ium acetate (NaC,H,Q, · 
3H,O), 100 g of .odium ta r t rate ( l\a, .H.0. ·2H,O) . and 20 g 
of hydroxylami ne hydrocblorid ( l\H,OH ·HCl ) in 1 liter of 
water. Adjust t he pH to between 6 and 7 with di lu te sodium 
hydroxide or dilute hyclroch lori · a cid , if neces, a ry. If neces­
sa ry, make this ~o luti on copper fr e b~· ·baking it with 
" U ces iv iJO-ml po1· t ions of 0.01-perc nt ( W / Y ) dithizonc 
in ca rbon tetrac hlorid ( !, ) un t il the ca rbon tetrachloride 
Ia~- r remains reen. Then hake th buffe r IYi th ucce iv 
:iO-ml p r tio u of ca r bon te tra c: hl orid until the ca rbon tetn1-

hloride layer i colorl es;;. 
Ethanol. 9- p r ent . 
Il)"droHuori c a icl ( Hl!' ). 50 pereent. 
~itri · acid. con ('Utrat d: ])i ·till c nc:entratecl ni t ric acid 

( ll:\" 0,) through a Pyrex , t ill. Thi t reatmen t yield about 
6 -perc nt nitri c a icl . 

:\'i t ri c acid. 3:\" : Dilute _QQ ml of cone ntrated eli til led n it ri c 
nci d to 1 liter wi t h water. 

P reblori a cid ( II 10,) , 70 percent. 
tnndn rd opper . olu tion, 100 ~tg/ml : A curately weigh 0.1000 
g f pu r oppe r and cli ::; :<o!l·e i t in 10 ml of dilute nitric ac: icl . 
E 1·a porate t he ·olu t ion a lmost t clryne sand add 2- 3 drop · 
of glac io! ac ti a cid. Tra n"f r the solu t ion quantitatiY ely 
to a 1-lit er YOlumetri c tl~l. k , fill to mark wi th \Y ater, an d 
mix t.b o roughl~· · Mor dilu te solution may be pr epar cl j n.· t 
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prior to use by dilu ti ng the proper 
centra ted . tanda rd olution with 0.1 

Transmittance tube , matched, 2 em. 
B ckman model-B pe trophotom ter. 

PROCEDURE 

amount of tbi- con­
hydrocbloric acid. 

Accurately weicrh 500 millicrrams of -200 m~sh 
material and put it in a 50-ml platinum evaporatmg 
dish. If orcranic material is present or u pected, ash 
for 1-2 hours at 500° C. After the di h has cooled, 
moisten the sample with water. Add 2 ml each of con­
centrruted nitric acid and perchloric acid. Place the 
di h in a fume hood, add 15-20 ml of hydrofluoric a id 
and sti r slightly with a platinum wire if the sample 
is caked_ Cover the dish and allow the dish and con­
tents to sf:.•tnd overnicrht in the fume hood. Then on a 
hot plate in the hood slowly evaporate the liquid to 
incipient dryness over a period of 21f2 to 4 hour . Add 
10 ml of 3N nitric acid to the dish and crently ;,arm 
to dissolve t he residue. After the re idue has eli olved, 
transfer the contents of rthe dish to a. 50-ml 'olumetric 
fla k, using water to rinse the dish and to dilute to 
volume in the flask. Mix the content of the fla k well. 

Under the conditions of the test a 20-ml aliquot of 
sample sol ution is a convenient amount. hould a 
smaller aliquot be neces ary, enough ;,ater should be 
added with the aliquot to make a total vol ume of about 
20 ml. Transfer the n,liquot to a 125-ml separatory 
funnel which contains 25 ml of buffer sol ution and 
mix the two solu tions. Add 10.0 ml of 0.03-percent 
bathocuproine solution, stopper the funnel, and shake 
it for 6 minutes. After the phases have been allo;,ed 
to separate for everal minute , drain the water layer. 
Wash the alcohol layer once with 15 ml of water and 
again discard the water layer. Add 3 drop of 95 -
percent ethanol and wirl the funnel lightly to clear 
the alcohol layer. Pour it from the top of the funnel 
into a transmittance tub~ and read the percent t rans­
mittance at 4 75 m,u again t isoamy 1 alcohol. 

STANDARDIZATION 

A tandard curve was establi heel by adding 0 1 2 
~ ' ' ' 

5, 7, 10, 15 and 20 ,ug of copper from tandard olutions 
to 25-ml portion of buffer in 125-ml separatory fun­
nel s. The proper amount of water wa added with the 
tandard solution in each ca e to make a total of 20 

ml in addition to the buffer. From that point the pro­
cedure was the same as for . ample . The curve was 
made from the average of 6 determinations of the 0 
and 2'0 ,ug standard. and 3 determinations of the others. 

DISCUSSION AND RESULTS 

B cau e ample in thi s laboratory are oft 11 ana­
lyzed for lead and zin in ad?iti n to. copper, this pro­
cedure was designed to prov1d suffi 1ent sample solu­
tion to permit the imultaneous determination of 
copper, lead, and zin in mos sampl s. Th bu ffer will 
hold t he pH between 5 twcl 7 when a liquots of 20 ml 
or le are used. One extra tion wa found to b su ffi ­
cient; a se ond extra tion of 16 sample crave blank 
in all ca es. This acrrees with the r sults obtained by 
Borchardt and Butl r (1957). 

Smith and Wilkin (1953) tate that the u(I ) 
omplex is affected by air oxidation at the rate of 0.05 

percent per hour under ordinary laboratory ondi­
di tion . These original inv ticrator did not make a 
study of cation int-erferen , a thi type of copper 
chelatincr acrent ha b n found to b pra ti ally free 
of cation interference. Nor i ther a reco rd of any 
other ystematic cn.tion int rferen tudy. mith and 
Wilkin (1953) did find that the ommon anion uch 
as chloride, nitrate perchlorat , pho phate, ulfate, 
and citrate do not interfere. In thi pr nt inve tiga­
tion the following amounts of m tal w re found not 
to interfere appreciably und r the pro edure de ri bed: 
20 mcr of Fe(III), 20 mrr of aluminum, 2 mg of 
Cr(VI ), 10 mcr of Cr( III) 20 mg of Mn (II), 2 mg 
of fo(VI), 2 mg of V(V) 2 mg of o(II), 2 mg of 

i (II), and 2 mg of zjnc. 
Although batho uproine ha a gr ater inher nt sen­

sitivity than 2 2' -1biqu inoline, th eye i not a sensitive 
to the orancre-yellow o]or of th batho uproine cop­
per complex a it i to the red-violet color of the 
2,2'-biquinoline opp r complex. ccordingly, when 
vi ual compari on method are u ed 2,2'- biquinoline 
will generally yi ld better en itiviti . (Di hl and 

mith, 195 , p. 7) _ 
In conjunction with th i inve tigation a technique 

for taking into solution amp] with a high ontent 
of oxides of manganese was devi ed. In thi tudy 
each of 3 sample contained from 6 to percent man­
ganese. Mangane e dioxide will dissolve in hydro­
flu oric acid, iving a maroon-colored olution. How­
ever, when the hydrofluori c acid is nearly evaporated 
the man()'anese dioxide again form and will not ~i­
soh e in 3N nitri c acid. If the trong oxidizing actwn 
of concentrated nitri c acid i not required for a. par­
ticular sample with a high manganese content, the 
concentrated nitric acid may be deleted from the pro­
cedure; and 0.1 g or le s of crystalline hydrmrylam ine 
hydrochloride dropped into the hot olution of hydro­
fluo ric and perchloric acid near the beginning of the 
heating period will put the mancranese into solution 
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r.1nLE I.- Replicate analyses of 24 stream sediment samples and 3 

rock amples 

-
'ample o . 

-
A~62------- - ----- ------------­
A-512--------- - --- ----------- --
A-73 1

------------------------­

A- 7411 ------ ----- - - - ---- --- ---­
A- 53------- - -----------------· 
A-1 00 - - - - - - - - - - -- - - - - - - - - - - - - -
A-1016------ -- - ---------------­
A-1 051 ------ - --- -- -- - - - - -- -- --­
A-1055------ - -----------------­
A-1132_----- -------------- ---- ­
A-12 5------ ----------- -------­
A- 1362- ---- - - ----------- - -- ---­
A-13 5------ --- ----- --- --------A-13 ? ______ ______________ ____ _ 

A-1392- ----- - -----------------­
A-143 1------------------------­
A-1456------ - ------------------A-1477 ________________________ _ 

A-1514-- -- -- --- - --------------­
A-1596- ---- ----------- ---- -----A-1606 __ ____ ___________ _____ __ _ 
A-1612 ________________________ _ 

A-1 33- ----- ----------- --- - --- -
A-1914 I------- ------ - - - ----- -- -H-2A _________________________ _ 
R-6A ____ __ ____________ _______ _ 

R- A--------------------------

Copper con tent (parts per million) 

7. 0 
14. 0 
21. 5 

8. 5 
15. 5 

7. 5 
7. 5 

18. 0 
9. 5 
9. 0 
9. 0 
8. 5 

12. 5 
10. 0 
10. 5 
12. 5 
21. 0 
10. 0 

7. 0 
17.5 
22. 5 

5. 5 
50. 5 
45. 5 

7. 0 
7. 5 
5. 5 

2 

7. 5 
13. 0 
21. 5 

8. 0 
16. 5 

6. 0 
7. 5 

18. 5 
8. 0 
8. 0 
8. 0 

10. 0 
12. 0 
8. 0 
9. 0 

10. 5 
21. 0 

8. 5 
7. 5 

18. 0 
23. 0 

7. 0 
48. 0 
46. 0 

5. 5 
9. 0 
5. 5 

• Contains percent manganese and was t reated with hydroxy lamine hydro· 
1hlorlde as described ln text. 

·moothly. t thi point the cone ntration of per­
chloric acid i apparently low enotwh to prevent 
it act ing a a trong oxidant. H ydroxylamine hydro­
chloride ha been hown to have a powerful olvent 
effect on oxid s of man ()'a nese under analyti al ondi­
lion quite differ nt from the e (Canney and Nowlan, 
1964). 

Th pr i ion of the bathocuproine method was 
calculat d from pair d an aly e by the method de­

rib d by Youden (1951, p. 17). The precision was 

calculated for the entire procedure, u ing the re ults 
of duplicate determinations of 27 samples. Twenty­
four of the samples were stream sediments composed 
of detrital rock and mineral fragments from a wide 
variety of rock types. Three of the samples, R-2A, 
R-6A, and R-8A, were rock samples of fernwinous 
sandstone, granite, and dolomite, respectively. The 
re ults of these analyse are shown in the accompany­
in()' table. The standard deviation is 0.84 parts per 
million copper. The samples with footnote reference 
in the table contained 6-8 percent man()'anese and 'vere 
treated with hydroxylamine hydrochloride as de­
scribed above. In addition, the precision of the method, 
excluding sample preparation and dissolution, was 
determined by making duplicate determinations on 65 
sample olutions. The resulting standard deviation is 
0.34 ppm copper. 
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USE OF ARSENAZO Ill IN DETERMINATION OF THORIUM 

IN ROCKS AND MINERALS 

By IRVING MAy and LILLIE B. JENKINS/ Wash ington / D.C. 

A bstraci.- A method for determining low concentration of 
t hori um in r ·k and mineral~, u::;ing t he rea" nt ar enazo III, 
is de. cribecl. In terfe rence data a re J!il·en for 29 element ' th.at 
might affect the determinations. The g nera l procedure . lll­
·lucle. ·epa ration s t· ps wi th byll roft uor i a •id, . pota ss~um 
hydrox ide, and potas ium iodate. A 1- ram ·ample 1 • sufficu:•nt 
to dete rmine ThO, content as low a 0.5 ppm. 

Thorium content of ro ks and of mineral separates 
from rock has been determined rou tinely for e\·eral 
years in the Washinoton la.boratory of th~ nalytical 
L aboratories Branch of the .S. GeologJCal urvey. 
The procedure used has neces. arily been long and in­
volved because of the lack of hiffhly elective and en­
sitive reaO'ents for thorium. Thi procedure involved 
decomposition of the ample \Yi th hydrofluoric acid 
and fu sion of the residue with pota ium pyrosulfate. 
A serie of epara.tion was then made consisting of 
precipitation wi th pota. ·sium hydroxide u ing iron as 
a carri er, extraction of thorium " ·ith me ityl oxide 
(Levine and Grimaldi , 1954), and precipitation of 
thorium a the iodate from a nitric acid medium con­
tainin O' hydrogen peroxide, d-tartaric acid, and 8-
quinolinol (Grim aldi and others, 1957). Thorium wa 
then determined wi th thoron, u ing me ·o-ta rtaric acid 
a a ma kinO' reaO'ent for zirconium (Fletcher and 
other , 1!)57). To determine concentration of less 
than 10 'Parts per million of Th02 , 5-gram samples 
a re required. 

A . iCYnificant simplifi ation in procedures for deter­
mining thorium was made po. sibl e by the recent intro­
du tion of ar enazo III as a reagent for thor ium. Ar­
senazo III (1, -dihydroxynaphthal ene-3,6-di ulfonic 
acid-2, 7-bis [ (azo-2) -phenylarsonic a id]) i probably 
the roo t . nsitive reaO'ent for thorium. It forms a 
table omplex wi th thorium in tron<Yly acid olutions 

even in the pr sence of complex-fo rming anions such 
as ulfate, phosphate, and oxalate ( avvin, 1959), 
1961, 1964). 

Th hiO'h ensitivity of ar cnazo III for thorium 
make it an appcalin()' reng'nt f r d t rmining tho­
rium in rock . avvin and Dngrc v (1960) propo ed 
determininO' thorium in rock with nr ennzo III in 
the pr ence of oxalat nfter <t epa~·ation with hydro­
fluori acid. However, they re 'tn t the m thod to 
rocks contninin<Y a p roporti n bet w n thorium and 
interferinO' element of no more thnn 1:10 fort itanium, 

0 

1:6 fo r urani um (VI), and 1 :50 for om nue- arth 
element. Obviou ly, additiona l ·epa.ration · \\·ould be 
requi red for determinin(Y low 1 Yel of· thorium in 
many rocks. 

Volynet (lOGO) propo ·ed a pn.r~tion .p rocedure 
con i ti1w of a peroxide fu ion 1 nch1110' \\' ILh water 
reprecip~atin<Y thorium with ammonia and fin~lly 
epara tin<Y thorium by cationi exchanO' from tita­

nium, zi rconium and the rare- a rth elem nt . 
\.bbey (196±) pn.rated thorium by h mogen ~u 

precipitation of th oxalate, u in<Y cal ium a a can.Ier 
after decompo inO' ample with a odium p rox1de 
sinter. Thi procedure do not liminate rare-e~rth 
interference and require th maintenance of fairly 
uniform calcium levels_ 

Furtova and oth~rs (1061) published u procedure 
omewhat i.milar to the one de,eloped in this labora ­

tory and described in th i pap r. They remo\ ed rare­
earth elements by u in<Y the iodate eparation of Gn­
maldi and other (1957). amples were de ompo ed 
by a sodium peroxide fusion, and a preliminary e~a­
ration was made by filterinO' the odium hydroxide 
precipitate. 

W ith the aim of implify~nO' and hortening ~ur 
procedure for thorium, we undertook a comprehensive 
tudy of the ar enazo-III m thod and the interference 

level for '19 element likely to be found in ignificant 
concentrations in rock and mineral . 

The general procedure finally adopted inclu.de ep­
aration teps with hydrofl uori acid, potas ·1um l~y ­
droxide, and potassium io late. The m ity l oxide 
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cxt rnction ormerly employ d wi th the thoron method 
11' u limina.ted. A 1-gram ample i uffi ient to deter­
mi ne thori um concentration as low a 0.5-10 ppm. 

Th arsenazo-III method i no"· u ed routinely in 
the Wa hi ncrton Jabora~ory of the Analyti al L abora­
torie Bra ch , repla ino- the thoron metho l for deter­
mining part -per-million con entration of thorium in 
ro k . }}xperience gained in the ana ly i of 300 am­
pies ha . hown the new method to be more reliable, 

n it ive and rapid than the thoron method. 

ANA'L YTICAL METHOD 
Reagents 

vVh n t hi work was fir tarted, the only arsenazo 
III availnble ommer ially prov d to be rather im­
pure and requir d further purification. 1o t of this 
work wa done ''"ith th rea<Yent ynthe ized accordin<Y 
to th lir · tion of av ' in (1961) and of Zaikov kii 
nnd I van om ( 1963). Reagent of aood quality is now 
nrftilabl -f om several dome tic dealer . The reaaent 
olution i stable enouah to keep for about 6 week , 

althouah there is a aradual decrease in sensitivity to 
thorium. 

Th -foll wing rea<Yents are u. din the arsenazo-III 
method of thorium determination : 

Ar. enaz HI. 0.05 percent. Dis olve 500 miligram of a rsenazo 
III in 900 millili te r of water, . ti rring for severa l hours with 
a magnC'ti ~ tirrer. Filter, wa ·h with water , and dilute to 
1 lite r . 

Calci um carrier solution, 0.5-percent CaO. u ·pend 2.5 gram 
of CaO in about - 00 ml of wate r. Add 100 ml of nitric acid 
and dilute to 500 ml with water. 

Ferri · nitrat~ ca rri e r solution, 0.2-J e rcent Fe,O,. Di olve 0. 75 
g of FC'(:-\),),· f;H, in 100 ml of (1+99) nitri c a cid. 

Hydrofluoric acid wash solution. 1 pa r t hydrofluori c acid plu 
9 part of wat r. 

Oxa li c acid, 5 p r ent. Di olve 100 g of the dihydrate in 2 
liter · of hot (1+1) bydrocbl ri c a id. 

Potassium hydroxid (preci pitatin~ solution ), 50 percent by 
weight. 

Pota .. ium h:rclroxid (wa!'h solution) . Dilute 2 ml of thC' 50-
percent solution to 500 rnl with wat r. 

Pota ·ium i datC', 6 p<'rr nt. 
-quinolinol. .5 per ·('nt in ( l + f)!)) nitr'c a ·id. 

d-Ta r ta ri c a t id . Dissoh ·e 6 g of lnrtari acid in wa te r and 
dilut to 1 liter. 

