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Abstract—Olivine tholeiilcs, the youngest Tertiary units (about 8-11 m.y. old) al five widely spaced 
localities in northeastern Nevada, are geologically relaled lo the bas;ills of the Snake River Plain, 
Idaho, lo the norlh and arc similar in major elemciu and alkali chemistry lo mid-ocean ridge basidts 
(MORB) and island arc iholeiiies. The measured K (1250-3350ppm). Rb (1-9-6 2 ppm), and Sr (140-
240ppm) conceniralions overlap the range reported for MORB. Three .of the five samples have low, 
unfractionated rare earth element (REE) patterns, ihe other iwo show moderate light-REE cnrichmeni. 
Barium concentration is high and variable (100-780 ppm) and does not correlate wilh the other LIL 
elements. The rocks have "Sr/i^'Sr = 0-7052-O7076, considerably higher than MORB ( - O702-0-703). 
These samples are chemically distinct (i.e. less alkalic) from the olivine iholeiiies from Ihc adjacent 
Snake River Plain, but their Sr isotopic composilions are similar. They contain Sr that is distinctly 
more radiogenic than the ba.salts from the adjacent Great Basin. Aboui 10 b.y. would be required 
for the mean measured Rb/Sr (^002) of these samples to generate, in a closed system, the radiogenic 
Sr ihey contain. The low alkali content of these basalts makes crustal conlaniinalion an unlikely 
mechanism. If Ihe magma is unconiaminaled, the tinic-avcraged Rb/Sr of the source material must 
have been ~004 . A significant decrease in Rb/Sr of Ihe source material (a factor >2) thus most 
probably occurred in the relatively recent (<10''yr) past. Such a decrease of Rb/Sr in the mantle 
could accompany alkali depletion produced by an episode of partial melting and magma extraction. 
In contrast, low '"Sr/'"'Sr raiios indicate that the source material of the mid-ocean ridge basalts may 
have been depleted early in the Earlh's history. 

INTRODUCriON 
i 
] Jd\LTS in the ocean basins exhibit a generally posi-

B»ecorrelation between some large ion litliophile ele-

-, iml (LIL) concentrations and "''Sr/'^^'Sr ratio (e.g. 

' ?ni:RMAN and HEiXiE, 1971). This presumably results 

^ Jonilhe fact that in general a more alkali-rich source 

Bintle has a higher Rb/Sr ratio, generating in lime 

I higher ''"Sr/''"Sr ratio. Least-radiogenic Sr occurs 

,'«mid-ocean ridge basalts (MORB), which contain 

ic lowest concentrations of LIL elemenis. 

,An earlier reconnaissance study (McK.i;i3. and 

M K , 1971) indicated the presence of alkali-depleted, 

; .HORB-like olivitie • tholeiites with high *'Sr/' '"Sr 

iiios in northern Nevada. Similar basalt flows are 
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the youngest rocks across a wide region of the north

ern part of the Great Basin in northeastern Nevada. 

These flows overlap a variety of older rock types typi

cal of the Basin and Range piovince lo the south. 

In a geologic sense these flows are the southern distal 

edge of the extensive tholeiitic provinces to the north, 

the Snake River and Columbia River provinces, and 

are not part of the Basin and Range volcanic suite. 

Five petrographically similar olivine tholeiites were 

selected for this study from widely .separated localities 

in northeastern Nevada (Fig. I). Sample descriptions 

and locations are in the Appendix. Each Siimple is 

from the youngest unit at its locality. K-Ar ages 

(about 8-11 m.y.. Table I) contrast with Basin and 

Range volcanic rocks in central Nevada, most of 

which are no younger than about 18 m.y. We report. 

Sr isotopic compositions, major and trace element 

concentrations to provide comparisons with basalts 
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Fig. 1. Location map showing *'Sr/"'Sr raiios and K-Ar 
ages of samples. Regional data from Ll;t;̂ w.̂ ^ and MANTON 
(1971), MCKEI-and MARK (1971), and Nom-L et al. (1973). 

from other tectonic settings and constraints on petro-
geneiic models. 

ANALYTICAL PROCEDURES 

K, Rb, and Sr were measured by standard isotope dilu
tion mass spectrometry al the University of California. Los 
Angeles (MAKK et ai , 1974). Neutron activation analyses 
were performed at the Lawrence Berkeley Laboratory, Ber

keley, California (PHRLMAN and ASARO, 1969). Ar and K) 
analyses were performed by standard procedures il d t j 
U.S. Geological Survey, Menlo Park, California (fu«dt>i| 
scription, see DALRYMI'LU and LANPHERI;, 1969). : 

PETROCHEMISTRY 

In Tables 2, 3 and 5 we present the chemislry td 
the late Tertiary olivine tholeiites from iiorlhojl 
Nevada. Table 4 provides a comparison wilh olhB 
relevant basall compositions. The samples e.xhibil i 
major-element chemislry distinct from that reportal 
by Li-i;MAN' and M A N T O N (1971) for 78 Pliocene to 
Holocene olivine tholeiites from the Snake Rr»n 
Plain. That is, they are higher in silica and lova 
in alkalis, T i02 and P2O5 (i.e. less alkalic). They atn 
have more Al jOj and MgO and less total Fe. DM 
samples are also distinctly more magnesian and lot 
alkalic than the Miocene Steens Basall of soulhoji 
tern Oregon ( G U N N and WATKINS, 1970). The basahi 
from this study are also distinct from Hawaiian iho 
leiites, containing less SiOa and Ti02 and moor 
AUOj . They are similar in major element chemiiO} 
to mid-ocean ridge basalts (CANN, 1971) and high-M| 
Picture Gorge Basitlt ( W R I G H T et a i , 1973) aoi 
almost identical to sample No. 88 ('most primitw^ 
from the Santa Rosa Range, Humboldt Count)t'5 
Nevada (LI-:MASURIER, 1968). The bulk of the lar" 
Cenozoic basalts from the adjacent Basin and RaofiSk^, 
province analyzed by LKE.VIAN and RODGERS (I9X| 'Binor light REE 

HjO 

H2O" 

T lOj 

P2O5 

MnO 

u 

are alkali-olivine basalts. These workers report, ho** K 
ever, an average composition of three Basin uii fejse reported fo 
Range olivine tholeiites that is very similar (o Ibr d, 1970; ScHiLLir 
alivine tholeiites from this study. j Hon depletion ol 

On the basis of REE contents the basalt sampfa Ikntical to thosi. 
fall into two groups (Fig. 2, Table 5). In one gnx^ 
(E-15. 6238-2J, 54NC93; referred to as iow RECl 
Ihe chondritc-normalized REE pattern shows onlj-j 

Subtots] 
Less 0 

Analv 
L. C . PI 

Analj 
Value 

rocks. 

diondritic concei 

Table I. K-Ar ages and analytical data of four late Tertiary olivine basalts from 
northeastern Nevada 

Sucplc number 

general locality 

tocalUy 

(Ut B) 

(long W) (weight percent) 10" mole per g Ar "total 

Ar 'Orodx 

1 2 . 

Appa ren t age 

Ar ra ix /ao t a . y . ) 

t lu (estlnatcd} 

|/AKES and GILL, 

ional normal rid 

SCHILLING (197; 

rible 3. K, Rb, Sr 
(oinposition of sam 

AO 

E-15 
(Shoshone Creek) 

54-NC-93 
(Buck Creek) 

61-NC-18 
(Uat Peak) 

6238.-2J 
(Sheep Creek 
Range) 

il'SJ'OO" 
IU'35'54" 

41'59'4e" 
115*2S'2«" 

«l°54'00" 
n6'23'15" 

40*50'36" 
U6'37'15" 

2.196 

5.494 

4.265 

19.7 

6 . 5 

9 . 7 

7.910.5 

10.611.0 

8.510.7 

El 5 

1 

• 
» 
VD 

•rtr 

" l . / » S r 

1462 ; 

2.63 

183 

53S 

0.0144 ( 

0.7076-.I ( 

Constants used: /e = 0-585 x 10"'" vr" ' . 
A/( = 4-72 X 10- ' " y r - ' . 

K - ' 7 K total = 119 X 10-" moles/moles. 

Sr isolopic ratio 
lot] adjusted lo a 
(&7080 for Eimer a 

'•(low Rb/Sr ratio; 
I bwn corrected for 
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Table 2. Major element chemislry of olivhie tholeiites from northeastern Nevada 

5 t O j 

A l j O , 

FC2O3 

FeO 

MgO 

CaO 

H . , 0 

KjO 

HjOt 

H2O-

T l O j 

P2O5 

MnO 

" 2 

Cl 

P 

S u b t o t a l 
Lesa 0 

TOTAL 

E15 

4 8 . 0 0 

16 .96 

2 . 4 1 

7 . 4 8 

8 .80 

12 .02 

2 . 0 9 

0 . 1 6 

0 . 2 4 

0 . 2 1 

1 .21 

0 . 1 4 

0 . 1 8 

0 . 0 1 

0 . 0 1 

0 . 0 2 

99 .94 
0 . 0 1 

9 9 . 9 3 

( 1 7 . 0 ) 

(SFcO 9 . 6 1 ) 

( 2 . 1 7 ) 

( 1 . 1 9 ) 

( . 1 7 4 ) 

623S-2J 

4 7 . 4 

1 6 . 7 ( 1 7 . 3 ) 

1.4 (9 

8 . 1 

9 . 3 

1 1 . 3 

52) 

2 . J ( 2 . 4 9 ) 

0 .34 

0 . 4 4 

0 . 2 1 

1.2 ( 1 

0 . 2 6 

0 . 1 9 ( 

9 8 . 9 

16) 

177) 

54liC93 

4 8 . 1 1 

1 6 . 8 1 

1.36 

8 .32 

9 . 6 5 

U . 9 8 

2 . 1 3 

0 . 1 5 

0 . 1 4 

0 . 0 8 

0 . 9 6 

0 . 0 9 

0 . 1 8 

0 . 0 0 

0 . 0 0 

0 . 0 2 

9 9 . 9 8 
0 . 0 1 

9 9 . 9 7 

( 1 6 . 8 ) 

( 9 . 3 6 ) 

( 2 . 2 0 ) 

( . 9 5 ) 

( . 1 8 3 ) 

61NC18 

4 7 . 8 8 

1 5 . 6 8 

2 . 6 8 

8 . 9 3 

8 .34 

10 .70 

2 .44 

0 . 3 8 

0 . 3 9 

0 . 2 1 

1.74 

0 . 2 6 

0 . 1 9 

0 . 0 1 

0 . 0 0 

0 . 0 3 

9 9 . 8 6 
0 . 0 1 

9 9 . 8 5 

( 1 5 . 5 ) 

( 1 1 . 1 9 ) 

( 2 . 4 9 ) 

( 1 . 6 0 ) 

( . 1 8 7 ) 

62NC133 

4 8 . 8 

1 5 . 1 ( 1 5 . 1 ) 

3 . 0 ( 1 0 . 0 8 ) 

7 .7 

8 .9 

1 1 . 3 

2 . 2 ( 2 . 2 1 ) 

0 , 4 3 

0 . 3 6 

0 . 3 8 

1.5 ( 1 . 3 2 ) 

0 . 4 3 

0 . 1 4 ( . 1 8 2 ) 

0 . 0 5 

1 0 0 . 3 

Analyses of EIS, 54NC93. and 6INC18 are standaid rock analyses by Edythe Engleman; 
L. C. Peck, project leader. 

Analysis 6238-2J and 62NCI33 are rapid rock analyses. 
Values in parentheses are neutron activation analyses calibrated against USGS standard 

rocks. 

liiior light REE enrichment and about ten times 
iondritic concentrations. Such a pattern overlaps 
te reported for mid-ocean ridge basalts (KAY et 

; i,1970; SCHILLING, 1971), although it lacks the com-
fun depletion of light REE. The pattern is almost 
iiilical to those reported for island arc tholeiites 
IiKESand GILL, 1970), and for some of the transit-
tol normal ridge-mantle blob (plume) basalts of 

:|ma.LiNG (1975). The other group (61NCI8. 

'-
'Mt 3. K, Rb, Sr concentrations (ppm) and Sr isotopic 

; anposition of samples measured by isolope dilution mass 
, spectroscopy 

1 

» 
•1 

«;«if 

1462 

2.63 

183 

556 

0.0144 

0.7076'. I 

2604 

3.42 

231 

762 

0.0148 

0.70S2tl ' 

1246 

1.92 

139 

649 

0.0138 

0.7064x1 

3119 

5.86 

239 

530 

0.0246 

0.705613 

3366 

6.20 

239 

543 

0.0259 

0.7069:1 ( l2o) 

[iisotopic ratios are normalized 10 '̂'Sr/^^Sr = 01194 
iaiijusted to a value of 0-71014 for NBS SRM 987 

)for Eimer and Amend SrCO, standard). As a rcsull 
' Rb/Sr raiios and ages, the isolopic ratios have not 

a corrected for growth of *''Sr since eruption. 

62NC133; referred to as 'high REE') shows a marl<ed 
light REE enrichment typical of continental plateau 
tholeiites (e.g. SCHILLING, 1971) and 'mantle plume' 
derived magmas (e.g. the Azores; SCHILLING, 1975). 
The lower Picture Gorge basalts have a pattern inter
mediate between the two groups (H. V. Schmincke 
and H. R. Bowman, unpublished data, 1973). The 
uranium and thorium concentrations of the low REE 
group are comparable to values from island arc tho
leiites (JAKI-.S and WHITE, 1972). The concentrations 
of these elements in the high REE samples are more 
typical of continental tholeiites (e.g. OSAWA and 
GoLi-s, 1969; LIPMAN et ai, 1973). The olher LIL ele
ments generally correlate wilh the REE, but Ba is 
an exception (Fig. 3). Barium concentrations are vari
able, wilh no correlation to the other analyzed LIL 
elements. The Ba concentrations are much greater 
than those commonly reported for MORB, and some 
are high even for island arc tholeiites (e.g. JAKHS and 
GILL, 1970; NICHOLLS and ISLAM, 1971; PHILPOTTS 

ei (li, 1971). 