.tnndard th orium "olut ion ( 1 ml = 4 mg of Th ,) . J is. ol\·e 
4.2 g of T il ( ' , ). ·4 H , in !}00 ml of a . olution nlnining 
25 ml of 11itri acid .. tandn rcli z(' by precipitating thorium 
by the per xynitral(' proredurr and igniting th p roxynitrnl 
to form th ox ide. 

,'tandnrd th orium .·olution ( 1 ml 10 mi ro rnm, of ThO, ). 
Deliver fnm n buret into a beaker an nppropriat volum of 
the ·on enlrnt<•d thorium soluti on <'(]lliva l nt to -0.0 mg 
of ThO,. ~Jvapo rut to clryne .. · 3 limC's nfte r th nclclition . 
each time, of 5 ml of hyclr hl oric ncicl. del 100 ml of 
hyd ro hl ori • add and di lu te to 2 liter .. 

Prelimin. ry te ts onfirm d thnt the medium e­
lected by avvin (1961) i optimum for d termining 

thorium, parti ularly in the presence of zirconium. 
This medium con ist of 2.5N to 3N hydrochloric acid 
containing 10 ml of 5-percent oxalic acid and 2 ml of 
0.05-percent arsenazo-III solution in a 25-ml volume 

Procedure 

\Veigh a 1-gram finely around sample into a 
platinum dish. Dige t on the team bath with about 
20 ml of nitric acid plus 25 ml of hydrofluoric acid. 
Evaporate finally to a volume of about 20 ml. 

If the sample i not completely decompo ed by the 
acid attack, evaporate to dryne s. Add 2-3 ml of nitric 
acid and evaporate to dryne . Repeat twice more. 
Add 10 ml of nitric acid and 50 ml of water. \ Varn 
and fi lter, wa hin<Y with hot 'vater. Tran fer the r i­
due into a small platinum crucible and ianite. Fuse 
the residue with a mall amount of odium car­
bonate or potas ium pyro ulfate. If sodium carbonate 
is used, di olve the melt in "·ater and add to the main 
solu tion. After a pyrosulfate fu sion, remove sulfate 
by di olvin<Y the melt in dilute nitric acid, addin<Y 1 
ml of ferric nitrate olution, and precipitatina with 
ammonium hydroxide. Dissolve the ammonium hy­
droxide g roup with nitric acid and add to the main 
solution. Samples which are known to contain more 
than 10 ppm of Th02 should at thi point be diluted 
to 'olume and an aliquot taken for furth er analy is. 

To the ample olution or to an aliquot, add 5 ml 
of the calcium carrier olution and evaporate to dry­
ness in the platinum di h. Add 20 ml of water and 
20 ml of hydrofluoric acid. Heat on the team bath 
for everal minute , then turn off the team and let 
stand for at least 2 hour . \.dd filter-paper pulp and 
filt r through a fine 9-cm filter which has been pre­
wa hed ''"ith hydrofluoric acid wash olution. Return 
the paper · to the platinum di h "and ash. 

Fu the residue 'Yith 2-3 a of pota ium pyro ul ­
fate, cool, and di olve the m lt in 33 ml of (1+4) 
ni t ri a id. Tran fer to a beaker and dilute to 150 
ml. Ad l m thyl-r d indicator and 1 ml of ferric ni­
trat carrier olution. Proceed " ·ith the potas ium 
hydroxide pre ipitation and the iodate eparation a 
de ribed by Grimaldi and others (1957). The potas-
ium hydroxide pre ipitate can be di oh·ed readily by 

tranferrina th bu lk of the precipitat to the beaker 
prior to t h addition f a id to th paper. 

When aliquot repr nting 50 mg or less of am­
ple are taken, the fluoride eparation tep is omitted. 
The aliquot is diluted, ferri nitrate arrier i add d, 
and the analy is i continu d with the pota ium hy ­
dr xide pre ipitation. 

The procedure of Grimaldi and other (1957) i 
followed to the point of evaporating th olution of 
the iodate precipitate to dryne s. No perchloric acid 
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is added. The dry residue is treated t\YO times '' ith 
2-ml portions of hydrochloric acid. 

The color development with the ar enazo-III re­
aaent i made after the hydrochloric acid evapora­
t~ns. Add 1.6 ml of (1+1) hydrochloric acid to the 
beaker wettina the wall of the beaker. Add 3-4 ml 
of wa~er cove~ and warm 3-5 minutes on the team 
bath. C~ol and transfer to a 25-ml Yolumetric fta k 
with everal mall portion of \Yater, not exceedino-
7 ml. Add 10 ml of the oxalic acid solu t ion and 2 ml 
of the arsenazo-III solu tion. Dilute to volume with 
water. If the sample . olution is expected to ontain 
more than 10 p.g of Th02, dilute to volume '"i thont 
adding the oxalic acid and ar enazo-III reagent. Take 
an aliquot not exceeding 10 p.g of Th02, adju t the 
acidity to 1.6 ml of (1+1) hydrochlori a id, and pro­
ceed with the addition of oxalic acid and reagent. 

Measure the absorbance in a 5-cm D pectropho-
tometer cell at 665 mp. u ing as a reference solution 
one containing all the reagents u eel for the color de­
velopment. Prepare a calibration curve from olution 
containino- 1- 10 p.g of Th02. 

RESULTS AND DISCUSSION 

Linear standardization curves are obtained with 
thorium levels up to 50 p.g of Th02 per 25 ml of the 
final solution. The sensitivity of the reagent varies 
somewhat with the source of reagent and ranges be­
t\Yeen 0.003 and 0.004 p.g of Th02/ cm2 for an absorb­
ance of 0.001. 

Excessive amounts of thorium should not be present 
at the color-formation step, because low result will be 
obtained due to a precipitation reaction. Moderately 
high concentrations of thorium (75-100 p.g of Th02/ 
25 ml) o-ave a pronounced Tyndall effect, and hio-her 
concentrations o-ave readily filterable precipitates. 
Tests with radiothorium tracer showed that thorium 
was being precipitated. Thi would indicate the prob­
ruble formation of a ThR complex instead of the nor­
mal ThR2 complex ( emodruk and Kochetkova, 1962; 
Savvin, 1964). 

I t is desirable to take at least a 1-g rock sample for 
analysis even when the thorium content i expected to 
be sufficiently hiah to require subsequent aliquoting. 
Much of the thorium i11 a rock is commonly present 
in relatively s arce mineral o-rains of high thorium 
content; the use of small ample , therefore, can result 
in appreciable amplina errors. 

Interference tudies were made \Vith the elements 
one would find in rock and mineral analysis. Va.rious 
amount of each of the element. were checked with 3 
levels of thorium: 0, 2, and 15 p.g of Th02. Ab orbance 
was mea ured in 5-centimeter cells in a D pectro-

photometer at 665 mfL. The re u lts of the i nterf renee 
studies are given in the a companyinO' table, wh re 
the elements are listed as th oxides in ord r of de­
creasing interference. The e int rferenc s refer to the 
color-formation tep in the final 2'5-ml volume. These 
levels, oupled with the ac eptable error, set th limits 
for eparation procedures. The value o-iven in the 
table are the minimum quantitie of the elem nt cal­
culated as th oxide '' hich could cau e an error o{ 1 
p.g of Th02 in the rano-e of 0-15 fLo- Th02 per 25 ml 
of fu1al solution. The mo t eriou int d eren e i 
uranium (VI), whi h ha a sen iti vity one-tenth that 
of thorium. R are-earth el ment titanium, zir onium 
and nickel range in en iti ,·ity from one-hundredth to 
one-thou andth that of tho rium. Th remaining le­
ment have sensitivities les than one-thou andlh of 
tl1orium. 

Summary of interference studies 
[E lements listed In order of decreasing inlcrf renee[ 

QILOillitV 
eq!Livalent 
to I!'U of 

Element (a& oxide) TbOt (mg) 

03- -------------- 0. 01 
Ce203-------------- . 1 
S mz03- ___ - - - ____ - - . 1 

c203-------------- . 2 
Laz03- ___ --- - ___ - -- . 2 
Tb203-- _---------- - . 2 
y 203--- -- --------- - ' 2 
Ti02-- ------------- . 4 
Lu203- __ ----- ___ - _- . 6 
Zr02- _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 7 
' iO _ - -- ---- - ------

CuO____ ___________ 2 
PbO__ _____________ 2 
CoO __ __ ___________ 2 
A u203 ___ - - - -- ___ - -- 6 

Element (a& oxide) 

Q!Lantitv 
equivalent 
to II'U of 

'!'hOt (mg) 

Cr2 3- __ --- ---- _ _ _ _ 7 
H gO__ _____________ l 1 
A l~03 -------------- 13 
Fe20 J----------- --- 20 
Sn 2- -------- ------ 20 Ca 0 _____ · _ _ _ _ _ _ _ _ _ _ 40 
MnO ___________ ___ 40 
Bi203 - _ ---- ________ 40 

rO _____________ __ 40 
BaO______________ _ 40 
Pt02- _ _ _ _ _ _ _ _ _ _ _ _ _ _ 50 
¥20~---- ----------- 0 Zn 0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 60 
MgO _ _ _ _ _ _ _ _ _ _ _ _ _ _ 140 

The interference of a number of the elements varie 
somewhat ·with the concentration of thorium; thi ef­
fect is marked in the case of titanium. Depending 
upon its concentration and that of thorium, titanium 
acts either as a positive or a neo-ative interference. The 
negative effect of titanium was noted by Abbey, who 
reported that 5 mg of titanium produced, in 30 min­
utes, a one-third reduction in the absorbance of 20 p.g 
of thorium. 

Figure 1 show the effect of titanium on various 
level of thorium. Cu rve how· the hange in ab-
orbance when titanium i · p re ent alone. \.t the 2-p.g 

of Th02le,·el there i a po itive interference, but the to· 
tal absorbance is actually less than that of titanium in 
the absence of thorium. At the 8-f.'g of Th02 Je,re[ a 
negative interference becomes apparent, and at the 15-
f.'o- level, there is a marked interference. The ab orb­
ance in the presence of 5 mo- of Ti02 i reduced by half. 
That this effect is indeed due to titanium and not to sul ­
fate ion introduced with the titanium is ho,·yn in curve 
E. There is but a light effect on the 15-f.'g of Th02 
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F 10 1 1n~ J .- F.ffect of titanium on ab orbance of tboriu m-ar-
. emtzo-III ompl ex : A , ah>;orban of titanium complex 
a lon ; U, 2 ILK of ThO, a dded ; , !lg f Th , add d ; D , 
1.3 Jlg of ThO, acid d ; a ncl E, s ulfa t blank. 

levelonthe addition f ulfat ('Ol'l' pondinato con n­
tration pre nt in th 1 i02 t t olution (7 .. mg ul ­
fate p r milligTam of Ti02). 

lona wi th the anal y i of ampl control deter-
minations ar mad in thi laboratory on appropriate 
tandard ro k ampl . Dnrina th pa t y ar 20 de-

terminations were made by the arsenazo-III procedure 
on the granite, G-1, and 39 determinations on the dia­
base, W-1, by Esma Campbell and Rooseve]t Moore, 
Geo]ogical Survey chemists. The average of the deter­
minations for G-1 is 51.7 ppm of Th02, with a stand­
ard deviation of 1.57 ppm of Th02. The average value 
obtained for W-1 is 2.8 ppm of Th02 with a tandard 
deviation of 0.22 ppm of Th02. The re ults reported 
for these samples (Michael FJeischer, written com­
munication, 1965) by investigators using a variety of 
chemical and physical methods are: average for G-1, 
52.5 ppm with a standard deviation of 7.4 ppm; aver­
a<Ye for W-1, 3.0 ppm with a standard deviation of 0.8 
ppm. 
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CHANGES IN CHARACTER OF UNIT HYDROGRAPHS, 

SHARON CREEK, CALIFORNIA, AFTER SUBURBAN DEVELOPMENT 

By JOHN R. CRIPPEN, Men lo Park, Calif. 

Jllistract.- nit hydr graph.· were derived from precipitation 
and . tt·eamflow r eco rd coli cted in a . mall ba in in the const·al 
r egion of central ('aliforni a. Hydrographs repre. enti n"' con­
ditions befor and after :uhurban deYelopment showe l changes 
similar to t ho ·e ob en ·ed el. ewhere: runoff wa accelerated, 
and pea k flow \Yas incr ea:ecl. IloweYer, the magnitude of the 
hydrogra( h change . . did not correspond closely to tbe ma"'ni ­
tude.· r eported in . ome other . tudie . Mucb of the difference 
can be a.·cribed to the ,·e r y .·mall . ize of the haron rE*k 
blls i n. D enlopment. in the ba in included t~·pi al str et and 
bui lding. ; th ey al. o in lucled an irrigated golf our e and 
chann 1 modificati ons, whi ch are n t a lways con idered in 
srucli c. of this nature but whi ch occut· frequently in the gro11·th 
of urbanir.a tion. 

For everal years the ba in of Sharon Creek near 
P alo Alto, Calif., ha been in trumented in a study 
of the hydrologic effect of urbanization. The ba in 
(fig-. 1) oc upie. about 24-5 acre . . In it na tural state 
it \I'll . ~Ta . land with ·attered bru h and tree . rban 
development began in 1961, and by the spring of 1964 
about 14 acre was oc upied by ingle-family r si­
dences, about 12 acres by office- and apartment-type 
development, and 5 ac res, including the area immedi­
ately up tream from the gaging . tation, by n golf 
rour:e. The ar a of roof , driYe , and patio included 
in the 111 a res of dev lopment totaled about 16% 
a r s, and there were about % acre of b·eets and 
road ,,-ithin the unde,·elol ed part of the ba in. Th 
remaining 125 ac1:e of the basin was unchanged. 

The relation between exces precipitat ion and run off 
"'ithin a ba. in an be expressed by use of the unit hy­
drograph, a plot of the time distribution of runoff 
re ul tino- from a unit of exces precipitation fallin<Y 
even ly throughout the ba in during a unit of time. 
(Exce s precipitat ion is thnt which leave the ba in 
a . urfftce flow without being delayed by re idence in 
t~1e ground.; its quantity is u ually taken, by com·en­
tJOn,. as 1 mch.) The time unit is usually expre sed 
m mmutes or hours and may be a few minutes or sev-

eral hours. It gen rall y is cho n a ome fra tion of 
the time taken for water to flow from the most remote 
spot in a basin to the point of measur ment (the time 
of concentration). Accordin<Y to uni t-hydrorrraph the­
ory, any occurrence of xce pre ipi tation will re ult 
in an outflow hydrograph tha i proport.ional to the 
uni t hydrograph. The followinrr commonly u d 
parameters of the unit hydro<Yraph wer mea ured in 
thi tudy : 

Qp, peak di char<Ye, in cubic fe t p r se ond: 
qp, unit peak di charo- , in cubic feet per e ond 

per squa re mi l of ba in area; 
tp time from centroid of exce preci1 itation to 

occurrence of peak di charge ; 
t50 , time from centroid of exces precipitation to 

pas age of 50 percent of runoff; 
tc, time between centroid of ex e pre ipitation 

and th re ultin<Y runoff ; and 
tuo , time from centroid of ex e pre ipi tation to 

passage of 90 per ent of runoff. 

Average 15-minute unit hydrograph for haron 
Creek have been derived from storm of 1959- 60, b -
fore development be<Yan, and from torms of 196;3 
after a.bout a year of fairly table land u e ''i th the 
development de ribed abov . The t"·o unitgraph 
with elected param ter , a r shown in figure 2. 

The pnrameters of the hYo unitgraph refl ect ba in 
characteri ti under the regime of th tr am before 
and after development, re pe tively. Th magnitude 
of peak dis har<Ye from a small ba in u uall y increa e 
a are ult of the construction of pa,ving and drainnge 
facilities that ac ompanie the urbanizati on proces · 
This occurred in haron Creek; Qp in rea. eel from 1 0 
cubic feet per second to 250 fs. Expre sed in ubi 
feet per econd per quare mile (qp), the in r a 
was from 470 to 653. nyder (193 , p. 4-51) related 
qp to tp for undeveloped basin. in the ppalachian 
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"---
"") Ba sm boundary 

EXPLANAT IO N - D 
Paved and roo fed areas Golf course 

F1ot n~~ 1.- :-lchemn ti c map of 'haron r eek basin , near Pal o 
.\I to, 'alif.. :.!:; mile:-; ;::outh of Snn Francisco, . howing dis­
trihution nnd size of area:-; oC uriJnn and oth r development. 
L' npattcmcd area;:: are gn1ssland with scatter d bru b and 
trees. 

Hi hlands rangino- in area from 10 to se,·eral hundred 
squar mil , and found that qp ranged from 360/ tp 
to -:14 / tp. For haron r ek prior to development, 
qp wa about 170/ tv, or about half the minimum found 
by nyder. This difference may be be ause of the rela­
tiv ly gentle hill ide lope in the haron ba in and 
the gentle channel gradient ·which would tend to in-
cr a t11 and de rea e q11 • According to 'William 
(1950 p. 302) a mall ba in would normally produce 
a relati ly larger q11 than would a larger basin, a a 
re ult of th ombined difl'erenc in t11 and Qp of th 
unit hydrog-raph . . 

In haron r k ba in fp did not 
ciably durin<Y ba in dcYelopment, but Q 11 in r a c1 
and produ d a orr ponding- incr a. e in qp f al out 
-1-0 per ent, -from 170/ t11 to 240/ tp. 

arter (1961 p. BlO) . !udyin<Y ba in near IVa h­
ington, D.C. " ·hich ranged in ar a from 4 to 550 
square mil s u ('d i nd x s of hannel leng-th (I-) and 
lore ( ) as a measure f T no· 1I f und that for 
natural ba in T r.o = , .10 (LV <- ) 0

•
6

, and for partially 
wered ba in . T 50 = 1 .~0 (I- V ;. ) 0

•
6

• In haron 
Creek befor(' d velopment 7',, 0 = 3.70 (I- \ I ) 0 ·6 and 
after developm nt 7'50 = 2.60 (I- V ) 0 -6 . The differ­
ence between Cart r' co ffi ci nt for natural ba. in and 
that for haron Creek b for d v lopm nt i no o-reat r 
than the scatter of point u e l by art r in d rivin<Y 

his relationship, and therefore is not sic:rnificant. The 
difference between the coefficients 1.20 and 2.60 has 
little quantitative meaninc:r, as the definitions of "par­
tially sewered" and of the degree of development in 
Sharon basin are not precise. The chano-e in the 
Sharon coefficient accompanying the change in devel­
opment is consistent with the difference f01md by 
Carter. 

Flood hydrographs were in pe ted to determine 
whether a relation exi ted between any of the lao­
times (T) and the magnitude of peak flow , Qp. The ex­
istence of such a relationship ha been po tulated by 
some workers upon the basis of data which included 
a wide rano-e of mao-nitude. However, the variation 
in magnitude of peaks available for this tudy wa not 
c:rreat, and no rela tion hip '"a d tected. 

In most area where the hydrologic effect of urbani­
zation has been tudied, the proce of urban and sub­
urban development has not closely followed the path 
that was expected beforehand. This is true in baron 

reek. As in many other basin , development is a com­
plex of he variou types of land use which are a o­
ciated with the working, re idential, and recreational 
need of a nonrural population. The e land u es and 
their effect on hydrology vary from region to reg ion 
and even between differ nt part of the same reg1on. 
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HvdrOI)raph paramdel 1969, 1960 1963 
Q, ___________________________ cf __ 180 250 
t, ____ _______________________ min __ 22 22 Tw __ _______________________ min __ 54 3 
Te - _________________________ min __ 69 54 
T Po- ____________________ __ __ min __ 145 92 

Fro c nE 2.-A,·em e F -minut unit bydrograpb of Sha r on r eek . 
Paramete1·s a re a defined in t xt. 
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In the haron basin, the golf our e is irrigated by 
imported water, and the tream which formerly flo1Yed 
for only a few hour or day after heavy precipitation 
is now perennial with a con tant flo1Y of 0.01 to 0.02 
cfs. It is necessary to ubtract thi artificially induced 
ba e flow from the total flood hydro()'raph in deriYing 
the uni t hydrograph. The amount of ba e flow in­
volved i an insi()'nifi ant part of the total flood run­
off. However, the moi t condition of the upper soil 
horizon re ultin()' from irriO'ation reduce the infiltra­
tion capacity of the golf cour e and thereby cau es a 
more rapid re ponse of treamflow to precipitation, 
and produces runoff from li()'ht torms which for­
merly would have had no effect on st reamflo"-· 

T he unit hydrograph repre enting condition in 
1963 was derived from storms whi ch ca used runoff 
from the entire ba in-O'o]f cour e, conventionally 

u rbanized tra ts, and rural wooded and pa ture area . 
The cha n()' in the hydrograph illu tt·at·e the omposi te 
effect of ba in chang s, and it is diffi nlt to eparatc 
the components and th u a cri be a peci fie part of 
chan()'e to a pe ific det.ail of ba in a Iteration. Al ­
thou()'h each re()'ion f urban de1· lopment i unique 

haron Creek ba. in is typical in the liv r ity of c1 _ 
,-elopm nt '"hi h ha brought· about ·hange · in th unit 
hydrograph . 
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A METHOD OF ESTIMATING MEAN RUNOFF 

FROM UN GAGED BASINS IN MOUNTAINOUS REGIONS 

By H. C. RIGGS and D. 0 . MOORE, 

Wash in gton , D.C. , Carson City , Nev. 

Wo1·k clon,e in ooop&rat-ion with 
th e Nevada D epMtment ot ConSe?'Vation and Natwra.l R esources 

!l iJ .H ra ct.- 'trea mtlO\\' r ecord: ·an lJ u d to define m an 
annua l run off. in in<: ht?s. from 1,000-foot zone · of elHation i n 
tt hy lrolog iea lly homogE-neous r egion. M ea n runoff from un­
!:'llJ.I'Cd lJa . in· in lh sa me r eg ion ca n t hen be comput d on the 
hu i ' of t hes d riv d run off ,·alues. 'l'he method i parti cular!~· 

uReful in HCmiari l r egions of l ar ge r eli f \\'here the imple 
relation b t ween mea n run off and tota l basin clrainn e ar ea i 
not w t> ll defi nE-d. Runoff ,·a lue. deri\' d f r om one r egion may 
ue usc l to stima te the runoff from cer ta in othe·; r egion: f or 
whi eh avnilnblP :tr ea mflow r ecord · are inad (Juate to defi ne 
runoff values ind pendently. For t he purpo ·e of making uch 
e t imut . , cpara te r e<> i on \Ybi ch ha ,·e the ·a me rt? lnti n of 
mean annun l prec ipitation to eleYati on ar e a sumecl t o b 
hom gcneou . . 

Mean runoff i clo ly related to 1z of d rainage 
ar a in orne regions of l ittle toporr raphi relief 
(Rig:g , 1964), and the relation between run off and 
area, a defined by garrinrr-station re ords, may be 
u ed to Limat mean runoff from unga.g d ba in in 
the e region . In mounlainou regi on m an runoff 
may be poorl y r la.t d to . ize of d rainag area be­
cau e the marrnitu le of preri t itation and f lo e 
due to eYapot ran pi ration hang ub tantially with 
elevation. Thu. , mountain h ainage ba . in . having 
equal area but encom pa. . ing differen t range o f ele­
vation u ually h aYC' difl' r nt mean run off. Oilman 
and Tracy (194-9) sho,n·cl the ,·arialion of mea n run ­
off on a ma p o f th mounta inous \Yincl R i,·er ba in 
in ·wyoming. The) u. d r co r i of p reci pitation and 
runoff to preprtr pr i pi l n.t ion -n.l tit ude gra 1 h. and a 
graph of the varirttion of average annual 1 wi th 
elevation. Thee g raph and a topographi map formed 
the basis for th ir runoff map. 

This repor t descr ibes a method of estimatinO' the 
mean runoff at unrraged mountain ites, using stream­
flow records and topograph ic map . The mean annual 
runoff, in inches, is e timated for each of several ele­
vation zones in the reO'ion; the sum of the runoff 
Yalues from the elevation zones in a drainage basin 
is the total runoff from that ba in. Precipitation data 
are used to extend the runoff-elevation relation to 
other regions. 

DERIVATION OF ESTIMATED MEAN RUNOFF VALUES 
FOR ELEVATION ZONES 

e of this method require (1) a reO'ion where 
one rreneral precipitation-e]e,·ation relation applies 
throughout; and (2) streamflow record from basins 
havinO' different orientation and different proportion 
of area in the several elevation zone . D elineation of 
a reo-ion on the ba i of a p lot of precipitation aO'ain t 
el vation i de irable, but data uitable for u h a plot 
are rarely available. Thu , it i u uall y ne es ary to 
elect a r o-ion on the ba i of topography, deri,·e run­

off values from treamflo,v re ord , and then eliminate 
those part of the r o-ion that app ar to produ e anom­
alous runoff valu . 

region cen te red in the Jarbidge Mountains in 
nor theastern vada i u d to demon trate the pro-
edur . Fig ure 1 is a map of th region, howing the 
treams and rrao-ing station . Table 1 sho,vs (1) the 

eli tribution of drainage area abo,-e the gaging ta­
tion , by 1,000-foot zon of eleYa tion : (2) the total 
drainage area · and (3) hYO valu of mean runoff. 

om of th e val ue of m an runoff, derived from the 
hown in the next-to-last ol -
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4 1' 
30' 

116' 
115 ' 

0 10 

FrounF; 1.- i'llap of vor ti n. of 1\eYada and Idaho, sho\Ying 
the s t ream s s tudi ed in thi im·e tigati on and the gagin -
stnti on s it!'s (d t ·) ,JSN 1 in demonst rating the procedure 
Co1· !'stimn t ing run off Ynlues by elevation r.one . 

umn of table 1, are means for the period of record 
shown; others in that column (tho e based on le . 
than years of record) are adjusted to a long-term 
mean on the basis of t·he 50-year record for a.lmon 
Falls Creek near San Jacinto, Nev. (Val ue of mean 
runoff in the last column of table 1, to be computed, 
are described in a la.te r sect ion of this report.) 

The fir t problem in the an;dy i i the sele tion, 
for the el vation zone, of va lu of runoff which in­

reuse smoothly with elention and ''hich produ e 
th best estimates of m an runoff at a cracrincr tation. 
For thi purpo e the be e timat a re tho e who 
sum approximately equals th mean runoff d ri v d 
f rom the streamflow record. 

From field ob n ·ation it wa on lud d that no 
appreciable mean runoff o cur " h re the el vation i 
less than 5,000 fe t. Thi ab ence f runoff i attt·ib­
uted larcrely to the o urren e of pr cipitation in low 
amounts and with low inten itie . {ean pr cipitation 
at the highest elevation in th region is t imated 
from snow-course data to b abou t 40 ]n h · the mean 
runoff from that elevation probably would not ex eed 
20 inches. Therefore, mean-runoff value wi thi n th 
O- to 20-in h range wer arbitrar ily ele ted for the 
1 000-foot elevation zone and u d to ompute t i-
' mated mean runoff at the O'aging tation . Final mean 

runoff values are defined by the t reamft ow data ; th y 
are not limited to the 0- to 20-inch range. That rang 
only provides a r a onabl ba i for lection of th 
first trial value . typical computation is hown in 
table 2 in whjch th mean runoff from a h zon i 
the product of the a umed mean runofl' for that zone 
and the draina(J'e area "-ithin that zone. 

imilar computation wer made for ach of the 
tation hown "in table 1, u ing th arne a umed 

n lues of mean annual run off. The a sumed Yalu 
of mean ann ual runoff li ted in column 2 of ta ble 2 
are considered th b t of e\'e r a l . et tri d becau e 
they produced thee timate of mean runoff which are 
losest to the value computed from the treamflo\1' 

record . E timated Yalue of mean runoff for the 

T ., AU~ I .- Distribution of drainage area above gaging stations by zone cmd mean runoff in the region shown in fi gure I 

0 aging station Drainage area (sq mi) Mean runoff (cis) 

Elevation zones (feet) 
Period of record From stream-

used (water I ---- Total now record >-:amr 
years) 5,()()()- 6,()()()- 7 ,()()()- ,()()()- I 0 ,·er 

6,ooo 1,000 I .ooo 9,ooo 9,ooo 

Eal c11 a l;~~·~ _ !~ r~~c~~~ - ~: ~·~ ~ - ~1~~ - ~l~l~r: ___ ~~~c_e_k~- --: ~;4-~6· --0-1--: --: ---=--~-~--9---- 52 
E a t Fork Bruneau Ri ver below Thr e reck . 

nea r Thr c reck, Ida ho _________________ _ 
Ceda r reck nca r Ro cworlh , Idaho ___________ _ 
M a r.vs Ri ver a L 1\l ary River ca bin, nca r Deet h, 

Xcv ____ _____________ --------------------
Brun a u Riv r n a r R owla nd, .'\ e '·-------------
Owy h e Hi,·cr ncar Go ld re k, Xcv ___________ \ 
Sh eep Cree k n ar Tin !a ll , I da ho ______________ _ 
Marys Cr ck nca r Tin !all , Ida ho _____________ , 
F:a lmon Fa ll. reck a bo ve upper Vi neyard d it ch, 

n a r Con ta ct , ' v ___ _____ __ ______________ _ 

1956 0 
1911 - 14 

1914 
19 14-1 
191 - 25 

19 12 
1911 - 13 

1949-60 

'M any d iversions for irri gation ; record not used to derive runoff values 
' Ad justed on basis of 50-year record of Salmon Falls Creek. · 

I tO I 54 
54 49 

0 51 
37 260 

0 171 
64 93 
6 36 

49 1 2 2 

42 
25 

25 
45 
3 
22 

9: I 

4 
0 

17 
43 
0 
0 
0 

30 

0 
0 

7 
0 
0 
0 
0 

6 46 1 

1 2 29 
2 21 

2 50 
2 120 

47 
2 41 
2 22 

1 9 

Estimated 
from runotl 
value by 

zone 

50 

38 
24 

44 
11 2 

.55 
:33 
14 

136 
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Assumed mean annual 
Rnngo In el v~tion of zone runoff Drainage Mean 

(feeL) area (sQ mi) runotJ (cfs) 

Inches/yr Cfs/sq mi -
5,000- 6,000 - ----- - - -- 0. 5 0. 037 0 0 
6,000- 7,000 _--------- 3 . 221 30 7 
7,000- ,OOQ __ __ ______ 6 . 442 26 12 
,000- 0' 000 - - - - - - - - - - 11 . 810 23 19 9,ooo-1 o,ooo ____ _____ 16 1. 18 10 12 

TotaL ____ ____ - - --- - -- -------- 89 50 

ba in , omputed a de ribed above, are hown in the 
Ia t olumn of table 1. Mean runoff comput d from 

treamflow re ord 1 shown in the next-to-la t 
column. Agreement bet,~·een the t\YO is considered 
clo e nourrh to indi ate the homoaeneity of the region 
with r r t to this type of analysis. 

APPLICA liON TO UNGAGED BASINS 

To compute th mean runoff from an ungao-ed ba in 
in th regi on hown in fio-ure 1 determine the area of 
the ba in that lie within each of the ele' at ion zones 
an l ompure runoff as hown in table 2 u ing the a -
umed Yalue of m an annual runoff . ho"·n in the 

tabl . For another region, different rnnoff Yalue may 
hav to b deriv d. For example, the 5 et of runoff 
ra lue h wn in table 3 were deri,·ed for 5 different 
region in )levada by Lamke and Moore (1965). 
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ELEVATION. IN T HOUSANDS OF FEET 

TABLE 3.- Runo.ff values by elevation zones for fi ve regions in f<'r . u RE 2.- Relation of precipitation to elen1tion forth region. 
evada li sted in table 3. 

Range of cl va tton of zone (feet) 
Runoff (inches per year) in region-

A D c D E 
------------

5,000- 0,000 _ ------------- 0 0 0. 5 0. 5 1. 6 
6,000- 7,000 _ ------------- 0 0 1.2 3. 0 5. 5 
7,000- ,OOQ ______________ 

. -l .5 3. 0 6. 0 10 
,000- 9,000 _------------- 2. 5 3. 2 5. 5 11 16 

9,000- 1 0,000 _------------ 5. 6 7. 0 9. 5 16 2 .1 
10,000- ll ,000_------ ----- 9. 4 12 14 2 1 26 
11,000- 12,000_----- ------ 16 1 ------ ------ ------
12,000- 13,000 _------- ---- ------ 26 ------ ------ ------

In ome pa rt . of X Yacla there are not . nffi ient 
treamflow rerorcl. to d finE' a t of runotl' ,-alnE' . 

For tho e area on of the cleriY d . et-. o f run o ff valu<:' 
may be u eel. The follo"" ing 1 ro edure, u:ed to . le t 
the appropriat set i ba .cd on on follow <' cl by Lamke 
and Moore (1965). 

For each region for ""hich runofl' nllue: had been 
defin d, a relation of preripitat ion to levation wa 
prepar d from a,·ai labl in format ion. Figure 2 . how 
the relation . cl rived for th e numb red r<'gion of table 

3. For a basin widely eparated from the region of 
ta,ble 3, and in which a precipitation record i avai l­
abl e, the mean annual precipitation wa plotted again t 
el vation on fio-ure 2. The un-e neare t whi ch the 
[lotted point f ll identifi d the r gion of imila.rity 
and the appropr iate t of runoff value . 

EVALUATION OF THE METHOD 

Runoft' and yield ar u eel ynonymously m this 
paper although ru noff i defined a flow in stream 
hann 1 wh r a yield may include o-round-water 

outflow that bypa e the tream channel (Lano-bein 
and I eri, 1960). In deriving runoff Yalue by eleva­
tion zone it is a umed that all the yield from the 
ba in pa e down the t ream channel . If this as-
umption i orr<' t, appli ation of the method o-ives 

the total yi ld from the ba in. Field information may 
indicate that yield and runoff ar not equal in some 
ba in . For example part of th yield of certain areas 
on the western side of nake Valley, in ea tern Ne-
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vada, come to the urfac a sprin!!S on the alluvial 
fan . on equently, the flow in a stream ham1 1 up­
aradient from the sprinrrs mu t be le than the e ti -
~ n 

mated mean runoff from !he basin at that point; that 
i , thee timated mean value for this basin i y ield, not 
runoff. 

In other basin ub tantin,l amounts of ground water 
move beneath topographic boundaries au ing an un­
equal di !ribution of runoff with respect to surface­
water drainage area . " ' here thi: sub urface flow 
o cur there may be little relation hetV~-een e timated 
mean runoff and the mean flow in ce rtain tream chan­
nels. A notable example of thi con lition o~cur in 
the Deep reek 1ountain , abou t 30 mile south>Yest 
of Pocatello, Idaho. The as nmed mean runoff values 
hown in table 2 should be approximately orr t for 

the Deep Creek Mountain , on the ba i of the few 
precipitation record . But the run off from the 13.7 
square-mile ba in of East Fork Rock Creek near Rock­
land, whi ch i largely f rom pring flow, is 4 or 5 times 
as large a would be e timated from 1 he a sumed runoff 
values of table 2. 

treams who e runoff i le s than ba in yield should 
not be used to define mean runoff Yalues by elevation 
zones. Likewise, correct value of mean runoff by 
ele' ation zone cannot be used to e. timate ba in run­
off for. uch tt·ea.ms. On the other hand, correct' alue 
of mean runoff by elevation zone can be u ed to pro­
duce a reliable estimate of runoff from an entire moun­
tain mas wh ich contain such treams. 