The basalts riom northeastern Nevada generally 
contain less K, Rb, and Sr (Table 3) than do the tho-
kiiles from the Snake River Plain (LI-I;MAN and MAN-
TON, 1971). Two oflhe five basalts studied fall within 
the range of K. Rb, and Sr typical of mid-ocean ridge 
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Table 4. Comparison of chemical analysis of olivine tho
leiites with analysis of other relevant basalts 

U O , 

" h " ! 
EFeO 

BjO 

CaO 

» . , 0 

K,0 

T I O , 

^S 
RnO 

4 8 . i 

1 6 . 9 

9 . 5 

S .2 

l l . l 

2 . 1 

0 . 2 2 

0 . 9 5 

0 . 1 5 

0 . 1 6 

i i . 8 

1 5 . 5 

a.o 

8 . 7 

1 1 . 1 

2 . ( 

0 , 4 1 

l . b 

0 . 3 5 

0 . 1 7 

M . 6 1 0 . 7 

1 6 . 0 : 0 . 9 

1 1 . 5 t l . 3 

7 . 8 t O . S 

l l . J i O . 6 

2 . a t 0 . 3 

0 . 2 2 ± 0 . n 

1 . 4 t O . ] 

O . U i O . 0 7 

O . l 8 t 0 , 0 4 

« 8 . i 

1 6 . 3 

9 . 8 

8 . 5 

1 1 . 1 

2 . 6 

0 . 4 1 

l . l 

0 . 1 7 

0 . 1 5 

d 9 . I 

1 6 . 0 

9 . 7 

9 . 1 

U . S 

2 . 2 

0 . 1 7 

l . l 

0 . 0 9 

0 . 1 9 

i J . Q 

I S . l 

1 3 . 3 

7 .6 

1 0 . 0 

2 . 5 

0 . 6 1 

2 . 7 

0 .5B 

0 . 2 0 

4 9 . 3 

1 3 . 9 

1 1 . 2 

1 0 . 3 

« 8 . S 

1 6 . 7 

1 2 . 6 

5 . 9 

9 . * 

3 . 3 

1.0 

2 . 2 

O.bO 

O.IB 

5 0 . 1 

1 5 . 5 

1 1 . 2 

6 . 7 

1 0 . 6 

2 . 9 

0 . 5 7 

1 .55 

0 . 2 3 

O.ZO 

1. Low REE group (3), olivine tholeiites, northeastern 
Nevada, this sludy. 

2. High REE group (2), olivine tholeiite, northeastern 
Nevada, this study. 

3. Ocean floor basalts, 94 selected analyses, ± one stan
dard deviation. CANN (1971). 

4. Olivine tholeiites (3), Basin and Range province. 
Li:t;MAN and ROGI:KS (1970). 

5. Sample 8ii .('most primitive'), basall, Santa Rosa 
Range. Nevada, LI:IV1ASURIKR (1968). 

6. Olivine tholeiites (78), Snake River Plain, Idaho, 
LI:I;MAN and MANTON (1971). 

. 7. Tholeiites and olivine tholeiites, Hawaiian lavas, 
MACDONALD (1968). 

S. Steens Basalt, group E(I6), southeastern Oregqn,. 
Gi'NN- and WATKINS (1970). 

';. Hmh-Mg basalts, Picture Gorge Basalt, WRIGHT et 
a i n r k 

basalts. Two others have LIL element concentrations 
overlapping the low end of the range reported for 
the tholeiites fi-orn the Snake River Plain. 

DISCUSSION 

The ^'Sr ^"Sr range for the tholeiites from norlh-
eastern Nevada (0-7052-0-7076) is almost identical to 
the range reported by LEI-MAN and MANTON (1971) 
for the tholeiites from the adjacent Snake River Plain 
lo the north (Fig. 1). They are considerably more 

Table 5. Concentrations of Ba, REE. and olher mioM i 
ments (ppm) by instrumental neutron activation an 

Standard rock (BCR-I) is included for compariKH 
623f l - I J S4HC93 6H1C18 42HC131 T y p l c . l • -AV, 

6 . 4 

1 2 . 8 

1 0 . 1 

2 . * 3 

1 .06 

O . U 

i . B 3 

2 . 3 6 

0.35fl 

1.66 

3*2 

1350 

5 0 . 0 

ISO 

*o.s 

0 . 1 5 2 

0 . 6 7 

6 . 6 

U . S 

S.Z 

2 .72 

l . J Z 

0 , 5 2 

4 . 2 7 

2 . S i 

0 . 4 2 4 

1 .83 

M 6 

1370 

4 4 . 4 

120 

4 5 . 2 

0 . 3 0 2 

0 . 5 6 

5 . 2 

1 7 . 2 

1 0 . 3 

2 , 3 7 

0 . 9 8 

O.bO 

4 . 0 9 

2 . 7 7 

0 . 3 6 8 

1 . 9 0 

427 

1420 

5 3 . 2 

200 

4 7 . 2 

0 . 1 2 2 

0 . 5 1 

1 3 . 5 

3 0 . 1 

2 0 . 2 

4 , 5 0 

1.6J 

0 . 9 J 

5 . 8 6 

3 . 1 5 

0 . 4 8 1 

3 . 3 2 

369 

HBO 

5 0 . 0 

105 

3 9 . 4 

0 . 1 3 0 

1.06 

1 6 . 4 

3 3 . 9 

19 .B 

4 . 6 1 

1.64 

0 . 7 3 

5 . 1 4 

2 . 6 8 

0 .364 

2 . 7 7 

339 

1435 

4 8 . 4 

120 

3 8 . 3 

0 . 3 8 4 

1 .08 

0.4 

0 . ) 

1.5 

0 .0} 

O.OJ 

0 . 0 3 

0 . 1 0 

O.OJ 

0.019 

O . l l 

a 

30 

0 . 7 

15 

0 . 1 

O.OIJ 

O . I J 

n , m $ 

»-i»fc» 

i .mM 

t.n,A» 

t . m . 9 

i . U t M 

o . imm 

i.ttt.m, 

IM ' 

iiwi»^* 

»,«!.« 
U i U 

M . U l A 

I . 4 1 M I 

• . « | J > 

t . iu ia 
IMtO 

The typical a involves only the precision of the moua*' 
ments. The errors on the BCR-I standard rock incltkM 
the calibration errors introduced by the standards at Ht 
as the statistical errors introduced by counting radioadb' 
vity. 
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radiogenic than are the basalts from the adjaooi 
Basin and Range province to the west and south (C 
E. Hedge and D. C. Noble, unpublished dala, 1971̂ ' 
LEGMAN, 1970; HEDGE and NOBLE, 1971; NOBLE a 

ai, 1973), where ihe Sr isotopic compositions arek 
the range reported for oceanic basitlts (general̂  
0-703-0-705). High (-1200ppm) Sr basalts fn»'Jfeenlratioti can \ 
southwestern Nevada and east-central Gilifornia law I (HART e/ ai, 19 
Sr isotopic ratios comparable to those reported hen] Rb/Sr ratios of 
(0-706-0-707) (Li-EMAN, 1970; HEIX;E and Noeu.-

Hi 

L 

.708r 

. « .707 

.706 

.705 

Fig. 2. Chondrite normalized REE patterns plotted against atomic number. Mean ocean ridge basalt 
is from Sciiii,LiNG (1971), The stippled pattern defines the field of ocean ridge basalts from the Gorda 

Ridge, Juan de Fuca Ridge and East Pacific Rise reported by KAY t'l ui (1970). 
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r v p i c - 1 fl 

(4 

0.4 

0.7 

" l . l 

O.OI 

0.07 

0.03 

0.20 

O.03 

O.OH 

0 .11 

5 

30 

0.7 ' 

25 

0 . 2 

0 .023 

0 . 1 1 
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in of Ihc meawJî  
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iiTi the adjaccBi 
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:;E and Nowi, 

(971). These basalts are also more radiogenic than 
lie chemically similar lower Picture Gorge basalts 
|»J035-O-7O4, McDouGALL, in press). 
j HEDGE and NOBLE (1971) and LEEMAN and MAN--

i»'(l97l.) argue convincingly that the high '"Sr/'*''Sr 
iiios are due lo a radiogenic source (mantle) rather 

lian crusial conlaminalion. LI-ILVIAN and MANTON 
'•01\) base this conclusion largely on geophysical evi-
.fkncc for Ihe lack of a sialic crusi, and HI:I:)GE and 
VouLE (1971) on the very high Sr contents, low Rb/Sr 
ilios, and lack of correlation between Sr con-
miraiions, Rb/Sr ratios, and Sr isolopic raiios. 
The scatter in Sr isotopic raiios measured for the 

he samples (and the tholeiites from the Snake River 
ilain; LEE\UN and MANTON, 1971) fall well outside 
k range of experimental error. Scatter of this type 
suld be due lo either crustal conlainination or inan-
k inhomogeneity. The high Ba concentration may 

Qio indicate sonie form of contamination. There is 
livery weak correlation between Ba and "^Sr/'^'Sr 
Ufig. 3), but the lack of correlation between Sr con-
'̂ mlraiion and composition (Fig. 4) argues against a 

amlaminalion model, as does the lack of correlation 
iBawith olher LIL elemenis (K, Rb, REE). In addi-
in, Ihe low LIL element concentrations (particularly 
ll),K, U, and Th) indicate that crustal contamination 
ŷ LIL-rich rocks did nol take place. If contamina-
m with radiogenic "''Sr did occur, however, it must 
ble been somehow separated from its parental Rb. 
I'e have observed no petrographic evidence for crus-
alconlaminalion. While .some unusual form of con-
jmination cannot be entirely ruled out, the high Sr 
joiopic raiios most probably reflect that of the 
wrce manlle. 

Although it has been demonstrated that Rb con-
biralion can vary widely within a single lava flow 
JURT et ai , 1971), it is important to note thai the 
ttijSr raiios of Ihe five basiilis studied is such that 
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they all plot well to the left of the 4-6 x 10̂  yr isoch-
ron (Fig. 5). ll would take 6-14 x 10''yr for the pres
ent Sr isolopic raiios to evolve, in a source with the 
nteasured Rb/Sr ratio, from the pritnordial value of 
0-699. 
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The source material for these basalts almost cer
tainly must have had a Rb/Sr ratio less than or equal 
to the basalts, as both partial melting (in the absence 
of plagioclase as indicated by the lack of an Eu ano
maly) and fractional crystallization tend to increase 
this ratio (GAST, 1968; HEDGE and NOBLE, 1971). In 

the case of low LIL tholeiites, presumably generated 
by a significant degree of partial melting of an ultra
mafic source almost all of the LIL elemenis will go 
into the rnelt (KAY et ai, 1970). Such basalts, if rela
tively undiflcrentialed, will have Rb/Sr ratios approxi
mately equal to ihat of their source. In this case the 
source (mantle) for the saniples must have had a mean 
Rb/Sr ratio of 0019 when the basalts were formed. 
Such a Rb/Sr ratio would have evolved a '^Sr/^'Sr 
ratio of only 0-7025 since the Earth was formed. 

Single stage evolution of these basalts from an in
itial Sr isotopic ratio of 0-699 in 4-6 x 10̂  yr would 
have rcquit-ed a iinie-averaged Rb/Sr ratio of 0033-
0046 (mean ^0-040) (Fig. 6). Pim-R.VL\N and HEDGE 
(1971) suggest that undepleted oceanic mantle might 
have a Rb/Sr ratio as high as 0-04. 'Average' oceanic 
ifianile rnusl have a time-averaged Rb/Sr ratio 
-0024 to produce oceanic basalts with a mean '"Sr/ 
""Sr -0-7035. ll can thus be inferred that the Rb-Sr 
sysiemaiics of the ba.salts from northeastern Nevada 
require at leasl a two-stage model to account for their 
Rb/Sr and '*''Sr/'*"Sr raiios. If the source mantle were 
depleted in alkali elenicnls in the relatively tecent pasl 
(prior to the gencralioij oflhe bas;ilts), then ihe Rb/.Sr 
ratio must have been leduced by about a factor of 
2. If a single depletion episode had occurred as long 
ago as 1 X 10''yr ago, the time-averaged Rb/Sr ratio 
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in the mantle during the first stage must still hnt 
been 0039-0056 (mean 0046). If the deplclw 
occurred early in the Earth's history, a greater degw 
of Rb-Sr fractionation is implied, requiring a manft 
with a very high initial Rb/Sr ratio. If such a manik 
ever did exist, it must not have survived into latt^ 
Earth history. Otherwise, we would expect to find u»' 
contaminated basalts with ^''Sr/^'^Sr t> 0-708. Alien* 
lively, the mantle Rb/Sr may have been gradually <b 
cieasing through time, owing to a quasi-continuodi 
depletion process (HART, 1971). On the basis of analo. 
gous systematics for the high-Sr basalts from souik. 
western Nevada and east-central California, Haa, 
and NOBLE (1971) suggest a Rb/Sr ratio as high » 
0055 for the source mantle before a Precambria 
depletion. Such high Rb/Sr ratios may be indicaliw; 
of alkali enrichment in the manlle. 

The depletions required lo produce these basalll 
are analogous to those required lo produce mit'̂  
ocean ridge basalts (TATSUMOTO et ai, 1965; PEiâ  
AiAN and HEiXiE, 1971). In that case, however, " S i } i y 3 y \ ^ . ' , B t 
""Sr raiios are low, and, therefore, the depletion mtta. slum, thorium, 
have occurred much earlier in the Earth's history (Ff 
6). To produce the high "^Sr/'^'Sr basalts, a depleliw' 
must have occuried late in the Earth's history, ai4 
in addition, an enrichment in LIL elemenis above lit 
mean mantle concentrations possibly may hatt 
occurred at a much earlier time. The tholeiites froâ  
northeastern Nevada were thcii presuiTiably produai 
by a large degree of partial melting of recently d> 
plcled manlle. 
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APPENDIX 

Sample 6238-2J. From the top of the Sheep Creek Range 
about 32 km northeast of ihe town of Battle Mountain 
(40°50'36"N, 116^37'15"W). It is the lop flow in a series 
of flows that have an aggregate thickness of more than 
300 m. The lower flows are basaltic andesite and are about 
16 m.y. old (MCKEU and SILBERMAN. 1970). The rock is 
holocrystalline with porphyritic olivine (Fa.o) in an ophitic 
to subophiiic groundmass. Contains augite, zoned plagioc
lase and opaque iron o.\idcs. 

Siimple 54/VC 93. From the uppermost How of three 
flows in Ihe cliff on the west side of the Jarbidge River, 
just south of the Idaho staleline (4I°59 4S"N, 
115'25'24" W). The flow is about 9 m ihick and is vesicular 
on lop. wilh an irregular bottom caused by contempor
aneous deformation. The two lower flows are respectively, 
10 and 6-6 m thick. The lowest flow rests on poorly conso
lidated gravel. The rock is holocrystalline with less Ihan 
5% black glass, ll contains olivine phenocrysts (slightly 
altered to iddingsite) up to 3 mm in diameter in a suf)ophi-
lic groiuidma.ss of pyi:o.vene. glagioclasc. granular olivine, 
magnetite, and ilmenilc. 
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Sample F.-[5. From a flow forming the 'rimrock' on the 
summii of a hill on Ihc .souih side of Shoshone Creek, 
about 6-5 km soulheasi of .lackpol, Nevada (41°50'00"N, 
114°35'54" W). The rock is holocrystalline wilh porphyritic 
olivine. Ophitic lo subophiiic groundmass. Pale brown 
augiic wilh 2V' about 60°, plagioclase laths zoned from 
about An7, to An,2. 

Siiniph' 61 A'CIS. From.Ihe feeder dike lo the ba.siilt (low 
tha forms the simimit of Hat Peak about 10 km south 
oflhe Idaho staleline (4I''54'00" N. 116''23'I5" W). The dike 

is vesicular near the top. It is holocrystalline wilh tub 
tic groundmass and phenocrysts of olivine. The | 
mass contains plagioclase, augile, olivine, and mag) 

Sample 62.'VC!33. From a medium-gray veslcuUi. 
ihick flow on Hal Peak about 10 km south of the I 
slaieline (4r54'30" N, 116''23'45" W). The rock is 1 
lalline, with ophitic groundmass and olivine phcn 
Gioundmuss is brown augile ophilically enclosing \ 
lase. olivine and magneiile. 
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Introduction 

Tertiary volcanic rocks contain much varied infor-
i'.ion about the tectonic evolution of the western 
-.ued States. Data accumulated c.:i the past several 
.•3:5 concerning the distribution, petrochemistry and 
-••' oi"Tertiar\- rocks in the Great Basin makes it 
:.ir that there are major differences in both areal 
-Sfibution and petrochemistry between the volcanic 
-•ki erupted during the middle Cenozoic (40 to 20 

•y ago.) and those erupted during the late Miocene, 
•Jcene, and Quaternary (16 my ago to present). The 
.-•pose of tliis note is to call attention to the fact 
it ihese two periods of volcanic activity are separ-
-j by an interval of several million years during 

•"-'h volcanic activity was greatly reduced or non-
'•iient. Tectonic activity in the form of block fault-
:" took place only during the younger episode. 

Data 

f̂ ig. 1 shows the available potassium-argon dates 
' 'he Great Basin as outlined in fig. 2. The dates are 

- Jblication authorized by the Director, U.S. Geological 
hrvey. 
'̂̂  leave from the Department of Geological Sciences, 

•'^ajd University. ' 

from the references cited by Armstrong, Ekren, Mc
Kee and Noble [1] and from other recent publications 
(Marvin et al. [2], McKee and Stewart [3]; Gilbert 
et al. [4], .Armstrong [5], Shilling [6], Evernden et 
al. [7],Kistler [8], and from other references [9-13] j 
and from unpublished data from a number of sources 
(see acknowledgements). In preparing this figure we 
have treated determinations on two or more phases 
(i.e., mineral pairs) from a single rock specimen as a 
single date and, if possible, two or more rocks dated 
from a unit have been tabulated as one dale. In many 
cases, however, where geologic correlation is uncer
tain, all dates are included. In gathering data for this 
paper, we have paid particular attention to dates in 
the 15 to 20 million year interval, and undoubtedly 
have overlooked some dates outside of this range. 
Any bias so generated would only tend to increase the 
observed anomaly. A total of 531 potassium-argon 
ages are included, many of which are averages of two 
or more; all dates have been rounded off upward and 
the ± factor of analytical uncertainty disregarded. 

The histogram (fig. 1) shows the marked scarcity 
of igneous rocks in the 17 to 20 my interval f. Only 
12 ages are reported within this interval or about 2% 
the 500-1- ages that make up the histogram! The well-
known occurrence of basalt in the Late Tertiary is 

t See footnote on next page. 
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Iclearly fe fleeted in the data (fig. i) as a:r-;,the «•; 
"spread silicic ash-flow sheets 2-0 lb 3-3 rn;: Oldl::. 
•andesitic rocks about 35 .my old. The reliiive vr 
of Cenozoic rocks of different ages would emph: 
the paucity .of rocks between 17 and 2,0 .my old. 
-Probably 9S% or more of the igneous rqcksm i: 
Great Basin were impla'ced during the two peric': 
-of ignedu's'.Ec'tiv'ity otitlined by the sunim^ry of; 
dates. 

;3. Discussion 

Volcajiic rockSiOf late Miocenetage".arid'"\'(5u."; 
•in-the'Great Basin-are mDstly'res'trict^d'ta ii; n;: 
(Armstrong, Ekren. Mt-Kee and Noble [ l ' i ] j . f̂  
younger r-oc-ks include.,a significant perceriia'jff 

*' Fpotnoie frgni precsdi rig page. Two of the cites '-̂  -' 
to 18 my-in-iari'a] are'ages obtained by, Arnisnonsi-
itie Hiko Tuff Oi'5outhe3Ste,m'Ne,vada.fof Co-sl'L [ j " . 
Have bSiained an ase-of 19.6 .̂0."5 rriy.pn sar.:-din- •• 
the Hiko-Tuff (Nob]^ etal. [24])..ABes-obtibes .̂̂ ^-
strong tend lo be sliEhily ,youngei than ages c-','!"-- ^ 
ijriitj;DBiaifj,;dby vaiio'us U.S. Geologic al'Sc.'.iey '"" 
and'we fee! ihai ,ihe pxactVase of'the Hiko TU;T-H J-
'question. 
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A differentiated silicic tuffs and lavas, both sub-
..A'me and peralkaline, whereas Oligocene and lower 
' -.je.r.e silicic rocks (the oldest Tertiary volcanic 
.•ksin the region) are relatively undifferentiated 
bleet a!. [14]). Around the margins ofthe Great 

.:iin il can be shown that most of the high-angle 
....!ing is late .Miocene or younger (Ekren etal. [15], 
•.•.?!ro'd [16], Christensen [17], Noble [18]) and 
•jiiable data is consistent with relatively late incep-

:; of basin-range faulting in the central part of the 
•.-31 Basin as well. Fig. 3 is a generalized, graphic 
Ti-Jseniation of the relative amounts of tectonism 
'.uck faulting) and sedimentation in the Great Basin 
•:mg ihe Cenozoic. The distribution of thin but 
Jespread ash-flow units in the central part of the 
•••2i Basin indicates that little or no relief existed 
••!.t- lime of their extrusion. Certainly no lopo-
rh;. similar lo present Basin and Range features 
'•id prior io about 20 my ago and the amount of 

• 'Min'ion in ali Tertiary units suggests that most 
•--•nd Range faulting took place late in the 
•--ry. The young as well as old Tertiary rocks 
-•• L'nderaone about the same amount of deforma-
• :̂  most places. Further evidence that the time 

Si intense lectonism in the Great Basin was 
' -'l in; iate Tertiary is reflected by the relative 

-•"li of >i;dimentary rocks in the Tertiary column 
• Jn H-!Uien [19]) (curve B, fig. 2). The volumi-
^?r-''iti of lacustrine material of late Miocene 

- ̂ 'locc.c age (Esmeralda Formation, Truckee 
•••-•'!"• Humboldi Formation) are most likely 
- -v iu "breakup" of the region and formation of 

basins which trapped sediments. We believe thai the 
major changes in the volcanic-tectonic regime here in 
the Great Basin during the Miocene can also be recog
nized over most of the rest of the vvesiern United 
States (see Dott [20]; McKenzie and Parker [2! ] and 
Chase and others [22] for a recent review). 

Dott [20] has suggested that the inception of 
crusial rifting, Basin and Range faulting, and late 
Cenozoic volcanism resulted from a major global dis
continuity in the character of sea-Hoor spreading. 
Christiansen and Lipman [25] believe that these 
occurrences reflect "intersection of North-America 
with the East Pacific Rise, mutual annihilation of 
sectors of the Rise and continental-margin trench, 
and initiation of a transform fauli system in their 
place". If any one of these interpretations is co-rec;. 
the cessation and abrupt resumption of volcanism 
would appear to reflect, and thus date, critical stages 
in the interaction of oceanic plates with the conti
nent. 
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.SPACE-TIME REL.-VTIONS OF CENOZOIC SILICIC 
\OLC.-VNISM IX THE GREAT BASIN OF THE 

^VESTERN UNITED STATES* 
RICH.-VRD L. AR.MSTRONG. E. B. EKREN, EDWIN H. McKEE. 

and DONALD C. XOBLE** 

.AB5TR.\CT. Physical .siraiigraphy siipponcc! by more ih.Tii 250 K-.Ar age deterroina. 
tion >.!c!UOnstratcs a dofiiiitc sp.'icc-tiinc pancin of Cenozoic silicic volcanism iviiiijn 
ihu Great Uasin. Knrjxvn vent areas of voluminous ash-flow- units and the approximaic 
sc'iiivc areas fur sequence's oJ lelaied sheeis whose original distribution is known pjo-
\iilc 111!? nio.'t iin[Joriaiu coiurol poiiiis. The.se arc siipplciiiemed by many daies <,;.. 
(iifls and lavas w-hicli lack more con-n:>ieic suaiigraphic control. 

Ccno.-t'ic volcanism began about W m.y. ago. .-Mthough locally abundani elsewlu-ii-. 
•ii'lciiiif mck.; ,"l) 10 ••{> m.y. ok! arc UIQSI abiimkint in casi-ceniral .Nevada. The loc.;:< 
uf (lyi-oclasuc volcaniiini. as defined hv the liinc of mosc intense activ'ity and the (inn-
of late.^t sigr.iricam aciiviiy w-it'iin a given area, then shified progressively ouiw-ai,! 
fiom (.MSi-u-uirai Ne'.nda inward ihe margins of the Great Rasin. .Silicic volcanism ha,! 
Cfa.̂ .eii bv 2J u.. ,"0 ni.v. .igo in easi-ceiitra! .Vevada and by 20 m.y. ago u-as reitricjt'l 
lo ii'O niai'.'inai areas of die Great llasin. The imeiisity of silicic volcanism has de-
crc.-.iC'.l progivssively dnrina ihe last 10 m.y. 

P.a.-i-fcmral Nevada, wliere .«i!ii-ic v-okanism firsi lerminaicd. is less seii.iiicail-. 
acii^c .-nid [His.sihly has a ihicker eras; ihaii other pans of the Great Basin. The ob
.served p.'.ueni of oniwavdiv migrating volcanism ma\ have been ihc result of con-
vecsion wilhin the mantle w-iih a ;-ising current centered on the east-cenira! pan oi 
the Gre.ii Basin. 

IXTRODUCTIO.N 

This p:ij>er siimsnini^es and interprets chronologic dat.i bearin.e on 
liie space-time disiribiuion of Ceno'/.oic volcanism in and near the Great 
Babin of tiie tvcsteni Uniteil States (fig. 1). Nearby areas are included 
because j.iyi'oclastic rock- ihat erupted from \-enis within the Creru 
Basiii spread beyond its margins, and some rock.s erupted from venii 
siighiiy oiitsitie the geoniorphologically defined boundaries of the pro
vince appear to behing to this episode of volcanic activity. 

The discussion is limited to the silicic x-olcanic rocks that constitiu-v-
ilie bulk of the volctnic material of Cenozoic tisre in the Great Basin. 
These silicic volcanic rocks are predoininaniiy pyrodastic rnaterial w-hicii 
foj-ms v-okiniinoii.'; ami are:illy extensi\"e sheets of ash-flow tuff (Ciilben. 
1V):<S: Mackin, 19i30: Coats.' 1964; Noble and others. 196-1;'Orkiid. 
U'lfi.'r. Sargent, Noble, and Ekren, 1965; Cook, 1965: McKee. 196Sa; 
.It!'.! niher.sj. The higii-poiash intermediate lavas present in niaiv»' 
j;.-iri.s ol ihc pro\iiice are not incliKled: a\ailable data (for e.vample. 
.-\iKiei-snn nncl Lkren. ID'̂ iS: .Stewart and McKee, ]9t3S) siigge.st that n-iih-
iii ;iny aiven area such rocks were usually erupted before the silicic 
m(ks. Ma-fii' \ok:aiiic rock? (mostly basalt flows) are much less commoi! 
ili.-in ihc .-iilicic rork.< .-ind l1â •e not )'ci been dated in many regions, bin 

• Presented at the ! ; . " j " . \nnual Meeiing of the Gcoiogica! Societv of .^iiicv::.i 
C.N'.-insimi.g am! others. !967_). Publication autiiovized by the Director. t.'.S. Geologic:'! 
.Si!i>. L;.. 

•• Equal a!i:hor.< alpliabetically listed. Their addresses arc: R. 1.. .-Xi-nisti-on!;. Yiii 
fnivcrsiiv. New- Ha-.-en. Conncciicut 0fi.o20: E. fi. Ekren, l.:..S. Geological .Survc-v. j5en\ei. 
CnloradM'S!)22a: E. H. .\lcKec. U.S. Ctoiogical Sui->-ey, Menlo Park. California P-tO:."': 
]•). C. .\i>!>lc. Harvarii I"ni%ersiiy, Cambridge. .Ma.ssacbuscti.s 0213.i fal.so .iffiliaicd -.i-i:h 
ihe t .S. CJc'dogica! .Snrve-.-;. 
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Fig. 1. Great Bssin region of ihc Basin and Rar 
-.olcanism shaded. 

ivhere they ha-.'c they usually pro\'e to be 
volcanic sequence. 