In addition to the effe<·t. of geoloay, error in the 
estimated mean runoff nre cau eel at ome plnces by 
larae area l 'ariations in precipitation. These varia­
tion , which have not been adequately mapped, prob­
ably are caused by the locat ion of mountain with 
respect to the prevailing path of torms. If the effect 
of u h a va ria tion i la r(l'e and occurs on n rra<Yed 
ba in, that ba in may be rejected a nonhomoaeneou 
"·ith re pect to nearby basins and would not be used 
in definina runoff value . The identifi ation of a basin 
as n01.1homogeneous r tricts the ability of the analyst 
to~ LJmate mean runoff rel iably in the vicinity of that 
ba ll1; but on the other hand it hould lead, throuah 
~ more d tailed inve tigation, to a better under tand­
mg of th hydrology of the rerrion. 
~he reliability of estimated mean runoff nrie from 

I' g10n .to reaion. One method of evaluation i the 
ompa.n ~n. of e t imated and mea ured mean runoff 

fro~1 mdn !dual tream . T able 4 ho\\'S uch a com­
pan on for t.reams draining the Wallo"-a Mountains 
of Oreaon and the Jarbidae Mountain. of Nevada. 

Al o hown ar estimat made from the relation of 
di. charg to drainage area alone, although u he ti­
mate are known to be unrelia,bl in emiarid motm-
1 ainou . regions. 

The lll~tho.d d s rib d in tl~is r I o~'t i potentially 
mo 1 u:r1 ul m the Gr at Basm and m other reO"ion 
of imilar topography and cl imat where there are 
few large tream but a great man ·mall ones. II re 
although \\'ater i valuable and should b inventoried ' 
i t i impracticable to gage mor I han a . mall per­
cen1ao·e of th ITeam . \n ad quat inven tory may 
be provided by the m thod d scribed if um ienf 
gaging- tntion and t rage-p r ir itation <Yagc reco rd 
are obtain d at repre ntative lo ations. Di har()'e 
mea urements may be 11 d a an aid in det rminin ()' 
the di tribution of flow in the nriou lmnnel and 
prmrr in those r o·ion. where the li tribut ion i. 

different t.han that X[ e t d on th basi of the 
topoaraphy. 

TABLE 4.-Comparison of estimated mean runoff with mean ruMjJ 
based on streamflow record and on drainage area 

M ean runotT (cis) 

Stream and location 
Dy estimati011 From 

method of tream now 
this report record 

- --------1----1----1 
Wallowa Moun tain , Oregon: 

Hurricane reek _______ _ 
Ea t Fork Wallowa 

l~ver __________ ___ __ _ 
Bear reek _______ _____ _ 
Lo tine River ____ ______ _ 
Catherine Creek __ ______ _ 

Jarbidge Mountain. , 
Je\ ada-Idaho: 

Ea t Fork Jarbidge River _ 
Ea t Fork Bruneau 

River ____ ___ ________ _ 
Cedar Cre k ___________ _ 
Mary River_ _______ ___ _ 
Brun ~u River __ _______ _ 
Owy h 'e Ri er ___________ l 
Sheep Creek __ _________ _ 
Marys Creek ____ __ __ ___ _ 

75 

29 
111 
159 
132 

50 

3 
24 
44 

112 
55 
33 
14 
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130 
135 
192 
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RELATION OF PERMEABILITY TO PARTICLE SIZE 

IN A GLACIAL-OUTWASH AQUIFER AT PIKETON, OHIO 

By STAN LEY E. NORRIS and RICHARD E. FIDLER, 
Columbus, Oh io 

Work dO'It in ooope·ra.ti mt with the U.S. Atmnic Energy Cormn·issimt 

cma the Ohio Depwrtment ot I. atm·al Res01wces, Dwi iO'It ot Water 

.4bstra ct.- . 'ignificantly different type of particle-size di.. 
tributiou curves chara terize two nite. of sa ndy "' lacial -out­
wa h mnt rial· thnt have relnth·ely l ow er and higher per­
meabi li ty, r espectively. 1'he mnterial of lower permeability is 
well sorted m dium to coa r s and for whi ch the uniformi ty 
<·oetlicient Hvrrages 6 ; the more prrmeable material r ange 
from ('Oa r ·e sa ne! to oa r se graYel and ha an average uni­
formity <"OeHkient of 13.9. The uniformity co fficient. · of the 
material. a r r rea ·onably good indexe of their r e pe tive per­
mea bililit' l-l. wher as th 60-p r ·ent-finer size.· and the effective 
1~1rti e l siz .• n re p or i nd xes. 

Th hydraulic haracteri ti and related phy ical 
proper! i of a glacia l-outwa h aquifer near Piketon 
. ' 
m outh rn Ohio, >v re investigated by the . . Geo-
logical urvey in collaboration with the Ohio Depart­
ment of Natural Resources. The tudy whi ch wa 
made at th reque t of the ~ .. Atomic Energy Com­
mi .. ion in<'lud d an aquifer t t and parti le-s iz 
analy. i of th wat r-b aring mat rial at th Pik ton 
·ite. The aquif r in th vi c inity of the it i 0 to 5 
feet thick; it con i t in larg r part of coar 
medium graY I and in . maller part of m dium to 
coar e ·and. Th a.turated thi ckn i about 65 fe t. 
Be au . e th Piketon ite ( lat 39°04'12" . long 
3°01'47" '' .) i about 20 mile outh of the glaciat d 

area in the tat no part of the aquifer in the Yi cinity 
of Piketon onsi t of till. 

eli charo-e w 11 12 inchc in diamet r and 3 f t 
deep wa drilled at a !'pot +50 fe t from the outh ban! 
of th ioto Ri v r. T n 6-inch ob n ·a t ion "·elI were 
dri ll ed at int rval. along two lin one of whi h ex­
ten ded from the pumped w ll toward th riYer and 
the other through th pumped well approximat ly 

parallel to the river. The well neare t the ri \'er "as 
340 feet from the pumped well; the end well on the 
parallel line were 150 and 350 feet from the pumped 
well, respectively. Drilling was done by the ca.bJe-tool 
method, and al l \Yell \vere "bailed in' (tha t is, they 
were deepened by alternately bai lin o- the hole and dri,-­
ing the ca ing). 

Sample representino- the ma terial in depth inter­
vals of about 5 feet were coll ected by the driller. The e 
samples were sifted through standard ieves, and ac­
cumulative pa r ti le- ize eli tribution cun-es were pre­
pared. 

ANALYSIS AND RESULTS 

On a ino-Je plot the particle- ize distribution curves 
for all amples from one well form two d istinct fam­
ilies of curves. For example, all the urYeS for ob er ­
Yatio'n well W-1 lie within 1 of the 2 region hown 
on fio-ure 1. Th family that lies farther to the left 
(that i , in th Ere tion of finer g rain size) repre ents 
material that the driller de cribed a 't io-h t' or 
'dirty'' and whi h ar referred to in thi paper as 
material of relative] low p rmeabi li ty. The other 
family, whi ch i gen rall y le s ep and farther to the 
right, i for material of r latiYely high permeability. 
Two familie of Ul'\'e ha' ina range almo t identi al 
with tho in figure 1 chara cterize the rna teria I. pene­
trat d in t·he drilling of all t·he other ,,·ell · at the Pike­
ton ite. 

Th mat rial of r lati,·ely low permeability consi ts 
of gray and that i. of r marka.bly uniform appear­
nne -from \\'ell to well at th Piketon ite and ontrasts 
ma rk dly in both color and textur \\' ith the brO\Yn, 
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Jt' IGU RE 1 - Gn1ph. showing pa rti le-size analy. es of samples 
call ' t~d in t he drilling of observation well W- 1 for an 
aquifer te~t at Piketon, Ohio. 

coar er g rained and more heterogeneou appearmrr 
sand and gravel tha t compose the more permeabl 
part of the aquifer. The finer rrrained and les p~r­

meable material con titutes hYo di screte zone , a thm­
ner one lyinrr a few feet above the be lro k and an­
other 10 to"' 20 feet thick, eparating the coarser ' grained ma teri al in to lo"-er and upper zones of about 
equal thiclmes es. Generally the tw~ zones of fine­
<:rrained ma teria,] ompri e about a thml of the atu­
;ated thickne but Yery locally they compri e a much 
a half. 

Although the zon of fin e-grained ma te ri al near the 
middle of the aquifer fun ct ioned in ligh t degree a a 
confining bed, "·at·er-level data obtained from both 
deep and . hallow observati on well s dur ing a 9-Cla) 
aquifer te t indicated that the aquifer r ponded hy­
draulically a a unit. Mor o,-e r, after d ,·elopment, 
all '"ell at the Piketon ite re ponded about the ame 
to water-l e,·el hanges in the aq uifer, e,·en though some 
well s were creened abo,· the lo\\'ermost poorly per­
meabl zone other "·ere cr ened below thi zone, and 
st ill others were creened parti all y in thi lo,Yermo. t 
zone. Thu , th permeability of the fine -rr rained and 
coa r er grained material. i a um ed not to be greatly 
cliff ren t. Thi a umption i trenrrthened by the 
un· . hown in figur 1, which indicate tha t the fin e­

grained mn.terial is more uniform and better sorted 
than the oar ·e r gmined mn.terial. 

The coeffi ient of tran ·mi s ibility, determin d from 
the aqu i.fer te. t , i · about 215 000 gallon per day per 
foot; divided by the n.turated thickness of 65 feet, 
thi value implie an aYerage coefficient of permeability 

of the aquifer of about 3 30? rrpd P r q ft. everal 
. eter \rer con id red m an effort to find "r a-patam . . ffi . _ 

onable empmcal Yalu s of the coe . CI n t of permca-
b.l't with whi h to tarr th material of relutiv ly 

I l y . b'] ' 
low and relativ 1 hio-h p rm a I ~~Y· . 

0 fa tor commonly used in t~pph cation of parti le-
ne · d h l 1· d ' · · ly e to hyclrolorr1 an yc rau 1 . tu 1e. 1 the 1ze ana 

eff tive ize, which i d fin ed by Hazen ( l l}:) p. 
553) as the particl diametet.· ·uch that 10 p rce n.t of 
th )art i le are of mall er diameter. On the [article-

e r, ) l f[' . . · di tribution un·e ( fio-. 1 t 1e e · tl\'e 1ze, ex-Jze · 
pr d in millimeter , i ind!cat l by th pomt near 
the bottom of the plot at wh1 ch th urv cro. e the 
hori zontal line de ignatecl on the left -l:and ma rgin a. 
10 perc nt fin er by w ight and ~n the n o-ht hand mar­
gin a 90 pe rcent coar er by. we1~ht. A f~ .t or~ ed to 
indi ate the cle<:rree of ortm<:r 1 the unifOt'mi ty a­
efficient which i defin d a. th ratio f the SO-percent­
fin er i~ to the effect i,·e iz (10- per ent-fincr ize). 
Wenzel (1942', p. 52) tat tha t th lll.1i formi ty c~effi ­
cient ind icates whethe r the and parti 1 ar h1efl y 
of the ame ize or whether th r i a gr at range in 
their diameter . \. mall uniformity o ffi ient, de­
noted by a teeply loping r arti le- iz ur~·e in?i­
cates a well - orted mixtur . A larg uniformity 
coefficient, denoted by a flatter urn indicate a poorly 
orted mixture. 
~~ enzel (1942, p. 50-55) giYe fo rm uln. de" lo~ed 

by Hazen, licht r, and other arly w rk r wh1 h 
how that the permeab ility of ertain and i propo r­

tional to the quare r t.o ome light ly Jo,Yer po,rer 
of the eft'e ti,-e ize. Roe and , mith (195'7), work ing 
with <:r]a ial -outwa h depo it in Ill in i , a 1 o found 
that p~rmeability could be O tT la t cl los ly with the 
eft'ect iYe partie] ize of the . ample,s te ted. 

The effe ti,·e ize do s not· n.p1 enr to b a good index 
of the relati Ye p rmeabi li ty of th l ik ton . a~ple, 
howeyer. The H erag eft'e tiY iz of th material of 

. . . 0 22 relati,-ely lo"- permeability at the P1keton tt~ 1 : 
mm which i cla . ed a fine and in th la S1ficat10n 
y t m used by the \Yater Re ou r es Divi. ~on ~f the 
. . Geological un- y. T h aY rage effer tJ,·e 1ze of 

the more permeable part of th aquifer i. 1.05 mm, 
whi h i lased a Yery coa rs and. Thu , the effec­
tive ize of the more permeable material i n~arly 5 
times that of the le s perm eable materi al, and If per­
meability were relat d directly to the quare of effec­
tive size, the perm ability of the more permeable part 
of the aquifer would be more than 20 times as rrreat a. 
that of the le s perm able material. Thi seem .un­
likely in ,·iew of the hydrau li c response of the aquifer 
and of the substantial thickness of the le s permeabl 
material relative to the remainder of the aquifer. 
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s \Yith ff ctive ize, the ratio of the average of the 
tiO·P r nt-fin r sizes for the hYo materi al also eems 

100 !arg to erve a an index of relatiYe permeability. 
The axerao· 60-per en t- finer size for the le permeable 
nwteri al i 1.29 mm (Yery coar e and) and the aYer-
1u 60-I r ent -finer size fo r the more I erm ea,ble ma-
e . 
erial i .42 mm (medltlm g ranl ) or about 6.5 times 
~rea ter. 

Of the parameter studi ed, the uniformity oefficient 
roulcl be orrelated be t with the e timated pe rmea­
oility of th e Piketon amples. Howe,·er , nowh ere in 
1he literatur ould the writers find r feren ce to st udi e 
;pecificnlly rclating permeability and the uniformit y 
·or ffi cicnt . of ample of . and and g raYel, nor of 
.wdi . : ho\\'ing the ignificance of unif rmity coeffi­
·ient. as hip:h-mor than 3 a tho determ ined 
for . orne o f the ample at the Pik ton te t ite. 

Th nrcompanying table pre ent the dr iller's log 
md the ,.a luc for the efl'ect i Ye particle :ize and the 
'ill iformity c effi cient of the materia l ampled in the 
.] rilling o f ob rva ti on well '' -1. Th zone of rela­
lire ly lo"' permeabi li ty (indi at c1 in th table) have 
1Jil iformity coe ffi ci nt ranging from 1.6 to 6.5. (The 
miformity c ffi cient fa f ". ample that the dri ll er 

de ri b ~ a 't ighf or 'di rt " praYed to be signifi ­
·nnt ly la rger than a Yerage and o mny refl e t ob erva­
liona l en ors.) F or all well , the uniformi ty oefficient 
of the materia l of low I erm eability anrage about 6. 
The aY rag 'alue of the uniformity coe ffi cient fo r the 
more p rmeable materi al i 13.9, or about doubl that 
of th 1 permeable materia l · a few Yalue larger 
han 30 were found. Th mall un iform ity coeffi cient 
of the le permeabl materia l contrast. . harply '"ith 
he ,. r much la rO'er ,·alues for the more permeable 
material. 

Tt em l likely that an empi ri cal con tant ·ould be 
found, fo r each of thc Pik<'t on . ample. , with which tlw 
miformity c ffici nt coulcl h <'onn rtecl into a r('a , on ­
tble Yalu for the p rtn<'abilit y co<' fli cient. By t r ial an~ 
Prror it \\' a found that multiplying the unif rmity 
·oefficient. of th srtm ] l s by a C'Onstant ranging h -
rween about 2fl0 nnd 27.~ , d •pending upon the '"ell to 
,rhich it wa . nppliNl. yi <' lrl ecl ntlu(', for the oe llicient 
·1f permeabi lity that npp a reel r<'n . onable. For ('xam­
p]e, if 250 i ~ 11. ecl n: th<' rmpiricn l con. tant for lYell 
11'-1 the oefliri nt of 1 rmrahility o f tlw le .. per­
meabl material obtain c1 hy thi : m<>thol rnng s from 
lOO to 1625 £rpd per . q ft ancl thnt of them re p r ­
rneable materia I rang·<>. f ron1 Ul7.l to l 1 ,2ro gpd per 
' I ft. The ·e va lu es, rxe<'pt p -r ita p the hip: he t one 
Zi l'en, app ar rea:onable. Mor<'o,·er, wh en the. e m­
pirical value fo r pernteabi lity are \\'eighted by th 
lllspecti ,·e thi t kn ·e. of th mnt ri al, thr re. ulting 
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Driller's lithologic description, thickness, and depth, together with 
effective particle size and unifonm·ty coe.fficienl, of maten'als 
sampled in the drilling of observation well W - 1. 

!Well dr!Jled ept. li, 1963; depth to water, 20 feet] 

andy oil_ ____ ________ ____ _ 

andy clay and r iver silt _____ _ 
Clay and medi um graveL __ __ _ 
F ine to medium gravel with 

about 25 percen t medium to 
coar e and and heavy ilt __ 

Do __ __________________ _ 

:\Iedium to coarse gravel with 
about 20 per cent fine to me-
dium and and heavy il t __ _ 

:\1ed ium to coar e gravel with 
about 20 p rcent fine to me­
dium and and heavy silt, t ight; 
bailed fairly hard ___ ______ _ 

Gray ilty fin e and and scat­
te red medium graYel, tight; 
bailed fa irly hard _____ ___ _ _ 

Do _____ _________ _____ _ 
Do ___ __ ________ ____ __ _ 
Do __ ___________ ______ _ 
Do _____ ____ ___ __ ___ __ _ 
Do _______ ____ _______ _ _ 
Do _______________ ____ _ 

Gray medium to coarse gravel 
with about 35 percent me­
dium to coar e and and cat­
tered boulder an I heavy ilt_ 

Do __ __ _____ __________ _ 

Fine to med ium and aud cat­
tered medium grav I and 
h avy ilt, fi rm, d irty _____ _ _ 

Fine to m dium gray gravel, 
piece of hale, fin e to me-
dium and, and heavy ilt __ _ 

U ray hale __ ___ _____ _______ _ 

• Zones of relati vely low permeability. 

Thick· 
nes~ 

(feet) 

4 
8 
4 

5 
5 

5 

'2 

'3 
'5 
'5 
'5 
'5 
'5 

3 

5 
5 

1 7 

3 
2 

Effective 
Depth 
(feet ) 

pa rt icle Unijormitv 
siu (m m) coefficient 

4 0. 054 
12 . 158 
] 6 . 076 

21 L 40 
26 2 

31 '40 

33 -- ----

36 . 20 
41 . 15 
46 . 17 
51 . 1 
56 . 16 
61 . 1 
64 . 5 1 

69 
74 

4 
6 

. 7 1 

.44 

. 29 

. 39 

18. 1 
3. 9 

43. 4 

10. 7 
12. 2 

45. 0 

3. 0 
2. 1 
1. 6 
3. 
2. 9 
6. 5 

33 3 

16. 3 
38. 6 

2. 2 

24. 9 

Yalue for the oefficient of t ran mis ibility i "'1 ,000 
O'pd per ft, or about the ame a that determined from 
th aquifer te t. 

ppli cation of the sa m empiri cal method to data 
from all the well at the Pik t n ite indi ated that the 
a\' rage effi i nt of pe rmeabi lity of the ]e I erme­
abl material i 1 ~oo t 1 6 0 gpd I er q ft and that of 
the more permeable mnt ri a 1 i 3 -1:75 to n,bout 3, 25 
gp l per q ft. If omp uted from dnta from all the 
\\'ell , the a,·eraO'e coefli ient of trnn ·mi . ibilit clo ely 
a.pproximn t the Ynlu <' obta ined f rom th pumpmg 
te t. 

CONCLUSIONS 

\ simple and di rect relation nppea1 to exi st be­
t\\'ce n 1 ermeabi li ty and the uni fo rmi ty coeflieient of 
the Ml [ lr of g lnci;ll -out \\' a h material from Piketon. 
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HoweYer, it is conj ectural '"heth r a imilar r lation 
would apply to another aquifer , or e1·en to th arne 
R.quifer a t another ite. fl er'" ry ext ns iv studies of 
particle- ize anal y e of natural and and graYel from 
1·ariou part of the rni ted tate , the Edward E . 
Johnson Co. (1959) nm up the probl em by tating: 
'Many attempt. have been made to calculate permea ­
bility from the r . ull of rr rain- ize te t of and am ­
pi es- from the sand ana ly is. ome ucce has b en 
attain cl in dealing IYith formation material s in a given 
locality. HoweYer, no formul a ha a yet been de1 i eel 
that will <YiYe reasonably ac urate Yalue for permea­
bility that can be applied to a wide range of and 
types.)) The results obtained from the Piketon data 
and the potenl ial u efu lne of a method of cl ter­
mining permeability from parti le- ize analysi s under-

core the ne d f or mor exp rim nl with . ample. 
from and and gm1·el aquife r at othe r ite . 
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COMPUTATION OF GROUND-WATER DISCHARGE TO STREAMS 

DURING FLOODS, OR TO INDIVIDUAL REACHES DURING BASE FLOW, 

BY USE OF SPECIFIC CONDUCTANCE 

By GEORGE R. KUNKLE, Iowa City, Iowa 

Work done in cooperation toith the Iowa Geological S1trvey 

Abst1·act.-fl elntion · between stream di charge and the 
ehemi ·al quali ty of the wa ter a determined by . p cific-con­
ductance mea. urement are u. d t o analyze treamflow that 
con iRt !" of w at r from two ont·ces. The contribution from 
cncb s urc i. computed nfter mea urem ent of the di b ar ge 
nnd quali ty of the mixed trea mflow wa ter and after determi­
na t ion of r epres ntative quali t y value. f or each of the two 
ki nds of wa ter. The method is illustrated by two tucli e. 
mad of small tr am · in I owa: (1 ) separa t i on of a . t r eam 
hyd rogrnph into urfacc-run off nne! gr ound-wa ter components ; 
and (2 ) 1·e ri fi ation and computa ti on of gr ouncl-wnt r dis­
chn rg f r om nn aquifer into a par t icular r ea h of a tr am. 

Two of the basic problems in hydrology are (1) the 
paration on the stream hydrograph, of ground-water 

runoff and . urface run off or dire t overland flo''' ; and 
(2 ) th d termina ti on of the pre en e, ite, and magni­
tud of g round -water eli charo-e from a parti cular 
aquif r to n tream. rn ler favorable conditions, ap­
proximate. lution forth e problem. can be obtained 
by d term inat ion of r prE.>. nt a ti Ye ,·alu E.> f orth chem­
ical qu ali ty of th wat r from tlw two ource. to be 
di fferen ti a ! d a nd by mea ur· m nt of th eli chara and 
qua li ty of th mixed wa ter in the tream. Thi pa per 
illu trat s the . o lu t ion of the. e problems tin ll f!h n. e 
of data from two mall str am in Iowa. 

F or the purp s o f thi li . cu ion pe ifi c e lec· tri ca l 
con ductan wh ich i u eel as a. d . criptive measur of 
chemical gun li ty, i n. imple ra pid a nd e onom in ll ( ~ t 
IYhi h adequa. tE.> ly characteri ze th water . p cifi con­
ductan e, a. mea ur of th r istiYity of th ionize l 
material in the wate r i r elated to total di solYecl . olid 
by th foll owin g relati n (II m 1959 p. 40) : 

( p ifi condu ctan e, in mi cromho , nt 25° ) (A ) 
= Di lv . olids, in part p r million. 

The value of coefficient A can differ among waters that 
are greatly different in chemical composition; however, 
in the examples considered here the waters are of simi­
lar composition (bicarbonate and bicarbonate sulfate), 
and the variation in A is insignificant. 

SEPARATION OF THE STREAM HYDROGRAPH 

Data on the eli charae and chemical quality of water 
in Four Mile reek near Traer, in east-central Iowa, 
were used to differentiate the ground-water and sur­
face-water components of the streamflow. 

The part of the Four file reek basin studied con­
si ts of 19.5 quare mile above the gagina station near 
Traer. Detailed geologic investiaations how that the 
upland areas are underlain by loes that rests on till, 
whereas the bottomlands are underlain by permeable 
alluvium, as much as 30 feet thick, that also re ts on 
till. Only the loess and the alluvium contribute ap­
preciable amounts of ground water to the creek. Much 
of the wat r in th till i lo t from the basin as verti cal 
1 akag to underl y ing bedro k aquifers. Pressure head 
in th bedrock i too low to cau e water from thi 
a.quifer to nter Four Mile reek. 

R e ord obtained from a. r cording condu tan e me­
ter in tall ed at th gaging tation for a p riod of 5 
month h ow that when treamflow i compo eel en­
tirely of g round-water runoff the sp cific conductance 

f th e creek wa.t r i uniformly 520 mi c.romho + 1 
per ent. Thi alu corre ponds clo ely to those for 24 
. a mple of ground water colle ted from the loess and 
allu ium ( range, -:1:1 to 635 micromhos, average 5-±5 · 
66 p r nt of the Yalues are in th e range of 475 to 5 0 
mi cromhos). 
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Fro 1!1': J .- H ydrograpb showing water di charge, .-pecific 
c-ondu c-ta nc-e. a nd computed ground-water runoff in Four 
i\Iil e Creek nea r Traer, l o\\"a . 'eptember and October 19G3. 

The eli. charae pea k hown on fiaure 1 is the result of 
a 1.10-i n h rain. torm wh ich o urred early on ep­
tember 25, 196!3. As surface ru noff entered the Teek 

hannel, the c ndu tan e of the creek water at the gage 
de r a eel at a nearly constant ra te un ti l it reached a 
minimum value of 160 mi cromhos that coincided in 
time 'rith the peak eli harge. Aft r the fl ood wHe 
pa . . ed tlw gage, decrea e in di charge wa accom­
panied by incr a e in the oncl uctance of the water 
denoting a g reater percentage of ground-water runoff. 
Thi . gene ral im·erse relation bet""een the magnitud of 
fl ood el i chnrg and that of the. pe ific concl u tance of 
the \\"ater has b en noted by numerous worker. (for 
example, Du rum , 1 !)5!3; Jlend rick. on and Krieger 1960 
and 1 96'~ ; and Toler, 1065a). 

In det rrnining a repre entati,·e concluctan e Yalue 
for surface runoff, the 160 mi cromho recorded durina 
the pea.k rate of runoff mu t l con idered a maxim~ 
for water d rived from overland flow . Becau e of the 

rapid chnn rre in p ific condu tan a .o iat e i with 
the peak fl o\YS it eem doubtful that th creek han­
n 1 ''"a complete] Hu shed of a round wrtter in hannel 
to raae; had that o UIT d th minimum condu tance 

vaJue. "-o1dd probably hax been u. tained for a lonO"er 

1 eriod of time. Other fl ood fl ow re ord l nt th F~ur 
?viil reek o·agc hnd minimum Yalu s of . pe ifi con­
ductan e of 1 0-21 mi cr mh o , ''"hi l ami le of water 
in udace d tention, collec t cl during t·orm event , had 
vn lues of L0-250 micromh o . . The hi gh valu of 250 
mi cromhos wa obta ine l f rom pon led \\"ater draini1w 

. . "' from a roadwa. g rav 1 d w1th lune tone hip . \ nlue 
of 120- 150 micromho , obtained f rom running wnter 
in grns cl clit he clrnin ing open field , ar f lt to be 
more repre entatiYe of clra innge condit ion in th ba. in . 

For the torm of ~ eptember 25 the vnln of 160 
mi romho i electe l to rep re. ent urfa e- run off \\"!Iter 
and di hnrae value of ground-water run off for e­
lected time are com put d by . imultaneou olution of 
equnt ion 1 nnd 2 belO\\". The equation ar imilar 
to ones u eel by orbett and other (194!3, p. 9) . Hem 
(1959, p. 231) and T ol r (1965b). 

520.:r + 160y = Oq (1) 

X+ y = q, (2) 

where 
x = rrround-water eli hara 
y = surface-wat r li harg 
0 = pecific conductan e of 
q = total eli harge. 

' treamflow ""ater, and 

The da h cl cun on figur 1 how around-water 
di ·chara to the tream a. compnt l b the quation . 
\ lthourrh the creek hannel gain water f rom urface 
run off during the peri od of ri ing tage, it lo. es wat r 
to bank torage at the a me tim an l the quation ar 
invalid until the reek tage drop uffi iently to permit 
around \Yater to flo"· into the r k again. Fndoubt­
edly, the computed eli · harge ya]ue , ' en then, include 
a hiah perc ntaae of \Yater from bank storage. 

At pre~ent ther i no quantita.tiY way to check the 
hycl rogrnph epara.t ion obtained. e,·eral errors cau ed 
by chann 1 . torage and p ak attenuation are known to 
exi t. Al o, the selection of a repre entatiYe condu t­
ance value for surface-runoff wat r introduce uncer­
tainty. For the torm of 'eptember 25, the maximum 
conductanc Yalue for surfac runoff water ha pur­
po ely been used in order to ompute minimum Yalue 
of around-water di charrr . De. pite thi s consen·atiYe 
approach, it will b noted that the omput d ground­
\\"ater eli . charge are considerably O"reater than ,..,-ould 
commonly b predicted u ing standard method of hy-
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drograph p;u·a.tion ( e, for example, Hursh and 
Brate r 1 !)41). However , the epa ration as shown de­
pict in. tantaneou di ch ar ()'es. If both the. treamfiow 
and ground -\raJer hyd rographs had been co~verted to 
dni ly a1· rag , the grou nd-water eparation would 
mo r~ lo cl.) r embl t-h mor commonly used ep­
arat ion. 

MEASUR EM ENT OF GROUND- WATER INFLOW 

Wolf C' rcek, in ea t-cent ral Iowa, ha a drainage 
area of 325 quare mile . The creek drains moraini 
te rrain un d r li1in by till that i 50 to 400 feet or more 
thick. Bed roc· in the ar a i mo tly limestone bu t in­
dude ome.-hale. 1h vall yof \Volf r kis infilled 
with p rm able alluYium aYeraginO' about 40 feet in 
th ickn 

.\. piczom t-ri - urfa map fo r the lim . tone <cquifer, 
con t1·u ted fr m " ·ater -w 11 information oll ected from 
dri ll r incl icate that the stream and the aquifer are 
not hyclr·a ul ic:tlly onne ted xc pt in a rea h of ab~ut 
j mi le withi n th d 11·n tr am portion of t-he basm. 
l'p trram from thi reach pre u~·e lev l in the lime­
'tone aquife r are below th el vatJOn ?f the t ~·eambed 
and ba . c fl ow i maintained primanly by dt charae 
from alluYinm. \Yi th in the 5-m il rea h, ba e flow i 
derired from the lim . tone aquifer and hom the allu­
rium. Down. t rea m the pi ezomel ric urfa aaain f all s 

n ath th tr ambed and ba e fl ow i deriYed from 
~llurium. 

Be au e the p ific onductan e of water in the allu­
rinm i io·n ificantly different f rom that of wat r in the 
lime tonet- th ondu tan e of \Yater in th stream 
;hou ld chang ,,.jthin any reach \Yh r the trean: re-

ire nn nppr iable quantity of water f rom the hme­
stone. Tn th \Volf C'ree k ba. in the. e na tural chnnges 
in water qual ity ,,·ill not be undul y influenced by man, 
a· the ent ir basin is used for agrintlt nr<:\ and thE:' 
>t ream durin g- m t p ri od of the •t'a r i. fr f rom 
irrio-ation ,,.j th<l rawnl. and r turn flow . . 

To,. rify thnt the l't'!t('h r ct'i ve. di chnrge from th . 
lime. tone ;nd t dt'tt'rmine the magnitude of infiow, 
wnler :am pl e,; " . rt' <·oil ctt'd and di . hnrge mea nr -
me n! male at a point milt': up. trenm from th reach 
midll'ay with in th r t'a h, and ;tt a point 7 mil do,Yn ­
>tream- from th . rt'a ch . . \ ld it ionn l wat r . ampl were 
rollected at i ntt'rntl .- bet"'<' n t h . m n ur ing stati ns 
o dete rmine wheth r any ttntt . ttnl change. in quality 

occurr d. 
The dnl'a htaitw 1 at the th r t' tnen . tt rin f! station. 

are ho wn in the accompanying table. 
. \. t th e tim that th e d i · ·harge 111 n.- ttremcn!. wer<' 

made . trt'amA ow wa. c mposecl pnti r 1 of ground -

\Yater runoff. \Vater fl owing into the reach, represen t­
ing dischar()'e from the alluvium upstream, had a spe-
ifi conductnnce of 475 micromho . Becau e a weiahted 

av rage of 19 samples ollected from bedrock wells in 
the reach area was 1,330 micromhos, the conductance 
of the creek water within the r ach \TOuld be expected 
t·o increa e if the tr am receives di charge from the 
bedro k. Ob er va.tion sho\YS tha t the onductance did 
increa e and verifies that the ren his a dis harae out.let 
for the limestone aquifer. 

Relation between quantity and chemical quality of base flo w in 
Wolf Creek, I owa, J un e 21, 1963 

'<: 
0' E <:::! ./!! 

~ .3 .!:'. 

'" >."' 
Station location, relative to reach e 0' .3 ::!_g 

"' 0 .?: E-studied "~ ~ "' ~o ,..-
~·g~ <>E "' ./!! <::) 

" g .3 <]::::0 ·e.g c:E~ 

~ 
0' Q;E o~"' a <l <l {.) 

-------------------------

. { 190 16. 4 - - - - - - - - - - - - 4 7 5 mil upstream__ _______ _ _______ __ 13.4 0. 12 _____ _ 

. . h ' h { 299 29. 8 ----- - ------ 560 'lidway wi t m reac --- -- ____ ______ 7. 2 0. 28 

I 550 7 mjles down t ream__ _____ 325 37.0 ------ ------

The quantity of water di charaed from the lime tone 
can bee timated by u ina the followi ng equat ion 

±75Qi + H 5Qa + 1,H30Qb = OQo (3 ) 

Q i + Q a + Q b = Q o, ( 4) 

where 

Qi = di charae f rom up t ream (inflow), 
Q = di chara from nllu 1·ium in reach, a e 
Qb = eli harae from bedrock in reach, 
Q 0 = discharae do,Yn t ream ( outf{ow ), and 
0 = condu tan e of utflow \n tter. 

'imultaneou olu tion of equation 3 and 4, u ina 
data in th tnbl , O'i 1·e a li har ae f rom the lime tone 
aqu if r of ;1.2 ubi c f et p r . econd. Beca u e of prob~ 
able errot in the di .harae mea ur ment. and of 
th po ibl additive eft' t of these rror m cleter­
minina the O'ain in th r nch, it i more r asonable to 
on lude that the lime ton nqu ifer cont ri buted about 

;3 to 4 f to the tream. 
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RELATION OF GROUND-WATER INFLOW 

AND OF BANK AND CHANNEL STORAGE TO STREAMFLOW PICKUP 

IN THE SANTA FE RIVER, FLORIDA 

By WILLIAM E. CLARK, Tallahassee, Fla . 

Wo1·1v done in cooperation w Uh the Fl01'id.a. Geologi.()(hl wrv ey 

Abstra r·t.- 'l'be pickup in flow of the Sa nta F e RiYer in tbe 
mile rea h betw een gaging tations near lligh pring:- and 

nea r l!'ort Wh ite, ~n north-central l!' lorida , a v ra e: about 800 
rf and i: prod cled entirely or almo t entir ly by g round-wa ter 
runoff. The magni tud of treamfl ow pickup in thi s r ea ch 
rhangt;>s s lowly, or i. almost uniform. except during times of 
Hood. At th ose time· part of the fl o dwater derived from 
surfnec runoff in the region upstream "'Oes into channel and 
ba nk ~ to ra~e whil e pa · in • t hrough thi reach. During suc­
r('('ding peri od;; of r esum ed ba ·e flow , thi wat r drains ba ·k 

into the tr a m. 

treamflow record for a r each of the anta Fe 
Hi rer n ar High prings, in north-central Florida 
( fi~r. 1) ho,,- features that are difficul t to identify in 
record for mo t tream . The flow of the anta F e 
Hi rer , a tri buta ry of the uwann ee Ri,er , is mea ured 
at gaging . ta.tion near High prings and near Fort 
White · the Fort ·white tation i approximate] 
mile do" ·n tream from th e High prings station. Be­
tween the ta !io n th t r am o upi e a chann 1 
ll'hich ha b n ut into th h ighly p rmealle lim tone 
of the Florida n aquifer. L i111 C' or no Me rland fl ow 
enter the ri,·e r b tw en thee tali n. b c ~nt e all r 
nearly all the ra infall either ret urn . clir ctly to the 
a! mo.phere by en .porati n and tran. pirnt ion or infil ­
trate th cove r of , an 1 and clayey , and that o,-erli e 
the lime. tone. A few nil ttp, 1ream from the gaging 
vtation near High pring. th riv r , rE> . ponding rap­
idly to r ainfall , r tv O\ ' dn.n 1 f1 "- at n hirrh rate 
clurinrr tonn an l r cecl rapidly to a Jm,· ba. e flow 
afte r torm ( lark and others, 1 96+ p . 5:1) . The flow 
of the riv r at th e e ·tations, in a r a h of th riv r 
tha.t re eive n ov rlan] flow , i 1h r fore more Yari­
able th an would othen,•is be exp ted. Th r sult i 

that the effects of changing river stages are more ap­
parent in the records from the e . tations than from 
most other stations because these effects are not masked 
Ly the effects of local overland runoff . 