This paper relies largely upon tiie niaiv-
available, most of them obtained from biot 
separates, but some from whole-rock sampk-

.AC-K .AND DISTRinCTIO.V OF S I L I C K : 

PreiiioKS Wcrh 

E. F. Cook (1965) was the fir-i to ret. 
pattern in the flistribution of Cenozoic ' 
siudies rcN'ealed that ihe volcanic section '.. 
V'.'hen traced trom east-central Nevada MI 
southea.stern .Ve '̂ada antl soutluvestern ' 
graphic juidie.- and isotojjic age data (for • 
and others. 19-57; R. L. .Armstrong, E. B. 
jiuij. data) have substantiated Cook's gen 
and conckisiot-ts. 

.-..: ••:'.••-''''::Si^<'sx^iA'^.'Si 

file:///OLC.-VNISM
file:///iilc
http://The.se
file:///-enis
file://-/iKiei-snn
file:///nnual
file:///lcKec


/>>. /.. .•Iriiistyong, E. B. Ekren, E. H. McKce, and D. C. Xoble -179 

) 
' ^ ° ' " t t f B / „ / 

> 
\ 
IDAHO 

/ l „ ' "AK£ / 
L . 2«EC0_« ->^/^ /p ^ i ^ , ^ / ' 

Fig. I. Great Basin region of the Basin and Range province. Core area of silicic 
-..ilcanism shaded. 

•••iiere they ha\e they usually pro\e to be the youngest rocks of the 
••olcanic sequence. 

This ]3aper relies largeh' upon the many potassium-argon dates now 
•ivnilable, niost of them obtained from biotite and sanidine phenocryst 
^t'parales. but some from tvhole-rock samples. 

.•\CF. .-Wn nLSTRIBU'TION OF SILICIC VOLCANIC ROCKS 

Previous Work 

E. F. Cook (1965) \vas the first to recognize a systematic temporal 
•'•uiern in the distribution of Cenozoic volcanism. .His stratigraphic 
'Uidies revealed that tiie \olcanic section becomes progressi\elv younger 
î 'lien traced from east-central Ne\'ada south and souihea5t\-.ard into 
southeastern .Nevada and southwestern Utah. .A.11 subsequent strati-
"niphic studies and isotopic age data (for example, Noble, 196S; Noble 
•ind '.'thers, 1967; R. L. .-Armstrong, E. B. Ekren, and D. C. Noble, un-
:Hib. data) h;i\-e subsianii:itetl Cook's general stratigraphic framework 
:nd conclusions. 
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in souili-ceiitral .Nevada, iletailed stratigi-aphic and isotopic work 
b\- the L..S. Geological Siir\ey has revealed a similar pattern. In this 
region the Tertiary section r;inge.s in age from 15 to more than 25 m.v. 
(Ekren and others. 1968; E. B. Ekren and others, unpub. data). To the 
soiiih, younger rock units appear at the top of the section and older units 
piiuh out .so that in southern Nevada almost all the silicic volcanic rocks 
arc younger than 15 m.y. (Noble and others, 1964; Orkild, 1965; Noble 
antl others, 1967: Kistler, 196S: R. F. Marvin and others, unpub. dat.a). 

.Schilling (1965) recognized a similar tendency in Cenozoic volcanic 
rocks to become vountjer toward the southwestern and western margin? 
o: Nev:id:i. This age change has been substantiated by recent mappine 
antl isotopic ilating bv \arioiis workers (for example, Robinson, McKee. 
and .Moiola, 1968)". 

ill northern Nevada, southeastern Oregon, and southern Idaho 
stratigrajihic work, in conjunction witii paleontologic and some isotopic 
dtita. h:i3 demonstrated the presence of large \olumes of silicic pyroclasiic; 
aial l;i\'as of .Miocene and Pliocene age (for example. Mapel and Hail. 
19-.9: A\'illden. 1961. 1963, I96'l: Malde and Powers, 1962: Carr and 
Triii!l.)ie. 196:): A.velrod. )96-4: Coats, 196-̂ 1: Walker and Repenning, 
ID''."), 1906: Xoble and others, 1968). Older rocks also are present, ai 
!ea-i loc;illy. in northern Nevada (Coats, 1964: .Axelrod, 1966). The 
:tvailable data are compatible ^ •̂ilh. but do not prove, a systematic north-
•i»-ard .'•hift in both the locus of the most intense volcanism and the ces-
saiii:)n of silicic ^•olcanism. 

Polassium-.4rgon Ages 
.•Mi'tlmd af presentation.—.-\\'ni]:ihle isotopic data, grouped into b 

nt.v. inier\als, are shown in figures 2 through 5. These maps summarize 
over 250 individual age determinations, including 80 unpublished de-
terminaiions by .-Vrmstrong, 41 determinations by McKee, and approxi-
matelv .̂ 0 determinations from other U.S. Geological Survey .sources. 
.Vhhough the accuracy of the individual dates are such as to make in
tervals of less than 5 m.y. statistically valid, the limited number of dates 
in cei-.iain intervals, together with \̂•ide variations in the precision of 
their geologic control, do not ^\•arrant the use of a shorter time span. 
Ill atltliti'iii to a breakdown bv a"e. the data are classified to indicate 
il.cir lelativc iniport;ince. 

Disliibtttinn pattern.—SiVtc'tc volcanic rocks older than 30 m.v. ffii*. 
1 ..'.L- luiiceiurated in e;isi-central .Nevada, but some are present in 
:rjiiiicrn .Nevada, along ilie Wasatch front in Utah (fig, 1), and localh-̂  
iii the .Sierra Nevada (fi'/, ht. .-Xges between 20 and 30 m.y, {fig. 3) are 
::i.m jjie^'.iient immediately outside the east-central Nevada core area.'-
.-\i-e.s }ounger than 20 m.y. are restricted to the outer part of the Great 
J'. ^J.. .in-:i. ami those \uuiiger tlian 10 m.y. to the margins (figs. S and 

•• .'.rail-. .-.\ ihc 20- 10 SO-m.y. agc-s in the central Sierra Nevada are gcograpliically 
'.." • .,.:.•'.-i'.: nifiM of the dated tUiTs, which belong to the Miocene falley Springs Forma-
-.1 .1 ' •- it'. ef}iii-.-alcnis. vcrv probabh had their sources in the ivesk-rn p a n of the 
......ai !;asin fSleininons, U)(i6;'Durrell, lOOG). 
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Fig. 3. D i s t i i b u i i o n of silicic volcanism in t h e Grea t Basin from 20 to 30 m.y. 
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i i a i i h i c cen ie r s of m a j o r ash-flow sheets o r sequences of genclicaUy" veiaied sheets for 
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•iiiple Iar',ie svmbo! usual ly l ep rescn i s several , a n d in cer ta in ins tances m o r e t h a n 10. 
i--i'(opic dates'. Metnum-s ized symbols show- t h e appro .x imate centers of ma jo r ash-flow 
•:hee:s whose o r ig ina l d i s t r i b u t i o n is pa r t i a l l y k n o w n . Small symbols are used to repre-
•.t-nt i>;o!aie(l da l e s on ash-flow- un i t s whose areal d i s t r i b u t i o n r e l a t ions are u n c e r t a i n , 
l.iies on hr .a bodies and air-fall tuffs t ha t a re no t know-n to be genet ical ly re la ted to 
ai.i-i'i \'<ilc.iiiic temei-s, a n d da les on tuffaceous s c d i m e n i a r y rocks. 
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Space-time relations of Cenozoic si!> 

-i). .-̂  striking feature of the age distribution 
absence of dates younger than 20 m.y. within 
core area= and the total absence of dates yoiin-j 
most the entire State. This distribution does iv 
bias due to removal of younger units by erosioi 
ing the least altered or structurally involved ;̂ 
also tend to prevent a bias. 

Sitmmaty of Volcanic Hii 
.Although not restricted to the easi-centr:L 

area, more volcanic locks older than 30 m.y, ui 
Like\vise, rocks of intermediate age are most a' 
area and the margins. Thus, e\en though the 
Basin area \vas moderately acti\e volcanical!. 
lime, there appears to have been a definite u-
the zone of intense volcanism, .More pronoun, 
•tation of ^•olcanic activiiy that followed. Silii 
10 have ceased entirely within east-centr;il Ne-
the present and then moved otlt̂ v.-lrd system..; 
and possibly north, of the core are:i. Present d. 
o£ silicic volcanism was abru]3t, areiilly system. 

In the eastern pare of the Great Basin, i. 
of volcanism was less systematic. Young rock-
the marginal areas, but okler volcanics are aN' 
and near the "Wasatch front. In this area no di-
of the cessation of volcanism is apparent. 

.Although mafic rocks are sj^oradically ii, 
canic section, most of the mafic lavas seeni to • 
rocks. In sex'eral areas in the east-central aiu 
Great Basin, isotopic data (R. L. .Armstrong. 
the mafic \olcanism occurred within 5 m.y. u! 
aciiviiy. 

The volume of silicic volcanic rock.s her 
i? disiinctly smaller than th;it of rocks Id ;• 
R'lcks le.s.s than ."> 111.\. old arc even IL\K< :i)nn 
suggests that the inien.sity ol .^iiicic xnlcani-i-
(Uning the last 10 m.y. 

Ti.-.cro.MC .sic.vii-"ic. \ \ 
The o\'errill tL-cumic framework of ih'-

of tlistincti\'e features. Tlie-c include wii' 
Hiuliing (for e.\;inip)e. .Nidaii. IIU.'!: Mtn. 
"Wackin. 1960) anil sirike-slij-j faulting (.s'-
M)eY>.. \9&y. .McKee. Iii68b: and refcrciuc-
hiw up):)cr-m:intle am! o'lisi:!! sci.Muit. M 

• T h e 10- to I'l-ni.v. dale ai lai •|0'^• N. long H 
liiff associaieil wilh upj.ier f'liocene verubi-aie u-i 
i-.iaieriai is probably at a cousideniblc disitince fn-;:. 
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Spact:-littic relations of Cenozoic silicic volcanism 

:}. A Striking feature of the age distribution is the almost complete 
.b.-eiice of liatcs younger than 20 m.y. within the east-central Nevada 
:oio area- and the total absence of dates younger than 10 m.y. froni al-
•Kist the entire Siate. This distribution does not appear to represent a 
bins due to removal of younger units by erosion. The practice of select
ing liie least altered or structurally involved samples for dating would 
.,1s.) lend to j^revent a bias. 

Si/mmary of J'olcatiic History 
.Ahhougii not restricted to the east-central part of the Great Basin 

,iroa. more \'olcanic rocks older than 30 m.y. occur here than else^^•here. 
Likeivise. rocks of intermediate age are most abundant betu-een the core 
.iri,i :ind the nnirgins. Thus, even though the outer part of the Great 
B;î in area \v;is moderateiy :icii\-e volc;niicaIiy during middle Tertiary 
n'me, liiere aj^pears to haxe been n definite outward shift with time of 
ihe /.one of intense \-olc;inisn"i. More pronounced, however, was the ces-
•nticin of \^o!canic activity that followed. Silicic volcanic activity seems 
10 iiave ceased entirely wiihin east-centra! Ne\-ada 25 to 30 m.y. before 
ihe jjresent and then mo\ed outward systematically to the south, xvesi, 
and possibly north, of the core area. Present data indicate that cessation 
of silicic \'olcanism xvas abrupt, arealiv systematic, and final. 

In the ea.s.tern pan of the Great Basin, the space-time distribution 
of volcanism v̂as less systematic. Young rocks appeal' to be restricted to 
the marginal are:is, but older volcanics are also present in abundance at 
and near the Wasatch front. In this area no definite outv,-ard progression , 
of the cessation of x'olcanism is apparent, 

.Althougli mafic rocks are sjioradically intercalated wiihin the vol-
c:inic section, most of tiie mafic !a\';is seem co overlie the silicic \-olcanic 
rocks. In several areas in the east-central and southeastern part of the 
Gie;ii .l:<:;sin, isoiopic data (R, L. .Armstrong, unj>ub, data) int'icnte tliat 
ihe mafic ^•olcanism occurred within 5 m,y, of the enc\ of silicic \olcanic 
aciivitx'. 

The volume of silicic \'nlcaiiic rocks betxveen 0 and 10 m.v. in age 
î  disiincily .smaller ihan that of rocks 10 to 20 or 2" to ".(̂  m.y. old. 
i-. nk-; Jess than ;"T m.y nid are even less abundant. Thi? change nrongb.' 
iU:i'4C.'>ii tlint tile iiitensit} of silicic %'olcanism has prog-.-essiveiv clecreas-jd 
ihr ino die last 10 m.y. 

TI-:C:TONIC .SIG.MKIC-K.NCIC 

Tiie oxcrall tectonic franieivork of the Great B.-:-in has a number 
•if •.li^liiIcti\•c feariires. These include widespread large-scale normal 

Iting (for e.vanijjic. Nolan, 19-l.̂ i; Moore. 1960: Thompson, i960; I ' l : 1 

.\i:i 

.\iv 
! i ' - . > 

Il,!7 

ckin, 1960) and strike-.slip faulting (Shawe. 196.5: Hamiiton anc! 
er.s. 1966: .McKee, lyiiSlj; and references cited therein'), tb.in crust. 
. ujjpcr-mantlc and crusial seismic velocities rutd densities, and 

•The 10- IO 1.1.m.y. daie at lat -10-S' K, long 116 = 47' AV. is on a shard-rich bedded 
associated w-ith upjjcr Pliocene venebi-ate remains. The fouvce of the volcanic 

'.-rial is probably at a considerable distance from ijie Mmr.̂ c site. 
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severe P„ wave attenuation (Pakiser and Zietz, 1965; James and Stein- .rust was proo- - ' " °^ ^<^^^otoic si/i, 
hart, 1966: Hill and Pakiser, 1966; Pakiser and Robinson,.. 1966; Wool- :rated to i..-°'^"^"'^'>' f̂ ' 
lard, 1966), continuing seisniic activity (Ryall, Slemmons, and Gedney, .'ouer 
1966). and high heat flow (Lee and Uyeda, 1965; Roy and others, 1968). :ures would resuJ' ' "" """'^'^- Release f " °~"" ^'^"' 
Viewed as a whole, these features emphasize the uniqueness of the Basin ^ '̂""î eJy shal lowS'" ^''"""^' meJu'no- of h ™ " ^ " ' " ? P'" '̂̂ --
and R.iiige tectonic province. Moreover, it seems likely that many of these :onsequence nf 3 P}^ ' " '^'e cru.sr°..^..i °! "^^'eriaj. j-j^ 

•~™,ssS5«?;:.:'= 
s:!:^'''">-s. -• .Jl (jie crust 1-n I J —'•^''rii. j-jr 

features may be relaied to the Ceno-zoic volcanism, and indeed some of ^'g^^-g^ade'rneta'"^ '^^^ozoic orogenies "l '''^^^ '̂ '̂ *̂ " P'*-' 
them show a pattern similar to that defined by the distribution of vol-.Ireat Basin. -pj^^'^^P^^c Paleozoic ro k P^i^'uced ih^ 
canic rocks. For e.xample. the core area is relatively inactive seismicallv fmperatures h 7 "'5^''""°^"ph.'c rocks c7^ '"̂ "̂  ^^posed i 
(Rvall. Slemmons, and Gednev, 1966; \Voollard, 1958) and seems to have me (.Arnutrono-°^^, ' ^°'" '"'''̂ on rete °-"°'.•'^<^'" to havt 
a slightlv thicker crust (Eaton, 1963; Pakiser and Zietz, 1965; Hill antb^rtions of t h A ^^"sen. "jggg. . " " ° " ' " minerals 

tures that postdate the silicic volcanic activity in most regions (Ekrcrp continua'jjv "A"^'°"'^^ "^"^ma. so^^.i'.°'" P.'i''tial nielti.. 
and others. 1968). Such svstematic volcanic migration (at a rate of apeif. • ^^P«" sources event \ ' i ' ''^^ '̂ ''•<cture.s w-

" -'• '̂ ^ "̂-ces wit),-

additio,!,,] 
-o \ • '•"luaju-

1968). Such systematic volcanic migration (; 
proximaielv 1-2 cm per vr) across hundreds of miles, must reflect soim The obsei- - -

per year. In the models of oce.in-floor spre 
rate ot several cent.mete upper „ia,„)e VnH " ''^^'^^i or is inA, ' ' " ' ' "^ '^ 
ading (Dietz, 1961; ^He.lung. p , , , ;^^ ' : ,^'"^^'""-^^ cJiffe,-e„?l"' ''.''̂ ''̂ '-^•^"eitic-.s . meUinc .'•^"ces in Uu 

the lower crust or upper mantle by the rising hot material or from i ^ " ' "̂ <̂  ''''''igiiTd sources 
overall rise of ieinper:iture resulting from deep-seated convective mo f *̂'"e 'ndebied ,r, A.r J '̂ '̂ •'-'̂ "'̂ •'̂ 'E.vr.s , ,„7-«.e.l.o..,.c. 

explain the common occurrence within the Great Basin of axiallv j '^^" '" .^ ' at V.-jĵ  cOnsirti ^^\ °^• '°'"''~'̂  '̂'om '('"'• T ' -'-̂  P"'j'ic.: 
metric:il \-olcanic centers of the collapse-caldera tvpe, each charactei^'"' -̂ ''leffieJd Scicntir,7At '^"'^ -"ids from ' 7 ''^''' ^'•'^'' 
by a chemically mineralogically, and otherwise Hibologicallv cohe'-'''''nt CP.^^si L C P r " ' "' "̂'•'̂ e Cniy -^ ''̂ "'̂ '̂'I'e.'i (. 

•-nee of luffs and lavas distinct from those of neighboring vok''"^''cn'pi. ' ' ak,.scr :,n,j , ^. , '̂̂ ". '̂- « sup,j^„ 
'''ble and others, 1965), The generation and eruption of 'iî 'i-j,, 

Ri;ri:h,;vr-; 
^ "-nnaily n.. 

•recily related to preexisting tectonic features, suciried/ato'̂ co °"''•̂ .'̂ '''̂ ••''- E. n ic-'.'"'''''^'""' 
• •'I extend to deep crustal or subcrusta! depths.-i". Paper Jo/̂ °n"o'̂ i;",' *'-"'ieni .Vv'e'f̂ ^ •'-"•'!'''<••••"I Mioc,., • 

. a third and somewhat different mechanisn-;:;^;^^:^^ 3 3 Y n s,, • ' ""'''''' ^"'"''•' l 3 . - 7 3 ' , ! ' • ' 
an tie material began to rise in liie core ^ r e A i c 7 A 3 y y 3 ^ y 7 i l 7 |:" '''"' >̂ "i>:c. n, c '-'' """' 

^"••'^'^''•'5. lA , A " l . " " ^ real a, ?•• '̂ "•'-. " „ „ , „ 
' " ^ ^ | • a m . „ , „ '" l - i ' < j - (. '•• 
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crust ^vas progressively distended and fractured. These fractures pene-
irated to ever increasing depths, tapping magma sources within the 
]o\':cr crust and upper mantle, Relea.se of confining pressure by the frac
tures would result in partial melting of hot material. Hot material at a 
relatively shallow depth in the crust ivould have been present as a direct 
(onsecjuence of the i^Iesozoic orogenies that produced the mediurn- and 
hieii-gr;ide metamorphic Paleozoic rocks now exposed in the eastern 
Great B;isin. Tlie metaniorphic rocks do not seem to ha^•e cooled belo-̂ v 
temperatures ftnorable for argon retention in minerals until Tertiary 
iime (.Armstrong antl Hansen, 1966; .Armstrong and Hills, 1967), Deeper 
Dortions of the crust must also !ia\e rem:iinecl at ele\ated temperatures 
after the .Mesozoic met.imorphism and were thus potential magma 
-•Oiirces. Generation and upward moNement of magma ^vould result in 
loss of consider;ible heat; the residue from partial melting ivould be 
unable to yield additional magma, so that the fractures would have to 
lajj continiiallv dee];)er sources, e\entuallv sources within the mantle 
iiself. 

The observation that basalts are commonly erupted later than 
iilicic volcanic I'ocks, in any given area, is consistent with this concept 
of tiie tapping of e\er-deeper sources of magma. In this model the local
ization of magma types would reflect original heterogeneities of the crust 
:!nd tipper mantle and regional differences in thermal gradient prior to 
.'uniting. Partial melting under \'arving pressure-temperature conditions 
•"Otild result. The progressive outward shift of \olcanic activity suggests 
that crustal fracturing began in the core area—an area that coincides \vith 
ihe bell of highest grade T f̂esozoic regional metamorphism—and mo\-ed 
dowly outward towaid the margins of the Great Basin, Cessation of 
••nlcanic activity reflects the exhaustion of the magma sources. 
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ABSTR-.ACT. .Ad'iila.i-i;ts 'frbin cp'uin?^ 
,72es that bracket the tim'c of cry.-iiallb 
li'ennsylvanian age is c^ccliIdcd.. Cum' 
;nt»seit deposition in .Laic. l',cnnsyh;i. 
iiiild (iefonnaiion- aikl ck-vaied teinij 

.piiiVin ihip iind. possibly soi)ieu'!i:n. ;. 
.iiiaV coi'hci'dc Vi-itb a".25fi.in. y. Iicaiin; 

Feklspa.rs civjicr highly ovdei'i'd (• 
liciii. lose Ar 21 low te.iii'pfi.'""i.ii't-'. !'•'.'.' 
Tlic data suggest cbniiiiupus didirsi' 
u'j-.vavd ihe siTblt 'sii-uam-jr state nl 
strncuiral states are nicn'C prone to fii 
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Qi;iri.rt7.. ve.i.ns .ill i'.he Ouael'u' 
ilie cxtellcnt: qunrii crystals tint. 
TiUiging .ill' age.-fram Ortlov'khn'i 
(£ngeiri95Lp. l.^Gr!87; Fitnvn ; 
Tjeies. 0.1' most, veins .lai'tlil'uliy r̂ :'. 
.I'-'dckl. suggesting ri'iat'.some or ;ill 
•v,'e:re derived by lateral secredcvn ( 
2;)2-2il?i'). The. veins- are liius. i:y.j>' 

..l.c»'i-'-grade".iTie.i';i.m.orjjh.ic .rock.s (.1-1:'i! 
ing veins 'are fainul in shal'e "ami 
.stone (Engd. 1931., p. 2-2J) and 
t:lel'i vei-ns. Gh.lorite ;is a w r̂̂  " 
.tspeclrdlv cci.di.n'ian in veinsyin ilii,-
•ihale lEvigei; 195.1, p. 229, 2ilSj. 

BA'i r i . 

T l i e l:.iv'o dated. .5jLii:-ci.n:iens. a n 

lanxl C;':iitii[.y (Enge l . 1951,, pi , - J . 

U'Vitcd sjieci.mftn (1951. pl. "S'lB; « 
<ji i.]ir ciated specirne'ti.s. 

Specimen 1 is ;i IJI-CCCIM ni 
EuiJy{.-i CO 'Middle 0.rtlovician \V 
jj. 2'7') (.'(-vnented by sii1je(:.p.i;tl anus, 
ihe' 'iVnmbIc in this area is a i.il,. 
tj.t:.&ccia fr:t.oiTient.s it.re ireathe'rctl fi. 
ochi'e aiHi brois'ii, u-iil;i scaiicred, 1. 
The lr.;Jriiit.nis are massiA*e or v:i'. 
ijrohabj'.' -a relict of the HI.IIV <.', 
'i-i'ige!. 19,'il, ]). 277). J.t coats tin: 
iijiiieral nf snia.llcr fi'i,siire .liiling.s. > 
(ji.tik. the pint occurring :is disiitii 
areas of ftlds]:iar, Qi.ta.rt;t furnts iii:i--
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GEOLOGIC HISTORY OF ROCKY MOUNTAIN REGION' 

JOHN D. HAUN" AND HARRY' C. KENT= 
Golden, Colorado 

,' ABSTRACT 
During late Precambrian time, sedimentary rocks were deposited in a geosyncline in the 

Cordilleran region. Eastward e.xtensions of this geosyndinal sea occupied parts of the Rocky 
Mountain region. After gentle deformation and erosion, the sea spread eastward during the Camtjrian 
and Ordovician Periods. Discontinuous Ordovician, Silurian, and Early Devoiiian rocks indicate 
short intervals of marine invasion interrupted by periods of erosion. A major invasion of the sea 
over the craton is recorded by the onlap of Devonian and Mississippian carbonates and Devonian 
evaporites which rest on rocks ranging in age from Precambrian to Early Devonian. 

The pattern of widespread shallow seas of the Mississippian Period was interrupted during 
the Pennsylvanian and Permian Periods by significant tectonic activity (Ancestral Rockies). Parts 
of the uplifts remained positive until Triassic or Jurassic time and supplied coarse clastic sediments 
to late Paleozoic basins in adjacent areas. At greater distances from land, sandstone, red shale 
and siltstone, evaporites, and carbonates accumulated. Marine Triassic sediments were deposited in 
southeastern Idaho and adjacent areas. Triassic and Early Jurassic continental deposits accumu
lated throughout much of the region. 

A series of Jurassic marine invasions from the Arctic initiated another major sequence of 
evenU. The boreal sea extended southward into the northwestern and western parts of the region 
In Middle Jurassic time, and successive transgressions reached as far southeast as northern Colo
rado by Late Jurassic time. After withdrawal of the Jurassic sea, the pattern of overlap was con
tinued by deposition of non-marine Jurassic and Cretaceous sediments. During the Early Cretaceous 
a sea again invaded from the north and in late Early Cretaceous time joined one from the south, 
forming a seaway which persisted throughout the remainder of the Period. During Early Cretaceous 
time, clastic sediments were derived from the craton on the east and from the Cordilleran region 
on the west. During Late Cretaceous time, the western source area predominated. 

The present tectonic framework began to form during the Late Cretaceous and early Tertiary 
with the development of uplifts and intermontane basins (Laramide orogeny). Extensive thrust 
faiilting occurred in the western part of the region. Lacustrine and fluviatile sediments, derived 
from surrounding uplifts, were deposited within intermontane basins. 

Volcanic activity was moderately important on the west during the Cretaceous Period, but ig
neous intrusion and volcanic activity became widespread throughout the Rockies in the Tertiary, 
The present drainage system was largely developed as the intermontane basins filled. Subsequent 
stream erosion, accompanied by Pleistocene glaciation and regional uplift, shaped the present 
topography. 

INTRODUCTION 

The area considered in this report is generally 
regarded by the petroleum industry as the Rocky 
Mountain region. I t includes the middle and 
Southern Rocky Mountains, a large part of the 
Great Plains, and the Colorado Plateau, The 
Western Montana disturbed belt (northern 
Rockies) is not included. 

Much of this compilation is based on the ex
tensive compilations of other workers that are, in 
turn, based on the publications of many hundreds 
of geologists. Maps published by Eardley (1962), 
Sloss et al. (1960), and in numerous guidebooks 

'Read before the Rocky Mountain Section of the 
Association at Durango, Colorado, September 29, 
1964, Manuscript received, May 22, 1965. 

' Colorado School of Mines. The writers appreciate 
the critical reading of the manuscript by Robert J. 
Weimer, James A, Peterson, Frank E, Kottlowski, 
William J, McMannis, and Reuben J, Ross, Jr. 

were especially useful. We appreciate the permis
sion to study unpublished maps of Ogden Tweto, 
J, A, Barlow, Jr„ C, E, Jenkins, and B, D. Rea, 

Most of the isopachous maps have been recon
structed to show probable thicknesses before Lar
amide and post-Laramide erosion. In addition, 
some of the maps have been reconstructed to 
show probable original areal extent of the units 
considered. Construction of paleogeographic maps 
is always made diflicult by the impossibility of 
establishing the true former extent of eroded 
stratigraphic units. A chance discovery may es
tablish that there wei'e normal marine carbonates 
deposited in the center of what was previously 
considered to be a land area! The various kinds 
of maps and cross sections have been selected to 
provide an outline of the major events in the tec
tonic and sedimentational history of the Rocky 
Mountain region. 
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FIG. 1.—Late Precambrian paleogeologic map show
ing Precambrian sedimentary rocks (dots) west of 
more ancient igneous and metamorphic rocks (after 
Blackwelder, 1946; Lochman-Balk, 1956; Sloss, 1950; 
Williams, 1953). 