Figure 2 shows hydrographs of the flow at the gag­
ing stations near High Springs and near Fort White 
and of st reamfto,Y pickup beb,een these stations. The 
pickup was computed by subtract.ing t he flow at the 
High pring station from the flow at the Fort White 
station. As is sho,Yn by 30 years of record, the in­
crease in flow between the two stations-the streamflow 
pickup-averages about 800 cubic feet per second or 
rubout 100 cf per mile of river. AB a ma tter of interest 
and comparison, this pickup is approximately equal to 
the flo'" of Silver Springs, one of the largest springs 
in the nited State , and is only slightly less than the 
rate of '"ithdrawal of water for all public supplies in 
Florida in 1960 ( facKichan and Kammerer, 1961, 

p. 13). 
Af:, hown on figure 2 the streamflow pickup, which 

1 largely ground-water inflow, for the most part 
chang s lowly. irnilarly, in an earlier study of Pond 

r ek, in Oklahoma, Clark (1956) found a!ter ac­
countinrr for the loss of water by evaporat10n and 

e 
tran piration from the bottom lands near the creek 
that rrround-water inflow to the creek for the most 
par chanrred slowly. Both Pond Creek and the Santa 
F e River drain extensive aquifers. 

tr amflow pi kup does not continue to change 
Jowly, however, during periods when the stage of the 

river is chanrrinrr comparatively rapidly. \ iVhen surface 
runoff up tream from the gaging station near High 

pring raise the river Jevelra~ idly, I ic~up decreases 
and at times ven become negatlYe (that 1s, the tream 
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FI Gl ' In: :!.--llydrognlphs of the San ta Fe River for the 1957 
water yea r. at gaging s tati on · near High pring · and neHr 
F or t· Whit l• . Fla ., s howing ·t rea mt.l ow a t the."e ·tation · an(] 
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Fro uuE 3.--A, Hydrograph of the Santa Fe River at gaging 
tation .. nea r High Spring a nd n a r I<'ort White, Fla., ~bow­

in' water di ~cbarge at the e stations and t reamflow pickup 
bet,,·eetl t he ·tations. B, Th oretica l g round-water fl ow from 
a semiinfinite aq uifer into a ·trea m ( from ooper and Rora­
ba ugh, 1963a , fig. 102; 1963b, fig. 53.3 ). 
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loes wal -r in the rea h b hreen th tations; ee fiCY. 
3Ll). \Yh n the river tao-e sub equ ntly sub ide, 
pickup incr :l es, even rea~hi~(Y for a time a rate hio-her 
dlitll it · rat before the n e 111 stage. 

Th xnmple · of st reamflo"· pi kup hown in figure 
:l l nrc pro1·i l cl by la ily eli charge data for periods in 
!0·1-1- ancl I o:o " -h n urfnc runoff from the area up­
tre, 1n fron1 the High Sprin(Y gaging. tation " ·a Yery 

high .• \ :can b een in thi figure, treamAo,Y pickup 
for a fe11· cln in 0 tober 10-:1-+ wa negati1·e by almost 
1.500 d s (a decrea e in fl o1r of a.lm o. t 2,300 cf.). 
('ha nge in lh ra t of treamAow pi kup is att ri buted 
to: (J) time of traYel of the water between the gaging 
.tntion. near High pring: and nea r Fort \Yhi t , (:c.) 
add iti on o f water to, an l r elea e from , hnnn el stomge, 
and ( 3) fl ,,- of " ·ater into :mel out of bank storage. 
_\ 1 he time of tra ve] between th e two . tnt ions is only 
a f 11· h ur i t an a count for onl y <t ma.ll part of 
the <:hang in th rate of tream Aow pi kup. There­
fo re th renainder mu t b att ribute l to change in ' . channel to1.tge and bank torage- both of wh1ch are 
r~lat d to ri1·er taO" . 

Th flow of " ·ater into and out of bank storag ha · 
preclictabl characteri ti . Cooper and Roraba:10"h 
(19 3a b d riYecl equati ons for the Aow of waJer mto 
and ut o f lank toraCYe for a Yariety of tream- tage 
hydrograph . imuln.tin(Y the pa ina of a flood and for 
fi nite and miinfini t aquifer . The imihlrity behYeen 
the hydr g J ~tph of the pickup in the anta F e RiYer 
and ~f th the01·eti al ground-wat r Ao''" into and out 
of <l , t r am i . hown n fiaur 3. Ground-\Yater fl ow 
into n trenm, ho wn on figur ?JR, we. om pute 1 n -

cording to the formula of Cooper and Rorabaugh 
(Hl63a, b) for a emiinfinite n.quifer . 

BanJ>: storage in th rea h of the anta Fe River 
consi ts partly of ground water that would have been 
cl i charged into the stream if the ri \·er stage had not 
ri sen, and at time partly of river '"ater that. seeped 
into the limestone aquifer a· a re ult of the rise in river 
. tnge. \Vhen the riYer stage de 1 ine after a flood, the 
water held in channel and bank torage in the reach 
between th stations i relea eel and pickup within th 
reach temporarily increa es ton rate greater than that 
before the riYer ri e. Then, unle s another rise in river 
ta(Ye in tenenes, both the riYer stage and pickup be­

t\\'een tntion gradually decline to a le>el about the 
·ame or sli ghtl y higher than that before the ri e in 
n Yer ta.ge. 
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CHANGES IN QUALITY OF WATER IN THE PASSAIC RIVER 

AT LITTLE FALLS, NEW JERSEY, AS SHOWN BY LONG-TERM DATA 

By PETER W. ANDERSON and SAMUEL D. FAUST, Trenton, N.j. 

work don ·inco&perCLtion withtheNew J ersey tate D epartment of H eaUh, 

Conservation a?HL Economic D evelopnw nt, c111HL Agricu.Uwre, 

and til e Pa a4c va.ll e-y Watm· Convmi s·ion 

Ab&t?·ac/.-Preliminary analy i. of 17 year.· (1947-64) f 
chemical-q uali ty and streamflow data . h w a general increa ·c 
in content of eli. ol\·ed . olicl 1 er unit Yolume of water and a 
20-pe r ·ent c1 crea e in eli ·.·olved-oxygen ·ontent. imilar aoa ly­
' i of ea onal Yariation in the ·e water-qua li t~" param ter 
indicate.· that the ·e trends oc ur during a ll months of the year. 
and not on ly during month. having low ·treamflow conditions. 
'!'be deterioration of quality of t hi water supply i · attribu ted 
to the eli posa•l of increa ·ing ,·olumes of munic ipal- and ~n­

du. tr ial -wa ··te water in the riYer ba. in. 

The use of streams in the Pas a,i c River ba in (fig. 1) 
above Little Fall , J.J., as sources of " ·ater supply and 
as means of disposing of ''aste waters has become in­
crea ingly heavy during re ent years. Di ,-ersions of 
water for domesti c and indu trial upplies above Little 
Falls exceeded 2 0 million gallons per day during 1963 
( e" · J ersey Dept. of Health, \Yritten communication, 
1964), nn in crea. e of more thn.n 00 percent . . ince 1950. 
Return s of indu tria l- nnd muni ci pnl -\Ya te "-ater into 
the ba in exceeded 30 mp:d in 1963, or lightly more 
than 10 percent of the withdra,Ynl. Increases of 20 
p r ent in population and 50 percent in employment 
within the ba in dm·ina th next 20 years, projected 
on the ba i of population - and employment-gro>dh 
datn ( .. Corps of Engineer , 1960) imply a con­
tinued rapid xpansion in th demand for water. 

Effi ient nnd pru lent water-resources manaaement is 
a ne essity in an area of such mpid and extensive de­
" lopment-. One requi rement for improYed '"ater man­
agem nt is a knowledge of the natnre and marnitude 
of chang in water qunlity. Thi article describes the 
preliminary findings of an analy is of long-term and 
s n onnl trends in the con entmtion of di solved olid 

and dis olved oxyaen in the Pas ai River at Little 
Fall , N.J. This ba in and location wer ho en for 
the tudy because the ba in is one of larg div r ion 
for water upply, the drainage area at this ite (about 
760 quare mile or approximat ly 0 per ent of the 
total a rea of the ba in ) provide a good ampl of the 
basin, and lona-t rm data are avai lable. 

All hemica.l-quality data u ed in the preparation of 
thi arti le were kindly provided by Me rs. Frank J. 
DeHooge and Richard E. Rob , of the Passaic Vall y 
Water Commission. 

LONG-TERM CHANGES IN DISSOLVED LOAD 

The relation bet\Ye n ont nt of eli soh-eel solids and 
'"ater di charge in a natural tream that i unaffected 
by man's · a tiYities hould remain fairly on istent, 
with time, at a parti ular samplina it . The eli. olved 
olids (. olnte. ) orirrinate ma.inly from the weathering 

or di olution of oil and rocks through which and 
over which the water passes. The water di charae (sol­
vent) comes from precipitation, directly as overland 
runoff and indirectly a ground-water inflow to the 
stream. The chief chang in the olute-solvent rela­
tion that are likely to occur under natural condition 
are due to relatively low hanges in climate. How­
ever, many manmade hanges in the natural regimen 
of a stream produce mea urable chanaes in the solute­
solvent relation. For example, industrial- and munici­
pal-waste 'raters are artificial om·ces of dissolved 
solids which commonly incr a e the dissolved load 
carried by a stream whil e the amount of water in the 
stream is being decreased by regulaf'ion of streamflo\\' 
by impoundment and diversion. 
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0 5 10 MILES 

Fw HE 1.-l\lap showing location of t he Pa ·aic River basin. 

hanCYe in the relation bebYeen dis olved solids and 
'"ater discharCYe at Litt-l e Falls are demon trated by 
linear-regre. sion analy es of data colle ted during the 
period 1947-64 (fi!Y. 2) . The O'raphs indicate that the 
di ol" d- olid content of the "·ater has been increas­
ing sin e Hl47. For example at a tr amflow of 500 
cubi feet p r econd the riY r arri d 132 pnrt per 
million of li oh-ed olid in 194 144 ppm in 1955 
and 1 7 ppm in 1963. Thi is a 4 -p rcent increa b -
h,· en 1947 and 1!)63. Furth rmore a proportionately 
<Yr ater in r a e in di solv i olid is hown for the 
period 1955- 64 than forth period 19-:1- - 54. 

A r gr ion ana. lysi of one et of data with two 
variabl con id r the -fr qu n y di tributi n of a de­
pendent variable when an independ nt Yariabl i held 
fixed at ea h of seY ral level or va lu . Thi analy i 
usually lead to a lin ar r htion b tween th d p ndeli 
(Y) and in lepend nt (X) variables, le. crib d by the 
equation 

T z = Y + b(X - X). 

where Y x i thee timate of th mean of the dependent 
,·ariable at a given ntlue of X, Y i the mean of all 

values of the dependent variable, b is the slope of the 
regression line, X is the mean of all values of the in­
dependent variable, and X is any given value of the 
independent variable. The objective is to derive a 
linear-regression equation and to solve for Y., at vari­
ous levels of X (Dixon and Massey, 1957, p. 189-196) . 
In this analysi (fig. 2), water discharge was taken as 
the independent variable (X) and oncentration of 
dissolved solids was taken as the dependent variable 
(Y). Computation produced the following linear-re­
gression equations : 

Year Equation 

194 Y ., = 113.25 - 56.98 (log X - 3.021) 
19fi5 Y , = 145.5 - 51.66 (log X - 2.674) 
1963 __ Y, = 1 9.00 - 6.51 (log X - 2.680) 

A "t" distribution te t (Dixon and Mas ey, 1957, p. 
196) for independence of the dissolved olids (Y) and 
water discharCYe (X) "'·as applied at the 95-percent 
level of significance for the year 1947-64 inclusive. It 
indicated that the ,·ariance about the mean value of 
dissolved solids was not influenced by water di charCYe 
for 95 percent of the observations. Evidently some 
other variable, such as discharge of indu trial and 
municipal wastes, was respon ible for an increase in 
the variance around a mean dissolved-solids content, 
per unit volume of di charge, from 1947 to 1964. 

A second graphical analy i of the dissolved-solid 
and streamflow data collected at Little F alls is shown 
on fieyure 3. The lower cu rYe how the 2-year moving 
average of monthly avera!Ye streamflow data for the 
period 1947-64. The upper urTe is a similar plot of 
the monthly averaCYe dis olved olids durinrr the same 
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FIGURE 2.- R elation between \YHter di charge and content of 
dis oh' d . olid in th Pas Hi Ri>er at Little Falls, .J. , 
d rived by linea r-rear s ion ana ly is of data for the period 
1947- 64. 
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Dissolved solids 

ob rva.tion uga t an incr a e in di solved olid per 
unit yolume of wat r and, t"11Us, support the conclu ion 
already drawn from study of flaure 2. 

LONG-TERM CHANGES IN DISSO'LVED OXYGEN 
0 
z Mu h of the materia,] ontained in indu trial n,nd 

----11700 8 
>­
<( 

400 ~ municipal "-astes i de omr o able by bioloo-i al pro -
o: e ses. Be au. e oxyg n i. an e ·ent ia.l ]em nt in main-0 

0: 
w 
a.. 

w 
a.. taining the e processe at ma.ximum r ate , the dis-
8 solved-oxygen ontent of the riv r wa,ter indirectly 
~ reflects the quantitie of the e wa tes in the str am. 
~ The rate of thes biological pro e ses are dependent 
u on temperature-the \Yarmer the wat r, the faster the 

(/) 

z 
0 
1-

12oo: decomposition rate. ~ ]so the solubility of oxyaen i 
~ inver ely related to temperature, and wh n the rate of 
~ decomposition xceeds the rate at which oxyo-en is 
u 
~ repleni heel from the atmo ph re at [t giYen tempera-

200 700 

1950 1955 1960 1965 

FJ Gl"!n: 3.-Two-~·ea r mo,·ing averages of monthly average di. ·­
solvecl->;olids load a nd of monthly streamflow in the Passaic 
Rin' r at Little Falls, ;.;' .. J. 

period. Dis olved sol ids are ex pres ed in tons per day 
so as to relate them to strea.mAo'L t ream flow data 
have been a ljusted to fit, the compo. ite period of the 
chemi cal data. This upper curve, therefore, shows the 
~nerage load of dissolved material accumula ted in the 
Pas aic River y tem and carried past the Little Fall. 
station . 

omparison of the two urve pre ented on figure 3 
rev als two intere tincr points. Fir t, the lower curve 
. hows a wid variation in the 2-year aYerage stream­
flow, ranging from a high of 1, 50 f. in 1953 to a low 
of - 7 cf in 196-:1:. The wettest period hom1 oc mTed 
in 1 051- 5-J.. The flow pattern durincr 195-- 60 are lose 
to t·he long-term average of 1,1 2 cf at thi station. 
R.i,·er flo"· in e 1961 ref! t current drouaht condi-

<-> 
t ions in the ba in. econd , prior to 1955 the dissoh·ed 
solid load- the product of concentration a,nd water 
~li. ·harg - va,ried proportionately with di cha rge, a 
JS to b expected. However, the divergence of the hYo 
cun after about 1955 suggest that, even though the 
Ya lue for lon.d were om puled from water eli charae 

. . b' 
on ntratlon of ell. olved materia l increased so mark-

edly with time that I he crraph diverge. This latter 

ture, the tr·eam \Yater become under atura.ted in dis­
soh eel oxyaen. Th degree of under a,turabon in river 
\Yater i often u eel a an indi ator of the pollutant 
load arried by the stream. 

Long-term trends in eli o]Yed oxyaen at Little Fall 
are hown on figur 4 as a 2-year movino- a' erage of 
monthly data. Dis ohed oxygen i expres d as per­
centaae of aturation o a to nullify the effect of sea­
onal water-temperature chang . Thi urv indi cate 
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I<'IGU in: 4.- Two-year moving ;1\·e ra 'e of mon thly concentra­
t i?H of cli s~oh·ed ox~·ge n in \Ya ter in the Pa sai c River at 
L1ttle Fa ll s. :\ . .J. Da: hed lin r tle<: t: tb e genera l trend 
in oxyJ!en content. 
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!hllt !he riv r wa ter " ·as on istently u11der aturated at 
Little Fall during the entire period of observation, 
and !hal the percentag of oxygen saturation decreased 
ZO p r nt or at the rate of approximately 1 p rcent 
per year. 'imilar cun es ,,-ere obtained for sampling 
sil 4- mil · and 22 miles upstream from Little Falls. 

mpari on of the st reamflow cu rve on fio-ure 3 
with I he li . ohed-oxyo-en urve on fio-ur 4 provides 
n po . ibl explanation forth light increase in oxyo·en 
ont nt during 1952-53. tr amflow increased during 

this p riod, and it mu t have diluted the pollutant 
loads mor effectiYely. Also, in reased tu rbulence at 
these higher li charo-e rates may have produ ed an 
in r a. in !he di soh - d-oxygen ontent, as happened 
in in tan . r ported recently by hm hill and others 
(1962, p. 1 6) . 
It i b li ved that the 10-percent decrease in oxygen 

atu raLion lurino- 1959- 61 re ulted from a ubstantial 
in rea e in production by a paper industry on on of 
!he tributaries. Thi re u1ted in the infto,Y of larger 

of relatively untreated wa te water and in a 
in the ontent of di olved oxyg n. The slight 

in rea in dis olv d oxygen in 1961 was due to the 
in tal lation of more efficient \Yaste-treatment facilities 
by thi s indu try . 