PRECAMBRIAN 

There -were 15,000 to perhaps as much as 
50,000 feet of Precambrian sediments deposited 
in -western parts of the region, including the 
Grand Canyon Group in Arizona, the Uinta 
Mountain Group centered in northern Utah, and 
the Belt Supergroup in Montana (Fig. 1). Belt 
rocks are about one billion years old. A recently 
determined age of 1,070 million years (m.y.) is 
based on potassium-argon and rubidium-strontium 
analysis of glauconite from the upper part of the 
Beltian Missoula Group (Gulbrandsen, Goldich, 
and Thomas, 1963). Other previously determined 
ages are as much as several'hundred million years 
older or younger. 

Northwest and southwest of the region there 
may have been continuous deposition from Pre
cambrian into Cambrian time. At the top of the 
eastward projections of these ancient sediments, 
however, there is probably an unconformity of 

considerable magnitude. The original maximum 
extent, except possibly in local areas (e.g., La-
Hood Formation of McMannis, 1963), is un
known, and the eastward projections may bear 
little relation to the original depositional pattern. 

The three eastward projections of Precambrian 
sedimentary rocks had different structural his
tories throughout post-Precambrian time. The 
area of Belt sedimentary rocks in Montana was 
the locus of deposition of the central Montana 
trough (Big Snowy basin) which provided a con
nection between the Cordilleran geosyncline and 
the Williston basin, especially during parts of 
Paleozoic time. It was the site of mountain build
ing during the Laramide orogeny. The area of de
position of the Uinta Mountain Group was a sea
way during the Pennsylvanian, but was not oro-
genically active until Laramide uplift. The Grand 
Canyon Group was tilted during late Precambrian 
time, but the region was one of relative stability 
and positive movements in later eras. 

East of the region of Precambrian sedimentary 
rocks, the older basement complex consists of 
metamorphic and igneous rocks. A northeast-
southwest-trending band of older rocks 
(2,300-2,700 m.y.) crosses Wyoming. Northwest 
and southeast of these more ancient rocks are 
younger basement rocks (1,300-1,800 m.y.) 
(Blackstone, 1963; Eardley, 1962; Engel, 1963). 
In Colorado and in southern and northwestern 
Wyoming the dominant trend of foliation and 
bedding is northeast, and in the remainder of 
Wyoming the dominant trend is northwest (King, 
1959, p. 99). 

Tectonic trends within visible basement rocks 
in some areas are parallel with Paleozoic and 
later structures, but in much of the region there 
is little obvious relation between visible basement 
structure and later structure. Although most 
structural development in the region probably is 
related to vertical movements of basement 
blocks, the source of energy for movement was 
deep within the crust or mantle, and the orienta
tion of forces is not reflected in the visible base
ment rocks. 

In some areas, such as the Williston basin, Pre
cambrian ancestral structural features were inter
mittently active throughout geologic time. In 
other, areas, such as the Ancestral Rocky Moun
tains, late Paleozoic tectonic elements were reac
tivated during the Laramide orogeny but not nec-
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essarily with the same orientation, and post-Lar
amide structural developments cross-cut previous 
structural trends. In still other areas, such as the 
Wyoming basins and ranges, there is no record of 
major pre-Laramide structural activity of ele
ments corresponding with Laramide structures. 

,' CAMBRIAN 

During the Cambrian Period there was progres
sive spreading of a shallow epicontinental sea 

• eastward and southeastward from the Cordilleran 
geosyncline (Lochman-Balk, 1956). .Lower Cam
brian rocks are confined to the geosynclinal area. 
A generalized east-west diagram (Fig. 2) showing 
the overlap of Cambrian rocks on basement is 
representative of most of the region, from north 

. to south. In eastern Colorado the Cambrian sea 
came from the east (MacLachlan, 1961). I t is 
probable that the northeast-southwest-trending 
transcontinental arch (Siouxia' and Sierra 
Grande) was not covered in its southwest part 
until the Ordovician (Fig. 3). Clastic sediments 
were overlain by carbonates as the sea moved to
ward the arch. 

Figure 3 illustrates the progressive age of rocks 
resting on basement. In an area in central Colora
do the western sea may have joined the southeast-
em sea during Late Cambrian. This has been 
called the Colorado sag and was a structurally 
low area on the transcontinental arch. Early Or
dovician deposition was essentially a continuation 
of Late Cambrian deposition, with no obvious 
lithologic or faunal break, and was a part of the 
first cycle of marine sedimentation. 

UTAH 
TO 

IDAHO 

COLORADO 
TO 

DAKOTAS 

L. ORDOVICIAN 

NO SCALE 

3 CAMBRO-ORDOVICIAN 
OVERLAP 

Fic. 2.—West-to-east restored diagrammatic cross 
section of Cambro-Ordovician overlap. Basal sand
stone (dots) is laterally equivalent to shale (hori
zontal lines) and carbonate (limestone symbols). 

Fic. 3.—Restored worm's-eye map of Cambrian 
and Lower Ordovician rocks on Precambrian rocks 
at end of Early Ordovician (after Berg, 1960; 
Christiansen, 1963; Eardley, 1963; Lochman-Balk, 
1956; McKee, 1951; Scopel, 1964; Sloss, 1950; 
Sloss et ai, 1960; Stevens, 1961; Wheeler, 1947). 

ORDOVICtAN 

Middle or Upper Ordovician rocks unconform
ably overlie Lower Ordovician to Precambrian 
rocks in the region. The unconformity resulted 
from withdrawal of the sea to the geosyncline in 
late Early Ordovician time. Return of the sea to 
the cratonic area in Middle and Late Ordovician, 
the second cycle of sedimentation, is indicated by 
basal clastic sediments overlain by carbonates and 
could be diagrammed in a manner similar to that of 
the Cambrian overlap. Post-Ordovician periods of 
erosion have removed much of the record, but 
Upper Ordovician carbonates indicate that clear 
marine waters probably occupied most of the re
gion. Thickest sedimentary sequences occur in the 
geosynclinal area and in the Williston basin. 
Middle Ordovician sediments indicate the first 
development of a depositional Williston basin 
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FIG. 4.—Ordovician-Silurian distribution map (after 
Chronic and Ferris, 1961, 1963; Hintze, 1959; Rush, 
1963; Sandberg and McMannis, 1964; Sloss et al., 
1960; Stoyanow, 1936). 

(Sandberg and Hammond, 1958, p. 2329). Re
stricted circulation in the Williston basin is indi
cated by the occurrence of evaporites in Middle 
and Upper Ordovician rocks and in the rocks of 
subsequent periods (Sandberg, 1962). 

The discovery of Cambrian (?) , Ordovician, 
and Silurian rocks in outliers (Fig. 4) just north 
of the Wyoming-Colorado boundary (Chronic and 
Ferris, 1963), in an area previously mapped as 
Precambrian, has resulted in drastic revision of 
early Paleozoic paleogeographic maps. These 
rocks are an additional indication that the area 
previously considered to be a part of the positive 
transcontinental arch actually was covered by the 
sea. Later uplift of the arch and subsequent ero
sion led to development of the present limits of 
Ordovician sediments. Additional evidence of 
former extent of Ordovician sediments was found 
in 1964 in a third outlier in northern Colorado, 
about 10 miles south of the previously described 
southern Wyoming outliers. The newly discovered ' 

outlier has yielded a fauna of Late Ordovician 
age (John Chronic, personal communication). 

SU-URIAN 

The record of Silurian deposition is the most 
fragmentary part of regional stratigraphic histo
ry. The Williston basin carbonates and evaporites 
comprise the thickest Silurian section in the re
gion. In addition a varied and unquestioned Silu
rian fauna has been collected from the southeast
ern Wyoming outliers (Cronic and Ferris, 1963). 
The fauna and rock types from these localities 
indicate a marine environment of deposition far 
removed from a shoreline. It is probable that de
position was continuous from Late Ordovician 
through Silurian time and that the region was 
completely covered by the Silurian sea. Present 
limits of Silurian rocks in the Cordilleran geo
syncline and the Wilhston basin are probably the 
result of pre-Devonian and subsequent periods of 
erosion. 

DEVONIAN 

The sea withdrew from the craton during Early 
Devonian and the period of erosion that fol
lowed was one of the most extensive in the region. 
Limits- of pre-Devonian formations on the north-
em Montana uplift (Alberta shelf) are in doubt 
primarily because of this unconformity. The pat
tern of Devonian erosion also indicates that the 
transcontinental arch was positive. When the sea 
returned during Middle and Late Devonian, a third 
cycle of deposition was initiated. The sea trans
gressed from northern Alberta into the Williston 
basin and'in it were deposited thick evaporites 
and carbonates. In parts of the region the 
transgression again was characterized by clastic 
deposition. 

Middle Devonian rocks occur only in the Cor
dilleran geosyncline and the Williston basin and 
indicate the slow progress of Devonian overlap. 
The present southeastern limit of Upper Devoni
an rocks is indicated by the zero isopach in Fig
ure 5. Conservatively estimated maximum limits 
of Devonian deposition are indicated by dotted 
lines on the map. The region was probably not 
completely covered by the sea until Mississippian 
time. 

MISSISSIPPIAN 

In much of the region there apparently is a 
disconformity between Devonian and Mississip-
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pian formations. Clastic sediments in basal Mis-
\i sissippian beds indicate uplift of the northern 

part of the ancestral Front Range. Uplift may 
have occurred also in other elements of the An-

Pr cestral Rockies (Fig. 6) . Some Devonian sedi
ments probably were removed during this period 
of erosion, and in areas beyond the limits of De
vonian deposition, Mississippian rocks rest on 

\- pre-Devonian Paleozoic and basement rocks. In 
western Montana and northwestern Wyoming, 

• transitional Devonian-Mississippian strata ("dark 
• shale unit" of Sandberg, 1965) unconformably 
overlie older Devonian beds. The time repre-

%, sented by pre-Mississippian or Early Mississippian 
erosion, however, does not appear to be very long, 
and the total aspect is one of continued 

• transgression and completion of the cycle of sedi
mentation that began in Devonian time. 

CANADA 
j-SHt'l-'' U.S 

FIG. S.—Devonian distribution map. Dotted lines 
indicate possible ma.ximum extent, vertical lines show 
limits of Middle Devonian rocks, and horizontal lines 
show limits of Upper Devonian rocks (after Eardley, 
1963; McKee, 1951; Rothrock, 1960; Sandberg and 
Hammond, 1958; Sloss et ai, 1960). 

FIG. 6.—Mississippian isopachous map; isopach in
terval 500 feet (after Carlson, 1963; Eardley, 1963; 
Maughan, 1963; McKee, 1951; Rothrock, 1960; 
Sandberg, 1962; Sloss et at., 1960). 

The Mississippian deposits are predominantly 
carbonates, but in the Williston basin thick evap
orites were deposited (part of the Charles For
mation). Late Mississippian (Chesterian) sedi
ments are not common in the region and may 
have been removed by pre-Pennsylvanian erosion. 
The dominantly clastic Chesterian Big Snowy 
Group is conformable with the underlying 
Charles Formation in the Williston basin (Sand
berg, 1962), but around the margins of the basin 
and in central Montana the contact is disconform
able (Sloss, 1950, p. 444). Mississippian rocks 
probably once covered the entire region, but were 
thinnest over the transcontinental arch and the 
incipient Ancestral Rockies. The isopachous map 
(Fig. 6) tends to confirm this pattern, although 
the thickness was modified an unknown amount 
by post-depositional, largely pre-Pennsylvanian, 
erosion. During Late Mississippian time the sea 
apparently withdrew from the region and then 
began an advance which started the fourth cycle 
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S. CENTRAL COLORADO 

FiG. 7.—Schematic lower and middle Paleozoic 
stratigraphic diagram (modified from Rold, 1961). 
Symbols as on Figure 2. 

of deposition. Faunal evidence in northwestern 
Colorado, western Wyoming, and western Mon
tana indicates that this next sedimentation cycle 
began in latest Mississippian time. 

EARLY AND MIDDLE PALEOZOIC 

TECTONIC FRAMEWORK 

The isopachous map (Fig. 6) emphasizes the 
tectonic framework of the region, a framework 
which was partly revealed in earlier periods and 
which continued into late Mesozoic time. On the 
north, extending southward into northern Mon
tana, is the Alberta shelf that was stable through
out its history and was positive throughout much 
of geologic time. South of this shelf is the central 
Montana trough (Big Snowy basin) that was a 
negative structural element throughout Beltian 
deposition and was a seaway during much of 
Paleozoic time, but was an area of uplift during 
the Laramide orogeny (central Montana uplift). 
The Williston basin (southeast of the Alberta 
shelf in Montana and North Dakota) was the site 
of deposition for 17,000 feet of sediments, most
ly of Paleozoic age. South of the Williston basin 
and • the central Montana trough, the Wyoming 
shelf was an area of great stability until the Lar
amide orogeny. The southern Rockies of Colora
do and New Mexico form another distinctive re
gion of relative instability, especially during late 
Paleozoic and Laramide orogenies. On the south
west the Colorado Plateau, including parts of 
Colorado, New Mexico, Utah, and Arizona, was 
stable during its entire history and was only mod
erately deformed during the Laramide orogeny. 
West of this entire region is the Cordilleran geo
syncline, which is arcuate, convex toward the east, 
and was relocated eastward with time. 

Lower and middle Paleozoic correlations and 
positions of unconformities across southern Colo
rado are diagrammed in Figure 7. The strati
graphic diagram illustrates the effects of regional 
uplifts which were e.specially pronounced along 
the transcontinental arch. 

PENNSYLVANIAN 

The pre-Pennsylvanian unconformity is one of 
the most significant in the region. Pennsylvanian 
strata rest on Precambrian basement along the 
flanks of the Ancestral Rocky Mountains and 
over the crest of the southwestern end of the 
transcontinental arch (Levorsen, 1960, p. 118). 
The pre-Pennsylvanian unconformity is the result 
of both orogenic and epeirogenic uplift. The An
cestral Rocky Mountain trend is the continuation 
of the Wichita-Amarillo system on the southeast 
(Hills, 1963). Structural relief developed in Des-
moinesian time alone was at least 5,000 feet 
(Mallory, 1960, p. 26). Total structural relief 
that developed during Pennsylvanian and Per
mian deposition along the southwestern flank of 
the Uncompahgre uplift was greater than 15,000 
feet. The tremendous volumes of coarse elastics 
shed from the narrow, elongate Front Range and 
Uncompahgre uplifts (Fig. 8) indicate the amaz
ing potential of island areas to supply large 
amounts of sediment. 

Figures 8 and 9 illustrate regional relation of 
dominant facies in Pennsylvanian rocks. Thick 
evaporite deposits occur in the Paradox basin and 
minor amounts in the central Colorado trough. 
North of the Ancestral Rockies (Front Range 
and Uncompahgre uplifts), fine clastic sediments 
were deposited on the Wyoming shelf in shallow 
marine and continental environments. A north
west-trending area of thin Pennsylvanian rocks in 
Wyoming has been mapped by Love (1954), and 
along this arch younger Pennsylvanian rocks 
flank older rocks beneath the pre-Permian uncon
formity. Beyond the areas oi clastic and evapo
rite deposition, the carbonate facies becomes more 
significant. The extent of Pennsylvanian and Per
mian rocks in northern Montana prior to pre-
Mesozoic erosion.is unknown. 

PERMIAN 

The Pennsylvanian-Fermian boundary is dif
ficult to define in the southern part of the re
gion, but in much of Wyoming a disconformity 
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exists at this boundary. Permian rocks were depos
ited in the miogeosyncline that extended into 
Utah, Idaho, and western Wyoming. From time 
to time seas covered the western and southeast
ern parts of the region. The Ancestral Rocky 
Mountains .were still positive and shed variable 
amounts of airkosic elastics into adjoining troughs 
and basins. 

Dark shale, phosphorite, and chert were depos
ited in eastern Idaho and parts of adjoining 
States (Sheldon, 1963). Carbonate deposition . 
dominated in a band on the east and south (Fig. 
10). Farther east, shale and siltstone of the red-
bed facies contain thin carbonate and evaporite 
tongues. Coarse arkosic sediments surrounding 
the Ancestral Rockies intertongue with redbeds, 
sandstone, limestone, and evaporites. The Zuni 
and Front Range uplifts were less important 

NE COLOflAOO 

FIG. 9.—Diagrammatic restored section of Penn
sylvanian deposits, SW.-NE., across Colorado. Sym
bols are same as for Figure 8 (after Mallory, 1960). 
No scale. 

sources of elastics than the Uncompahgre uplift.' 
Significant thicknesses of evaporites formed, 
especially in western Nebraska and northeastern 
Colorado. 

Cyclic deposits are present throughout much of 
the region and are most numerous in the Denver 
basin. Wolfcampian carbonates and sandstone of 
the eastern part of the region are not reflected in 

Fic. 8.—Dominant facies in Pennsylvanian rocks : 
conglomerate (circles), sandstone (dots), shale 
(dashed lines), carbonate (limestone symbols), evap
orite (plus signs). Isopachous interval 5,000 feet. An
cestral Rockies are within zero isopachous lines in 
southern part of map .(after EarcUey, 1963; Mallory, 
1960; McKee, 1951; Sloss, 1950; Sloss et cd.. 1960). 

Fic. 10.—Dominant facies in Permian rocks 
(largely Leonardian and Guadalupian). Wolfcampian 
rocks not included in the east, but are included in 
southern part of map. Symbols same as for Figure 8 
(partly based on maps by Sheldon, 1963; Peterson, 
1959; Momper, 1963). 
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Fic. 11.—Pre-Mesozoic paleogeologic map: Pre
cambrian (pC), Mississippian (M), Pennsylvanian 
(IP), and Permian (P) (modified from McKee et al., 
1956, 1959). 

the Permian facies map (Fig. 10). Wolfcampian 
sediments, however, have been included in the 
southern part of the map because it is not pos
sible to separate them from other Permian de
posits. 

PALEOZOIC-MESOZOIC RELATIONS 

The pre-Mesozoic paleogeologic map (Fig. 11) 
illustrates the distribution of geologic units prior 
to deposition of Mesozoic rocks. Mississippian 
rocks are present along the northern part of the 
region and are paralleled on the south by Penn
sylvanian and Permian rocks. Limits of Paleozoic 
formations in the northern part of the region are 
influenced by pre-Middle Ordovician, pre-Upper 
Devonian, pre-Upper Mississippian, and pre-
Middle Jurassic erosion. 'Various Permian forma
tions are present in the central part of the region 
and, if depicted, would make the paleogeologic 
map more complicated than is indicated. Rem

nants of the Ancestral Rockies were present in 
Colorado during the early Mesozoic, but contrib
uted little sediment to Mesozoic deposits. 

In much of the region a disconformity exists 
between Triassic and Permian rocks, but through
out most of Wyoming and southeastern Idaho 
(Figs. 11, 12) there was probably continuous de
position from latest Pernuan through eariiest 
Triassic time. In the southwestern part of the re
gion successively younger Triassic rocks onlap 
progressively older rocks from wesfto east to
ward the Uncompahgre uplift. 

Figure 12 illustrates the various Mesozoic units 
that rest on the Paleozoic and Precambrian rocks 
of Figure 11. Triassic rocks were deposited 
throughout most of the area, were partly removed 
in the Jurassic, and then were overlapped by 
Jurassic deposits. Prominent areas of Jurassic 
overlap are in Montana, the Great Plains, and 
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FIG. 12.—Worm's-eye map of Mesozoic rocks on 
older rocks: Triassic (Tr), Jurassic (J), and Cre
taceous (K) (modified from McKee et al., 1956, 
1959). 
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central Colorado. Cretaceous rocks finally cov
ered remnants of the Ancestral Rockies and other 
areas on the east. 

- TRIASSIC 

During Early Triassic time the miogeosyncline 
extended into' eastern Idaho, southwestern Mon
tana, and westernmost Wyoming (Fig. 13);. the 
remaining parts of the region were shelf areas. 
Thickest sediments, as during' much of the Paleo
zoic, were deposited in the miogeosyncline where 
thick carbonates (Dinwoody and Thaynes Lime
stones) were deposited. Thin tongues of carbo
nates, for example, the Alcova Limestone, extended 
toward the east. The Zuni and Defiance posi
tive elements were elevated areas during Early 

^ Triassic, but were buried by Late Triassic sedi
ments. The northwestern part of the Uncom-

EASTERN 
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FIG. 13.—Triassic isopachous map; isopachous inter
val 500 and 1,000 feet (modified from McKee et al., 
1959). Alcova Limestone present only in western 
and centrtil Wyoming. 

FIG. 14.—Stratigraphic diagram of Triassic rocks 
across Wyoming (modified from Thomas, 1949). 

pahgre uplift also was covered by sediments dur
ing Late Triassic, but. central Colorado was a pos
itive area. Many local basins of deposition and 
uplifted areas do not correspond with Laramide 
tectonic features. 

A disconformity at the base of the Chinle For
mation (and/or Shinarump Conglomerate) in the 
southwestern part of the region separates Lower 
from Upper Triassic rocks. This disconformity 
may be present throughout a large part of the re
gion, but its existence has not been established in 
Wyoming. The stratigraphic diagram (Fig. 14) 
does not show the disconformity, although the 
hiatus is supposed to represent most of Middle 
Triassic time. The relation of the Alcova Lime
stone to the Thaynes is questionable and the age 
of the Nugget Sandstone also is in doubt (discus
sion by Oriel, in McKee et al., 1959, p. 23). 

Figure 15 illustrates stratigraphic relations on 
the northeastern flank of the Uncompahgre uplift 
prior to Late Triassic sedimentation. Major uncon
formities and names of Paleozoic formations are 
shown. The stratigraphic history of the central 
Colorado trough is summarized in this diagram. 

JURASSIC 

In the southwestern part of the region, Upper 
Triassic rocks are conforrnable with Lower Juras
sic rocks. Toward the east and north, younger Ju
rassic formations overlap Triassic and older 
rocks. Along the eastern margin of Triassic rocks, 
several hundred feet of Triassic sediments were 
removed by pre-Lale Jurassic erosion. 

During Jurassic time, thickest marine deposi
tion was centered in the Twin Creek trough along 
the western boundary of the region. Twin Creek 
(and equivalent) sedimentation is the last 
significant carbonate deposition in the Rocky 
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Mountain region. A Middle Jurassic paleogeo
graphic map (Fig. 16) shows the regional north
east trend of depositional environments: normal 
marine (Sawtooth Formation) al the northwest, 
separated from a restricted environment at the 
southeast. This depositional strike continued into 
Late Jurassic and was controlled by the trans
continental arch. 

There were several Middle and Late Jurassic 
invasions by the Arctic sea, the most extensive of 
which are represented by the shallow marine and 
transitional sediments of the Sundance Formation 
and Todilto Limestone. Maximum limit of the 
sea is shown on Figure 17. Thickest sedimentation 
was in the same general area as Triassic and ear
lier deposition. The source area for most of the 
Jurassic elastics was on the west, along a north-

GRANO 
JUNCTION 

0 

south-trending uplift which formed in the Cordil
leran trough during the Nevadan orogeny. After 
northward withdrawal of the Sundance (Swift) 
sea, non-marine variegated shales and coarser 
elastics of the Morrison Formation were depos
ited. Wyoming formation nomenclature and strati
graphic relations are illustrated in Figure 18. 

Through much of the region, the Jurassic-Cre
taceous boundary is indeterminate or question
able. The boundary may be within the non-marine 
Morrison Formation. There is no regional uncon
formity at the base of Cretaceous rocks except 
where they onlap areas not previously covered by 
the Morrison Formation (Fig. 12). 

CRETACEOUS 

During Eariy Cretaceous the .Arctic sea again 

GLENWOOD 
SPRINGS 

I CHINLE) LATE TRIASSIC 
0 

Fic. 15.—Stratigraphic diagram showing thick sedimentary section in central Colorado trough thinning 
toward Uncompahgre uplift (from Haun, 1962). 
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invaded the Rocky Mountain region. The Dakota 
Group, Cleverly, and associated formations, be
come younger southward and were deposited in 
the transitional environments near the margins of 
"this sea. The Skull Creek Shale and equivalent 
marine sediments were deposited when the Arctic 
sea had joined, over the transcontinental arch, a 
seaway that extended northward from the Gulf 
of Mexico (Haun, 1963). The seas were sepa
rated for a short time by the joining of deltaic de
posits from east and west, but were reunited in 
Late Cretaceous, The southward movement of 
the sea caused the Dakota Group and its litho-
genetic equivalents to become progressively 
younger toward the southern and eastern margins. 
The sea did not reach northwestern New Mexico 
until Late Cretaceous time. Major sources of 
elastics were in areas west and east of the seaway 
in Early Cretaceous (Figs. 19, 20), but in Late 
Cretaceous the dominant source area was on the 
west. Thick deposits on the west (Fig, 19) reflect 
nearness of clastic source, as well as major down-

Fic, 16,—Paleogeographic map of Middle 
Jurassic (after Peterson, 1957), 

FIG. 17,—Jurassic isopachous map; isopachous inter
val 500 and 1,000 feet (modified from McKee et al., 
1956). 

warping, and are slightly east of thickest de
posits of earlier periods. Figure 20 illustrates for
mation nomenclature and stratigraphic relations 
of Cretaceous and early Late Cretaceous rocks 

FIG, 18.—Stratigraphic diagram of Jurassic rocks 
across Wyoming (modified from Thomas, 1949). 
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across south-central Wyoming and western Ne
braska. 

The west-to-east regression of the. Late Creta
ceous sea was periodically interrupted by 
transgressions' that resulted in intettonguing of 
marine and non-marine sedimerits, (Weimer, 
1,960). The thick non-marine and transitional de
posits of the Mesaverde Formation accumulated 
in coastal-plain and deltaic eiivironinents along 
the western margin of the ."iea. The eastern ma
rine shales and carbonates, 3,000 to 7,000 feet 
thick (Figs. 21, 22) j "were deposited contempora
neously with non-marine sediments on the. west,-
more than 15,000 feet thick (Weimer and Haun, 
i960). The' source area was in the former posi
tion of thick Paleozoic and early Mesozoic mio-
geasyrfclitfal tjepgsitign and is the area on the 
map (Fig. 21) where Upper Cretaceotis is absent. 
Areas of thin sediments in Figure 21 reflect pre-
Tertiary erosion. Areas .of thickest deposition 
(Fig. 22) changed with time, becoming located 
prijgressively farther .eastward. 

During the Cretaceous, and especially during 
latest Cretaceous, early phases of. Laramide tee-
tonic activity began. Growtli of Laramide moun
tains and basins, as well as minor tectonic fea
tures, infiuenced depositional patterns; In some 
parts, of the region igneous activity "accompanied 
Late Cretaceous deposition. 

CENOZOIC 

The Laramide orogeny began in latest Creta
ceous (mid-MaeEtrichtian) time and lasted until 
the end of the Eocene. This is an arbitrary 
definition, b.ecause the writers recognize the fact 
that there was orogenic activity in the Cordiller
an area at various times beginning with the,Ju
rassic Nevadan orogeny and continuing, with sein
er al maxima, until thei Laramide. Each succeeding 
orogenic pulse was iifi a more eastward ppsition. 
An early Late Gretaeeous. uplift in south-central 
Utah, and probably on the'north, has been named 
the Pedar Hills orogeny (Eardley, ,1962, p. 203). 
In .the_ major part of the region-under considera
tion, the Laramide, as defined here, has specific 
meaning. During the Laramide there developed 
vertical uplifts and basins, folds, reverse, and 
thrust, faults,"and tremendoiis thicknesses of non-
marine sediments. Thrust faulting was "dominant 
in the western area of thick miogeosynclinal de-' 
position. During the Laramide orogeny 1S,000 to 

45,000 feet of structural relief dev'elpped, Post-
Laramide tectonic activity was Of a different 
character arid involved regional uplift and normal 
faulting. 