SEASONAL CHANGES IN WATER QUALITY 

In defining the exi ten e of 'nter-quality trend it 
i important- to under tand ea onal a well a long­
term eff t . Th ranae of flu tuation in monthly dis-
olved-s lid concentration is Q'Teater for the 5-year 

period 195 - )2 than for the 194- - 52 period (fig. 5), 
d pite the fn.ct that streamflow clicl not differ o-reatJy 
during 1 he t"·o periods. ]so, the overall dis olved-
olicls con entration is significantly hio-her during the 

more recent p riod. In both period th e ea onal 
Yariations w r mor pronoun ed dnring time of lo"­
ftow than during I ime of high flow. Thi i 11\' r r la­
tion behYeen !h on entration f eli oh·ed solid an l 
the trenmflo"· in th Pa. ai RiYer i. typi cal of 
tream in north ern .J w .Jersey. Thu , the urve1 

(fig. 5) in li a! !hal· the eli , olvel- oli d cont nt ha 
incr asecl from on p riod I th other and thai !hi. 
increase ha occ ur-r I for all period of the yen r but 
e pecially luring th .-umm er and fall. 

Th un- on figure 6 " ·hi ch are ba. eel on monthly 
average , how sea. onnl flu tuations in di ssolved oxy­
rr nand wnl er t mp rnture during the same t.wo 5-year 
period . .._ incc aY rn.g . lrenmflow (fig. 5) nnd water 
temp rature diffe r c1 only li ghtly during the two pe­
riod illu tJ·atecl , !lwir eff <'ton th p rc ntage of atu­
rati on of oxygen i. thought to be in. ignifi an!'. The 
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undersaturation of oxygen in the river water, which is 
well illu tratecl by figure 4, is here shown to occur 
during all easons of the year. The percentao-e of oxy­
g n atu ration i higher clurino- the cooler months of 
high streamflow than during the warmer months of 
low flow. This probably is due to the inability of the 
stream to as imilate indu trial and municipal waste­
water discharge because of the lower oxygen concentra­
tions, and the smaller quantities of stream water 
a\ ailable for dilution of \Yaste, during the warm, low­
flow months. It is also notable that the average uncler-
aturation of oxygen during 195 - 62 i significantly 

higher than during the earlier period, and especially 

in the >Y anner months. Th se la t ob er vation are con­
sistent wi th the inc rea eel cl ischa ro-e of wa te waters 
in to the river system and are further vidence of their 
detrimental effect on water quality. 
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CHEMICAL DISTINCTION BETWEEN GROUND WATER 

OF FOUR SEDIMENTARY UNITS ON THE KITSAP PENINSULA 

AND ADJACENT ISLANDS, WASHINGTON 

By A. S. VAN DENBURGH, Tacoma, Wash . 

1V01·l;; cLon e in GOO]Jerat-i.on with the 
tate ot Washing ton D wision ot Water Resom·ces 

Ab ·tratf . .:_Although ground water from a . equenc of four Water-bearing Plei.stocene deposits on til e llitsa.p PeninS1tla 
unit: of Pl ei tocene "' lac ial and fluvial sediments exhi bit 
uoticeabl difference. in the a Yerage amount of eli so h·ecJ con­
'tituents, almo~t all th constituents haYe wide ranges in 

<·onc·pnt rnti on that o,·er lap from one unit to another. However , 
umounts of potas:inm. orthopho. phate, and eli solved . olicl 
:bow distincth·e ,·a riations and th u en·e to identify the 
sou ree of an indh·iclual .... round -water sample with r ea onable 
accura y. Th rn . t pronounced differences a re between water 
from t h Salmon . pring ( ?) Drift and older formation., in 
\\'hic·h the cont ent. of potassium, orthophosphate, and eli -
~olved . olicl " chara teri.·tically are equal to or greater than 
lA, 0.20. and 104 ppm. re pecth·ely, and wat r fr om the Coh·o 
. and and younger :ediment., in \vhi ch co n entrat ions generally 
nrc le: than these Yalues. 

The analy. i of 37 around-water samples from the 
Ki t ap P en insula and adjacent i lands in Puaet Sound, 
"ash . (fig. 1 as part of a.n evaluation of the water 
re our es of the ar a, has allowed definition of th 
characteri ti h mica] qualitie. of water from the v­
era] principal pro lu tiv rock formation in the a r a 
(Van D en burgh 1965 p. 156). The a.ccompanyin<Y 
table ummarize. the ham t r of the wat r -b arina 
depo its. The wat r ample. u d in thi tudy r pre­
ent four unit in th thi k . quence of edim ntary 

depo it . . Two of thee unit nr nam d: the almon 
, pring ( .) Drift (old r), nncl the Coh·o , and. One 
unnamed unit li e. b neat h the ._ a lmon ~ pring (?) 
Drift, an l one unna.med unit li e above the Colvo 
· an l. The thi kne . of the d po it nr not given in 
l he table beca u they differ from p 1 ac to p la . In 
I he n rea a a whol e the I hi ck ness of a h unit ranges 
from 0 to 300 f el. 

and adjacent i.s lands , Washington 

Youngest depo~ i t ; gla ·ial -outwash :ecl iment in the Va bon 
Ddft : 

'Widely eli tributecl at land surface : in c·lude discontinuou 
bodi e of both aclYance and recess iona l depos its of si lt, and, 
and gravel; contain unco nfined ground water and locally 
yield moclera tely large water . upplie . 

Colvo Sand Member of the Vashon Drift ( f olenaar, 1965, p. 
32; Noble and Wallace, 1005 ) : 

Widely distributed beneath younger units of the 'I a bon 
Drift or, where they are ab ·ent, at Janel urface; a thick 
sequen e of tratifiecl :and with irregular len. es of fine 
gravel and thin strata of clay and . il t; di scus eel as the 
Puyallup Sand by . ceva (19-7, p. 19 ); gt·ound water loca ll y 
unconfin d or confined, depending on ab ·ence or presen e of 
relatively impermeable phase in and aboYe the memb r; 
yield moderate to moderately la rge quantitie of ground 
water. 

F lu viatile or glaciofluviatile gr avel and coa r e sand : 
ncl rli e Ya hon Drift a long outh rn part of Hood Canal; 

a thi k equen · of d posit , cl cribed by Molenaa r (1965, 
p. 31) but not named; not differentiated by earlier workers, 
hut probably mapped as part of Vashon advance outwa h 
material; contain confin ed ground wate r and yields orne 
water upplie . 

alrnon pring (?) Drift: 
Widely eli tributed at or belo\v ea le,·el ; gra,·el with len e 
of sand and a few mall boclie of till , eYerywher COYerecl 
by young r depo it ·; mapped a lower member of Ortin <> 
Gravel by ceva (19;J7) ; tentatiYely correlated witb Salmon 
Spring;: Drift by ~l o l enan r (1965, p. - ) ; contains confin ed 
ground water , and yi Ids large uppli es. 

Glacial and nonglacin l C'lay a ncl s ilt with a f w iuterb cis of 
snnd ancl gran>!; mapped a Admira lty Drift by . ce,·a 
(1957) and a unclifl'erentintcrl pre- almon f;pring- ( ?) de­
posit by Molennar (1965. p. _7 ) : yield· littl e ground wat r. 
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The Pleistocene deposit.· are underlain I.Jy the Blakeley For­
mati on, a thick eq uence of fold ed well-indurated marine. hal e. 
and stone, and con lomera te of Tcr t ia r.v age that yi ld · lit t le 

water. 

The o-round wat r i deri Yed en ti rely from preci pita­
tion. The water table and mo t piezometric surfaces 
stantl high in hills on the Kit ap Peninsula and on the 
adjacent i lands. Ground-water moYement is generally 
do,mward in these hills and laterally toward valleys 
and the coast. The paths followed by the water are 
complex, however, because of the presence of inter­
bedd d impervious material v;·hich impede dMmward 
movement. atural dischar<Ye, through seeps and 
springs, o curs in streams and lakes, and offshore. 

Thirty-six of the ground-\Yater amples were col­
le ted from '~"ell , which ran<Ye in depth from 1 to 832 

123' 
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FHII"H I·: 1.- Locution and geologic sour ·e.· of ground-water 
~a mpl e,; ust·d. 111 this study. Circled triangle, post-Colvos 
s('ci.Jlll (' lltf<: t l"IH11;!I€'. C'Oh'OS 'and ; dot. 'a lmon priog ( ?) 
l!nft: CJrc· Jecl dot . pre-,'a lmon prin <> (?) sediment·. Ques­
tion uHu·J; denotes un cer ta in geologic source. 

feet· on sampl " ·as obtained from a sprin()' on Vashon 
i lan l. \Vith one exception, ea, h well 1 roduc from 
a singl perforated or scr ened interval that O'enerally 
i from 5 to 20 feet in t.hi lm . \Vnt.er anaJy es \\'ere 
made by standard methods in u e in the . . G oloO'i ­
cal urvey (Rainwater and Thatcher, 1960). On the 
basis of welllorrs, surfi inl geology, and physiographic 
relations the sa,mples are rrronpecl ac orcling to prob­
able geolo<Yic ource as follows: 

4 samples from pre- prings (?) deposits, 
13 amples from the prinrrs( ?) Drift, 
15 samples from th olvos and and 
5 sample from post.-Colvos deposits. 

Most grotmd water on the Kit ap Peninsula and ad­
jacent islands, regardle of its geolo<Yi source, is of 
the silica calcium bicarbonate type and has a dissolved­
solids content in the range from 50 to 1 0 parts per 
million. (Water derived from marine sedimentary 
rocks of the Blakeley Formation, or affected by sea­
water encroachment adjacent to Pug t ound, is an 
exception; such water i likely to ontain objectionable 
amounts of dissolved solid , chiefly sodium and chlo­
ride.) The average amount of many constituents in 
the ground water differs considerably from unit to 
tmit. However, most of the concentration ran<Yes ar 
wide and overlapping, as exemplified by the distribu­
tion of si lica values in figure 2. ronetheless, three 
chemical characteristics-potu. ium concentration , or­
thophosphate concentration, and dissolved-solids con­
tent-can be used to help distin<Yui h among water of 
the four unit . Thee three characteri tics pro\·ide 
good criteria for the eli tinction of water of the olvo 
Sand and younger sediments from tho e of the Salmon 

prings( n Drift and older formation s. In addition, a 
sharp boundary exists between orthopho phate con­
centrations in ground water aboYe the Colvos and and 
those in water of the Colvos and it elf, as i shown 
in figure 2. 

Identification of a water-bearin<Y unit by hydrochem­
ical characteristics can be accomplished also by plottin <Y 
one chemical parameter against another. A plot of the 
pota sium concentration in a water ver us its ortho­
phosphate concentration provide a generally success­
ful means of distinguishin<Y amona ground waters of 
the four unit , as is shown in figure 3. Water from 
each unit is segregated into a rea onably eli tin t area 
of the graph. This te hnique ha proYed useful in the 
subsequent correlation of ,...-ater-bearing zones in wel1s 
for '"hich no reliable geologic information is available, 
both on the Kitsap Peninsnla and in adjacent paxts of 
the Puget Sound re!!ion. 
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Heasons for ll1e chemical variations doubtless are 
ma ny and omplex. In rreneral, however, the parallel 
!Jetw en incr a ing amounts of many dissoh-ed con tit ­
uent in o-round water and increa ing geologic age of 
the host· rtquifer i a common, thouo-h not universal , 
rharRcteristi c in many part of the nited tates. 
~ormn,lly, th e '"ater in older formations is deeper and 
hn pent a longer period in contact with the rock 
material.. lienee, i t has had more time to di s. olve the 
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FIGG RE 2.--G ra ph ;.; s howinf{ \'Oil ('en t ra ti on, in part per milli n, 
of . ·i I i<:a. pota;.;s i 11111 . ort l! o ph o~phn te, n nd d i,; oll·ed c:ol ids in 
I he g rou nd \\'llf (• r , rt•Inti n• to th r g ologi<: onrc of t h wn te r. 
<:rolo)! i · uni ts: Pre-Qss1 pn•-SHimon S prin l-(>'( '!) sPcl iml' nt s: 
Qss1 Sn lmon .' !)l'ings( '!) Drift; Qcs1 C'o ll·o · Snnd ; Post­
Qcs1 l'osr-Co ln'" Sa nd S('(l illl('nt s. Sti ppl r cl pattr rn !'mphn ­
. iz€'s diffe r€' n<·l's in <"0 11 <·entrn lion n mong unit . \'aln , of 
sta i'I'Pd (*) sn mpl <•s n r<· <'qll ll l to or gr('n ter t hnn lh amount s 
"hown (G. O.G. :IIHI 160 pp111 for pofH s.· ium. or thoph . phnt (' . 
and cli sso h·ed -so li<l s ('(l ntr nl. resp ('tiY ly ). 

...... 
Post-Colvos @I 
sediments I 

1_._. 
I 
I 

ORTHOPHOSPHATE CONCENTRATION , IN PARTS PER MILLION 

F wunE 3.--Relat ions betw een potas ium concentration and 
or thophosphate ·oncentra t ion and th e geologic source of the 
g round water. Cil'r lf'd triangle. po t-Colvos ediment. : t ri­
a ngle, Colvos Sa nd; dot , almon pring ( ?) Drift ; circled 
dot, Il'e-Salmon prings( ?) ediment. Questi on mark de­
note un cer tn in ueolo"' ic . ource. 

slio-htly oluble mineral constituent of the ho t rocks. 
Conver ely, " ·ater in the younger, generalJy shallower 
formation s has had le s residence time, and it i also 
ubject to the dilu tino- ffects of downward-percolating 
urfa e water. Fio-ure 2 hows examples of o-enerally 

increa.- ing c- on entrnti on '"ith increa ing o-eologic ao-e 
,-wd increa ing depth of burial of the aquifer, which is 
chara teri ti c of most con tituent of ground water on 
the Kit ap Peninsula and adjacent island . More spe-
i fi e rea ons for the rela.tion sho,Yn on figures 2 and 3 

cannot be rriven until a detailed geochemical study ha 
been made. 
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MULTIPLE HYDROLOGIC-PARAMETER RECORDING 

ON A DIGITAL RECORDER 

By RODNEY N. CHERRY, Ocala, Fla . 

lVoTk d.one in ooopera.ti.on to•ith the u.s. Fish ancL wad-Life Ser vice, 

Bm·ea1~ at Spo1·t P.ishe1·ies am.d WiLdute 

Abs t1·act.-A multiple-parameter modification of a digita l 
record er measures a nd records hydrologic pa rameter· that can 
be sensed a· electri ca l resi tauce. The digita l recorder collects 
data on tape fo r proces iug by electronic computer and is there· 
fore especia lly n. eful where large volumes of da ta are to be 
C'ollected an d a nalyzed. Tb modified apparatu is portable and 
battery powered, an d it can be left untended for 3 to 4 weeks. 
The mul tiple-parameter record er described measures and rec­
ords 4 pa rameter · (2 values of water temperature and 2 value 
of specifi c electrica l conductance) on punched tape, and also 
records one of the ·e pa rameters in visible form on a paper 
chart. 

The increasina complexity of many types of hy­
drologic studies and the importance of continuous or 
frequent periodic measurements of some hydrologic 
parameters have led to increasing use of recording 
devices in field studi es. Because the data can be proc­
e sed by electroni c computer, the digital recorder "as 
developed for use in field studies where large Yolumes 
of data are to be collected and analyzed. The recorder 
i a battery-operated paper-tape pun h which periodi­
cally, and at a preselected time interval, records data 
as 4-di<Yit numbers on a 16-channel paper tape. The 
re ord i translated later to a 7 -channel digital tape 
suif·able for u e in a.utomati data-processing equip­
m nt-. ( e d is u. ions of th e diaital recorder b) Car­
ter and other , 1963, and by I sherwood, 1964.) 

Various modification a.nd attachments have been 
1evise l to record different parameters on the digital 
record r. The adaptation discus ed in this pa.per was 
developed in connection wi th a study of salinity and 
temp rrttn re of surface \Y ater at several places in the 
Everglades ational Pa.rk, in southern F lorida. The 
ob. crvation . if:es in the park are a much as 25 miles 
from the nearest ha.bit af'ion, and are generally acces-

l<' rouRE 1.-i\lu lt ipl e-parameter recorder sy tern . Digital rec· 
order {left), with electri ·al-clata input, constructed to record 
water temperature and specific electri al conductance; sepa­
rate pecifi c-coucluctance recorder (right) , with paper chart. 

sible only by boat. The adapted recorder, a battery­
powered device which can be left untended for 3 to 4 
weeks and which record temperature and specific 
conductance, has proved succes ful and should be use­
ful in other studies in which hydrologic parameters 
can be sensed in terms of electrical resistance. 

Basically, the adaptation is a coupling of two record- . 
ing devices, the Fischer-Porter digital recorder and the 
Industrial Instruments RQ electrolytic-conductivity 
recorder (fig. 1). The input mechani m of the digital 
recorder is a shaft which rotates a coded disk. The 
position of the disk with respect to a punching mecha­
nism determines which values will be punched on the 
tape. The RQ recorder utilizes a wheatstone bridge in 
which a sensing element (conductivity cell) constitutes 

U.S. GEOL. SU RVEY PROF. PAPER 525-0, PAGES 0222-0224 
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one ·egm nL of the bridge and a potentiometer consti­
tu tes th other. \. siO"nal from the sensinO' element is 
elec tri ca ll y ompa red with a. iO'nal from the potentia­
Ill ter; if there is imbalan e a motor is activated and 
mov th e l ide of the potentiometer unti l the s ignal 
ba la11 ·e (t ha t is, the brido·e i balanced). Movem ent of 
the pot entiometer slide moYe th e recordinO' pen, '"hich 
i · gen.r d to it, thus makinO' a graphic record of the 
ralue indi ated by the en ing element. 

The multipl -parameter recorclinO' pro e s consists 
of fou r pe ra.tion : sen ing, compari1w, positioning, 
nncl pun ching. , en sing of pe ific conductance is per­
fo rm d by platinum elect r odes and thermistors, and 
en ing of t mperature, by thermistors. Comparing i 

don by th e amplifier, osc il lator, di s riminator, tem-
peratur mpen. ator, an l relays of the RQ recorder. 
Po iti ning in the lig ital reco rder i a.rried out by a 
un it made up of a 3-turn 5,000-ohm potentiometer and 
n 6-v 1t dire t- urren t motor; the potentiometer slide 
i m cha ni ally oupl ed to th input haft of the 
re orcl r an l the motor i geared to driYe the poten­
tiomete 1· ·li clc. Po itioning in the RQ r ecorder i 
carrie 1 out by a uni t on isti nO' of the motor and 
pot nt iometer ·"'hi ch a re tandar l for thi r ecorder. 
Punching i lone by the liO'ital r ecorder, equipp d 
ll'ith a hel sea timer. 

During the r ecording pro es , the en in ()' element 
for it her sr ecifi cond uctan or temperature is e­
lecte 1 b a . !epping " ·it h and onne ted to the com­
paring unit , ' 'hich i. conne ted through a latch r elay 
(5- pole, double-thro"') to e ither t he po. it ionin g uni t 
mount l on the digital recorder or the po iti oning 
unit o f the RQ r ecorder. 

_\ . ignal (yoJtagE' chnnge) from the sel cted en ing 
element i · om parecl \\·ith a. ignal from th e potentiom-

tC> r 0 f th 9 lrcted pos itioning nnit. If th r is im ­
ba lan ce in th . ignal th mot r of thE' po iti ning 
un it rotat . the potPntionwter slide unti l the ignal 
balance. B e au e the t otention1ete r l ide of th po i­
tion inp- unit of th digital r orcl r 1. couple l clir ctly 
to th input hnft \\'hich rotate th codE' di sk any 
moyement. of the potent iomet r lid mo" the odE' 
disk. 

A modifier nm on a ('h l a tim r control th 
frE'quency and the tim during \Yhi h th po itioning 
un it op ra.te fo r a h parameter punched r reco rded. 
F. ing the m clifi c1 cnm (fig. 2) on th timer the 
digital rcco rdn punche. \·alue. for 4 parameter in 
clo. e ucce.-. ion at th begi nning of ea h 15-minute 
period and r e orcl . J pnram -t r on the RQ ci r ul a r 
cha r t f or the r mnind er o f lh l !l-minute p ri od . 

The . tepp ing ." \\'i t(' h nt ount e l on th e digital reco rder 
advan ed d ttring thr 1unchi ng proce. b a rod 

\\'hi h i llnke i to the ro ker arm (see Fi cher-Porter 
inst r uct ion bulletin for series-1540 punched-tape re­
corder). 

The fir t coil of the latch relay, "-hich thro"s the 
r elny and connects the comparing unit and the diO'ital­
r ecorder po. itioning unit, is energized when (1) the 

Detail of 
cam teeth 

2-9 

~EQ UENCE OF TEl'S O~TilOLLED BY CA)I 0. HEL EA TIMER 
D ' ll! SG I! ECOIIDL'IG Y L~~ : 

1. Bottom onduc·t iYity is recorded on c ircular bart of RQ 
recorder. 

2. a. Circui ts a re :· wi tch d by latch r elay from positioning 
un it ( motor and potcntiom ter) of RQ recorder to 
po it ion ing uni t of digital recorder. Relay is ac­
ti Yatecl by " ·itch in motor c ircui t \\"hen s tepping 
.·witch is in .·t p 1 and when the switch op ra ted by 
t h lotkin o- cam is c losed . 

h. Bottom concluctil"ity i po ition d on cJi o- ital record r 
for ::lO- ::lii sccon cl. ·. 

3. Bottom con cluet h·itr i · r co r le l on tap ; tepping swit b 
is adnlnc<'Cl to hottom trmperature (steppino- wi tch , 
. t p 2) . 

-L Bottom t mpC' rnture i. position d on dig ita l reco rder for 
30-3.i . ·econcls . 

. "i. Hottom trlllperatu re i;; recorded on tape. Steppi ng witch 
i,.; ndnlllCPd to . urface tonclu ttivity ( teppin o- witch. 
step 3). 

G .. urfa ce con lucth· it~· i. po.- itioned on dig ital recorder fOI' 
30 !'i concls. 

7. . 'urfnce co nclu C"t i,·ity i re ord ecl on tape. Steppin witch 
i. nchnn ced to . urface temperatu r (stepping swit h . 
. tep -t ). 
. urfa ce t<'ntpern ture i po><itioned on di g ita l r corder for 

30-3:1 . econd .. 
9. Rnrfa er tempr rntnre i recorded on tape. Stepping witch 

i.- acJ ,·a nc -d to bottom condn ct il'it~' ( tepping witch, step 
1 ). Ci rcui t!' }I re . witched h:v llltch r lay from pos i t i on i n~?: 
unit of di ~?:ita l reco rd er to po.· itioning un it of RQ r c­
order . Relay is a('tivat d h:v IYitch in motor cir cui t 
\\'h en thr . tepp ing- ;;wit<'h i. in tPp 1 and when the 
. \\'itch operated hy the lo('kin g cam i ·l o eel . 

Fro nE 2.- :\Jodifircl ca m for hel;;ea timer. Number on 
teeth ;;hon· ;;equence of st·rp,· in r r r·o rdin ;.: cy !e. n::< li. ted 
nboYC'. The cnm mnkes 1 complete r otation per hour. 
and thu;: acth·nt s 4 recording- ytles per hou r . 
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FIGURE 3.- Wiring cli a~ ra m for multipl e punehing on the di gita l recorder . 

modifi ed am of the Chelsea timer 1 ifts the switch 
blade to the " up" position (point 2a in fig. 2), (2) the 
t· pping swi tch i · in step 1, an d (3) a s"· itch mounted 

in a po ition to operate on the code-disk locking cam 
( ee Fis her -Porter manual) of the di gital recorder i 
in a. closed po. it·ion. .imultaneously, the motor of the 
di gital-recorder pun hing mechani sm rota.te the cam 
about% revolution, all owing the switch blade to drop 
off the cam, opening the s witch, and de-energizing the 
fi 1· t coil of th laJch relay. Thi S\Ti t h i positioned 
·o a to allow current (about 300 millia.mperes) to 

fl ow throu h th e coil f or less tha.n 1 second. 
The econd oil of the latch relay, l'hich thro'' the 

relay and connect· th comparing unit and the R,Q 
1 o itioning unit, is energ ized v;·hen (1) the cam of the 

helsea t imer drop. the swi t h blade to the " do,Yn" 
position ( point 9 in fig. 2) (2) the stepping wi tch is 
in tep 1, and (3) a switch moun ted on the tape-sup­
port spool is closed by for"·ard motion of the rocker 
nrm during the punchin<Y opera t ion. Thi s switch is 
po. it ionecl in such a mann er a. to all o\1· current to flow 
through thi oil for about 1 se ond . 

Fig ure :3 is a. wiring cliagrnm for an in t rum ent now 
in operation in the E 1·erglades National P a rle This 

instrument records Yalue for the specific conductance 
and temperattlre at the surface and nea r th bottom of 
the stream. If only a punched -tape record is d ired 
the latch relay and its related wiri1w, and the motor 
and potentiometer of the RQ re ord r, ca n be omitted. 
The manuhcturer of the R,Q reco rder can I ro,·ide a 
omparing uni t like that d cribed in thi paper for 

about half the pric of a tandard re order. If addi­
tiona l parameters a re de.- ired, addi tional steps of the 
teppin o· s" ·itch are utilized . 
Modified recorder. ha ,·e been in operation in fhe 

park for abou t 3 yea r . . The pun heel tape from the 
digita l recorder i being programmed for compil ation 
of data. The visual record b incr obta ined from the RQ 
recorder un t il the procrrammino· h as been ompleted is 
e pecially useful a a check on operation of th e di gital 
recorder and on the need for , and nature of, ma.in­
tenance. 
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EFFECTS OF SAMPLE AND FLUOROMETER-COMPARTMENT TEMPERATURES 

ON FLUOROMETER READINGS 

By BERNARD DUNN and DONALD E. VAUPEL, Albany, N.Y. 

Work don e ·itn cooperCLiion 1 it l~ the N e·w Y01·k tate D epa1·tment ot H ealth 

.Ills/ ra ci.- Sa mplc tempera ture and flu r ometer-compartm n t 
tempC' nl I nrC' i nfluen ·e det ermination of t b concentration of 
d' e in wa ter by means of fluorescen e r adings on th e Tur ner 
~l ot!C' l -111 fJu oromet 1' . A procedure f or the [reparation o f 
torr<' ·t inn ('un·C's f'O r t hese tempera ture effects hR .· been de­
rcloped f or fi eld use of t he fluorometer \\'here sample ancl 
<·om part ment temperature an not b on troll eel . 

In tim -of-tra\·el tudi of tream , results obtained 
by n e of a Tumer Fluorometer (Model 111) and 
Rhodamin e-B dye ha \' been found to be affected by 
ra ri ation in both . ample and in trument- ompartment 
temp rature . In a . ucce. ion of mea urements it is 
nece . ary it her to tabiliz ample and ftuorometer­
comr nrfment temperature 'or to make orrection for 
the Yariations in thee temperatures, in order to obtain 
con. i tent value· of r elative fluorescence. Corre tion 
cul'\'e. for . ampl and fluorometer-compartment tem­
pera ture wer de" lop l by the 'niter be ause field 
u. of the fln oromet r make tabilization of tempera­
ture impracti cal. .\ l th ou,.,h t·h current literafur de­
.cribes the vari at ion o{ Ouores n with ampl e tem­
pe ra ture (F eu r t in an l , ell ck 1963 p. 16, and 
Pri I chard an d arp n t r 1960, p . 39) it lo not 
expre. s th relaf ion. hip in a form uitabl for fi eld 
u. e. The purpo. of t hi I ap r i to on id r the varia­
tion of Auore. cetwc- li al readino- with Onorom eter ­
compartment tempera ture and to cl crib th pro e­
dure u eel for h~Yel ping the corr ct ion cmTe . Th 
proce lur for le\·eloping th e in trumenf ro rre li on 
cun·e is . tre l, rather than th e rur've if elf, b crtu e 
the UITe probabl y hange wh ne\· r ignifi an t elec­
fToni c hange u h a. th replacement of a tub or 
lamp, are made in the Ouorometer. It may al o hano-e 
from in trument to in. trumcnt. . ampl -temp ratur 
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Frc RE 1.- ptica l sy stem of ·U1e fluot·ometer. 

orrection curve probably remain un hano-ed as long 
as the ame type of fluorescent· dye i used. 

GENERAL PROCEDURE 

All quantitative fluore cence mea urements were 
made with a Turner Model 111 Fluorometer. The 
fluorometer is ba icrtlly an opti cal bridge whi h i · 
analogous lo th wheat tone bridge u ed in mea uring 
1 tri al r i tan e. The opti a] bridge mea ure the 
lifferen b h\·een light emitted by the sample and that 
from a cali1bmted re<lr li()'h path (fig. 1). • sino-le 
photomultiplier tube surrounded by a mechanicallio-ht 
int rrupt r ee lio-ht alt rnately from the ample and 
from the r ar ]iO"ht path. The quantity of lio-ht re­
quir d in the rear lio-ht path to balance that from the 
sample i indi ated b th fluore cence dial. 

Two olor-filter sy tem are u ed in the fluorometer . 
The I rimary filter pa e on ly tho e spectra hotter 
than the fluore cent ' "aye]mwth , while the econdary 
filter pas e only the de ir d fluorescen e pectrum. 
The primary filter wa a combination of 2 Corning 
gla olor filt rs of Color pe ification Ko. 1- 60 and 
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1 K odak Wratten No. 5 filter . The secondary filter 
''a a K odak W ratten J o. 23A. 

The instrument ha four operating ranges to give it 
a larae range of en itivity. Each range i determined 
by the ize of aperture emittin()' liO"ht to the sample 
from the light source. 

Enaraved-stem thermometers with a ran O'e of 20° o 
ll0°F were u eel to determine the sample and instru­
ment-compartment temperatures. 

The fluore cent dye u ed in all te ts wa Rhodamine 
B. It is obtained in a 40-percent color by weight solu­
tion in acetic acid. This solu tion was mixed wi th 
di ti !led water to obtain dye concentrat ions of approxi­
mately 10, 20, and 30 parts per billion to si mulate the 
concent ration. that are common in field investigations. 

CORRECTION CURVE FOR SAMPLE TEMPERATURE 

The chan()'e in fluore cence of a dye sample with 
Yaria.tion of its temperature wa determined first. The 
A.uorometer \\' ll. put into operation and allo"·ed to 

z 
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FLUORESCENCE-DIAL READING 

Frc: HE :.!.- Relation of sample temperatme to fluores­
cence-dia l read ing. 

" ·arm up un ti l the instrument compartment reached 
qui1ibrium temperature, which at the time '"a 103.5° 

F . The ample 'n cooled to 45°F and placed into the 
i1 trum nt. Th fluorescence-dial reading and sample 
t mp rature were recorded at 5-m inute intervals until 
th . ample had reached the temperature of the instru­
ment compartment. The sample was then removed 
from the in trument, placed in an oven, heated to 
150°F, and replaced in the fluorometer. Dial readings 
and sample temperatures were recorded at 1-minute 
inte~· val s as the sample cooled to the temperature of 
th e tn. trument. From these data the relation of fluo­
r cence-d ial readinO' to ample temperature was 
]lott d (fiO'. 2) . 

A . ample-t mperature orrection curve was deter­
mined from the relation of ample temperature to 
fln 01·e: ence-dial reading in fi()'ure 2 by usin()' a sample­
tempcmtu ~· bn se .of 0°F " ·ith a orre. ponding flu o-­
re. cen e-cl1al read 1ng of 70 units. The difference be-
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FLUOR ESC EN CE-DIAL- READIN G CO RR ECTIONS 

l!' rounE 3.- ample-temp rature corre ti on curve (ba"c 
o· l!' ). 

tween fluore c nee-dial reading and 70 wa then 
determined for ample temperature bel ween 60°F and 
130°F in 5-degree i.nten als. For xample, the fluores­
cence-dial readin()' at 0°F (ba ) is 70, and th correc­
tion at 0°F is 70 - 70 =0. The e lTC tion for a 
sample temperature of 60° F with a fluore ence-dial 
reading of 4.5 i 70 - 94.o = -2-1:. 5. The con ection 
curve prepared on the ba i of the e measurement i 
shown in .fiO"ure 3. 

CORRECTION CURVE FOR FLUOROMETER 
TEMPERATURE 

The fluorometer-compartment orrection cUTve wa 
prepared in a imilar fa hion. The fluorometer "·a 
allowed to warm up for 5 minut . A ample at room 
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FLUORESCEN CE-DIA L READIN G 

FrounE 4.-Relation of compar tment temperature to 
fluor sc nee-dia l reading. 
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FLUORESCENCE-DIAL-READING CORRECTIONS 

l•'JO L' lll·: 5.-~' lu o remeter- ompartment co rrection cun·e 
(ba e 105°F). 

rem] eratur wa pla ed in the in trument, the ftuore -
cence-clia l reading " ·a recorded, and th o ample wa 
remoYed. Thi pro e wa · rep at d at 5-minu te in­
tenal . The light Yariation in amp] temperature 
wa con e ted for by u e of th ample-tem1 eratur 
rorrec ti n cune d veloped earli er. Th reading \Y re 
topped when the compartment t mperatur reached 
it equi lib riu m. Three runs were made in thi manner 
with ampl oncentration of 10, 2 , and 30 part per 
billion ani a ¥Taph howing the relation of ompar t­
me nt temperatur to ftuore c nee-dial reading was 
plotted for ach concentration (fig. 4). 
r ing t mp rature at 5-degr interval 'within the 

rn nge from 70° to 105° to simulate probable fi ld con­
dition. ancl a ha. e of 105°F th in. trum nt orre tion 
fo r each temperature " ·as letermined in t·he . ame 
li lanne r as tl ~<l t cl cri ed for the sa mpl couection 
cun·e. The fluor met r -c mpartment co rre tion cun·e 
i ho"·n in figure 5. 

It honld b noted her that the orr tion une 
fer all three r un. ''"er th . am('. ThiH shows that dy 
concentration had no ignifi nnt ffect on the in tru­
ment- temp rat nre COlT ction. 

After th temperature cone tion curve f r a ampl 
an l for the in. trum nt om part ment hnd l en ~et r ­
mined, COlT ction. ". r applied to the initial clata 
obtained forth . ampl . oluti n of ~0 part per billion 

(.? 

z 
0 <( 

80 Corrected dial read ing 

w 
0:: 

...J 

~ 
0 
w 70 
(.) 

z w Original dial reading 
(.) 
Ul w 
a:: 
0 60 :J 
...J 
"-

0 2 
TIME. IN HOURS 

FIOUl~E 6.- Graphical summary of original and ad­
ju ted data. 

to show the reliability of these cun es. The fluorometer 
wa tarted and allowed to operate until th compart­
ment temperature reach d equi librium. During this 
time a sample wa inserted periodically into the fluo­
rOJneter com partment and the dial reading was re­
corded . Temperature were taken in the compartment 
and in the ample a·s soon as the fluorescence dial was 
read. The data, with the orrections applied for sam­
ple and compartment temp ra tu res, are pre ented 
graphically in figure 6. 

It is lear from the foregoinrr di cu ion that both 
sample and fluorometer- ompartment temperatu res in­
fluence instrument ftuore cence-dial readings. Actu­
ally, ample temperature affects the ftu01·e cence of the 
tracer while fluorometer-compartment temperature ap­
pear to affect the efficiency of the fluorometer to meas­
ure ample fluore cence. The one ntration of the 
ampl ha no apparent. effect on in trument effi iency 

a i hown by th three urve of figure 4 (each of 
whi ch has the a me lop , dy/ dx = 1.1) . 
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