Figure:,23 shows the present thickness.of Pale-
cicerie arid Eocene sedimentary rocks within the 
different "structural and depositional basins and 
outlines the present tectonic framework of the 
region. In the westernmost basins more than 
10,000 feet of 'sediments were deposited. 'The 
western basins, of Wyoming, Colorado, arid Utah 
contain the valuable oil-.shale deposits of the 
Green Ri-yer lake beds; Lake beds are also pres
ent in the Wind River, Big' Horn, and possibly 
other basins. Oligocene, Miocene, and Pliocene 
sediments almost completely buried the mountain 
ranges of Wyoming and adjacent, areas (Love et 
al., 1963) and were largely removed by later ero
sion. Igneous activity, both intrusive and extru
sive, is confined mainly to the southern and 
ndrthwestem parts of the region (Fig. 24), Most 
bf the Wyoming shelf, with the exception of the 
Yello-ft'stone region of northwestern Wyoming, 
was not,involved,in igneous aetivity, but volcanic 
ash made" a large contribution to the late Tertiary 
sediments. Normal faulting, regional uplift, 
mountain glaciation, and development Of thepres-
ent' drainage system .characterize the late Ter-
tiary-to-Recent history of the region. 

SUMMARY 

The depositional history of the region is sum-
rriarized in Figure 25. The vertical scale repre
sents geologic time as determined by Kulp 
(1,961), The horizontal scale represents the part 
of the. Ro'cky Mountain region, in which sedi
ments were deRosited, The farther toward the 
right that the, line extends, the greater is the- area 
covered by sediments at any given time. Con
versely, the leftward projections indicate major 
unconformities. The part containing limestone " 
symbols represents marine deposits, and the part 
containing the dotted pattern represents non-ma
rine deposits. The sequences listed on the tight 
side of the diagram are those of Sloss (1963). A 
question mark has been added to Tejas because 
there is gerieral lack of definition, of the Tejas-' 
Zuni boundary. Perhaps Tejas should be removed 
from the list of sequence names. I t should be em
phasized that the sequence- names are rock units, 
not time units, and refer only to those rocks de-

f r . 

.'̂  

v.* 

t 
1 

S 

. -* ..-;i3%S> , *^.'.,v.*t^,^.#^i^,/t^^Ai.-C..-F'*i f,^^fi^-iAi,g^^iM^_^ifyfi^g^it^i-t j i A 



1. ' 

GEOLOGIC HISTORY OF ROCKY MOUNTAINS 1795 

> , ) 

3,' 

CANADA 

m^y3.^--
WA-, 

I iAs^'7y?37 
/ ; ,ii§-m i : / 

« ' • ; ' • ' / 

' / • • 

A ̂ '̂y 

KANSAS 

A W / /• A\^A y 
• I- \7l 

\ 
, .X 

/ 

r̂. 
• 4ooO ' 

UppermosI Componion, ^ ^ ^ 
Macstrichlicn ond Don.on 1?I_J>-^ 
slroto generolly obsent south>«es{ 
ol this line. 

ARIZONA 

/ 
. / 

^7 
rv-

cofiiftaL.poinds 
» SufJoce »rct''On 
• Well aofo 

/ 

/ 
I NEW MEXICO 

Isopochous Mop 

UPPER 
CRETACEOUS 

ROCKY MOUNTAIN 
REGION 

ISOPaCH INTERVflU 
2 0 0 0 FEET 

MILES 

G .00 iSo 
Kii.OM£tefls 

Fro. 21.—Upper Cretaceous isopachous map (from Weimer and Haun, 1960). 

li ' 

•~iir 

JL 
"Fir 

A. • u 



• . y : 

r''.-V-k 

iA^^:i^'>^^-7i-7A A 
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posited within the "wedges , of sediments diar 
gramnied at the left. The sequences aie boiinded by 
uncooformities which differ, from place tp place,, 
in the length of the erosional interval. The -se
quence, concept simplifies visualizatioQ cf the po
sition of rhajor unconformities and petiods of 
maximum deposition. 

The most significaht events, since' the Eirecam-
brian, in the geologic history of the Rbc-ky 

p ' Mountain region are the follo'ftfing, 
1. Transgression of the sea in Gambrian-Early 

.Ordovician. 

CAMftPA 

A 

M 

FIG. 23.—Early Tertiary tectonic framework em
phasized by Paleocene and Eocene sedimentary rocks. 
Isopachous contour interval 3,000 and 10,000 feet. 
Eocene,oU-shate areas outlined by dashed lines; high-
grade oi] shale shown by diagoiial lines. Early Ter
tiary structural and depositional basins: "Williston 
(WI), Bull Mountains'(B), Ci^;^ Mountains (CM), 
Powder River (PR), Big Horn (BH), Wind River-
(WR)„ Great Divide (GD), Green River (GR), 
Waihakie, (WA), Hanna (H), Laramie (L), Uinta 
(XJ), Piceance (P), North Park-Middle Park (NP), 
Denver (D), Raton (R), and San Juan (SJ).' 

m>i± 

.oiLLEjp A i ^ * 

"̂i A^ouoiienou^ 

FIC. 24.—Cenozoic igneous rocks: nnajor intrusions 
(solid black), dikes (lines), and- exttusives (Vs)', 
Some of these areas becariie active during Late 
Cretaceous,-

2, Transgression .of the sea iii Middle to Late 
Ordovician and Silurian, This is. poorly docu
mented. 

3, Regression and transgression of the sea in 
Late Devonian to Missis.sippian, with a minor 
withdrawal in Late Devonian,. 

4, Uplift of some of the elements of the An
cestral Rockies, especially the northern ancestral 
Front Range, in Early Mississippian, 

5, Ancestral Rocky Mountain orogeny io 
Pennsylvariian and -Permian, accompanied by in
vasions of the sea into trough and basin areas, 
and deposition of first major non-marine sedi
ments, 

6̂  Shift from more westerly' seas of the Tirias-
sic .to the Arctic seas of the: Jurassic and Creta
ceous, influenced by the Nevadan orogeny on the 
west. 
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GEOLOGIC TIME SEQUENCES 
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FIG. 23.—^Sumraary diagram. Vertical scale in IDD million years (Kulp, 1961), horizontal scale represents 
percentage. (0 to 100 per cent from left to right) of legion in which marine, (limestone pattern) and non-
marine (dots) deposits originally accumukted; sequence riames are.froni Sloss (1M3).. 

7. Marked eastward shift of uplifted clastic 
source areas in Utah and Idaho during the Greta
eeous, 

8. Extensive invasion'of Cretaceous seas from 
Arctic and Gulf, with construction bf major del
tas in eastern and western areas. 

9. Laramide orogeny, with vertical uplifts, 
compressive folds arid faults, thick continental 
deposit's, and •volcanism, 

10. Late Tertiary basin filling and re-excava
tion, normal faulting, vqlcanisrn, and establish-
rnerit,of*present drainage pattern and geomorphic 
features; • 
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I WILLIAM: J. McMANNlS' 
Bozeman, Montana 

ABSTRACT 
The western part of Montana is not a .depositional basin in the sense used in this symposium, 

but .its depositional and structural history iŝ  related to events of nearby areas. The area discussed 
lies partly ih the shelf region and partly in the marginal area of- the" Cordilleran geosyncline. The 
decipherable part of its. history begins with late .Precambrian (Belt) sedimentation, during which 
the fundamental structural framework of western Montana evolved. Thick Belt strata are, present 
in the western extremities and in an eastward-projecting embayment^ ^Subsequent depositional 
patterns and present structural configuration are closely related to distribution o{ that thick sedi
mentary wedge. Coarse arkosic; conglomerate was deposite.d along the southern fault-controlled 
margin o f ' t he Belt embayment. Cambrian through Mississtppian formations, and pacts, of the 
Cretaceous section are typically thicker in east-west zones, e^ntial ly coincident With • the old Belt 
embaymentj'than they are.north or south of the embayment. 

Along the southwestern Montana and Idaho bordei: a positive-arch existed agalinst which ;Ca"m"-
brian through Deyoniau formations thin or disappear. This positive element became strongly nega
tive during Mississippiaa and later depositional intervals as geosynclinal subsidence encroached on 
the cratonic mafgiii. . . . . . . . . 

Important fades? changes take place in" stratigraphic units acroK the northeast"^trending Green
horn fault, in the Greenhorn-Snowcrest Range. These changes, whieh 'occur in short dista'nces, 
suggest faulting ,or strong fiesure along this zone during posf-Ordovitrian to pre-Late Devonian and 
during Mississippian times. Pennsylvanian, Permian, and Triassic thicknesses also seeni to. Be mildly 
influenced by relatively negative .movements in this area. 

Other northeast-striking thickness trends in several stratigraphic units ate apparent in the 
Sweetgrass arch sarea, where ^they seem to coincide with known, present-day subsurface faults. 
Northeast-'strikirig structural trends 'apparently also control tlie thickness of Upper Cretaceous and 
Paleocene strata in. the Crazy Mountains Sasin. 

-In general, Triassic, Permian, Pennsylvanian, and Mississippian formations successively under
lie Jurassic beds from south to north, a relationship that has been expla'ined by southward tilt 
and beveling during pre-Jurassic . erosion. Irregularities in the truncational pattern and- genera! 
thinriihg of each formation beneath the next younger unit indicate that much of the northward 
pinch-out is -related to depositipna! thinning on which southward tilt Was superimposed. During 
deposition of" the. marine Jurassic several large "islands" remained above for part or all' of that 
interval; 

Late in Jurassic time the-western seaway along which earlier seas had transgressed the region 
was destroyed by increasing tectonism in the area" west of Mbntana,-and a flood of debris wais 
carried east-ivard to form the non-marine Morrison Formation. The basal conglomerate of the 
Kootenai Fo.rm_atio~n (Lpw_er Cretaceous) indicates a particularly strong uplift in areas that could 
not have been far west of Montana. When the seas returned tp this region, they came from the 
north "arid soiith 'and spread westward, inundating western Montana. 

In the eastern part of the area, Cretaceous and Paleocene rocks are generally separable into rock 
•and ttme-rock units; however, on the west the corresponding sequence is, almost entirely non-
marine, sparsely fossiliferous, and exceedingly diverse in lithologic. character. 

Four major westward advances of. the sea punctuated Gretaeeous deposition in an increasingly 
unstable tectonic setting. Locally,, volcanic debris is very abundant in the Colorado Group; and 
strong'in'crease'in thickness westward attests to further-e.icroathment of geosynclinal downwarping 
onto'.the cratonic. margin. 

Laramide orogeny began in the Montana area coincident with deposition ôf the Eagle-Claggett 
•and correlative units. Local areas of strong uplift, erosion, and voltanism, and the large, influx 
of andesitic volcanic 'debris iii these stratigraphic units, are evidence of the initial stages o'f orogeny. 
Accumulation of very thick volcanic sequences in at least iwo separate fields during Judith River 
time attests to increasing intensity of orogenic processes.- Strong deformation and erosion, follotved 
by deppsitipn; of coarse, erosional products, and volcanism in the southwestern and central parts of 
the area, intrusion of .'granitic plutons in the west^central part, of the area,-arid thickaccuinulatlbn 
of coarse gravels in the Crazy Mountains basin, all during Lancian and Paleo ce tie time, .coincide 
with the. cultiiinatioh of orogenic activity. Some intense folding and thrusting pbst-;date those 
events' just mentioned, but it is reasonably certain that Laramide compressional deformation had 
ceased before middle Eocene time in western Montana, 

'Read before, the Rocky Mountain Section of the Association at Durango, Colorado, October 1, 
Manuscript received. May -7, 1965. 
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iNTRODUCnON 

This is Number 10b of a series of correlation 
charts of North American sedimentary forma
tions prepared by the Committee on Stratig
raphy of the National Research Council 
(Dunbar, 1942). 

The compilers of this chart have attempted 
to show, as nearly completely as is reasonably 
possible, the present state of classification and 
nomenclature of the Cretaceous formations in 
the Western Interior of the United States, 
chiefly in Arizona, New Mexico, Utah, 
Colorado, Kansas, Wyoming, Nebraska, Iowa, 
Montana, the Dakotas, and Minnesota. The 
generalized map (Fig. 1), after Stose (1946), 
indicates the major areas of outcrop in the 
region. The index map (Fig. 2) shows by num
ber the general location of each area represented 
by a column of the chart (Pl. 1). Columns are 
given in Plate 1 for 128 areas, arranged by 
States, and, within each State, from south to 
north and from west to east. Each column 
includes the stratigraphic units recognized in 
the area. 

Some 315 stratigraphic names, of various 
ranks, are noted in the chart, and an index of 

them referred to column numbers is given at 
the end of the paper. Some of the names used in 
earlier publications have long since been 
displaced and are not considered here. They 
may be found in Wilmarth's Lexicon of geologic 
names (1938). In some columns variant parallel 
nomenclatures are shown. Probably some of the 
later names have been overlooked, but the 
compilers doubt that many such would be of 
major importance. In the index and in the chart 
the source area of the name (typical occurrence) 
of. a stratigraphic unit is indicated by an 
asterisk (*). Chronologic relations are indicated 
by horizontal position. Hiatuses are indicated 
by vertical lining; lack of knowledge, through 
nonexposure or other cause, is indicated by 
diagonal lining. Numbers within the columns 
of the chart refer to annotations given here. 
The chief sources for the data given are shown 
by reference numbers at the bottom of each 
column. (See References Cited). Abbreviations 
used in the chart are as follows: 

bent. 
chk. 
chy. 
cong., congl. 
f., fra., form. 
forms. 

bentonite 
chalk 
chalky 
conglomerate 
formation 
formadons 
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1012 COBBAN AND REESIDE—CRETACEOUS FORMATIONS, WESTERN INTERIOR OF U. S. 

compilers here express their obligation to their 
colleagues for this assistance. Special credit is 
due T. W. Stanton for information used in. 

gr. 
Is. 
m., mem., merab. 
pt. 

group 
limestone 
member 
part 

FiGDBE 1.—GEKESAUZED M A P OF OoTCROP AKEAS OT CRETACEOOS SEWMENTAKY ROCKS IN THE WEST
ERN INTERIOK OS THE UNITED STATES 

s., SS., sand. 
sdy. 
sh. 
t., ton., tong. 
up. 
z. 

sandstone 
sandy 
shale 
tongue 
upper 
zone 

The compilers have visited many of the 
areas considered and have found the first
hand acquaintance .with them very useful in 
examining the voluminous literature of the 
-region. The accumulated fossil collections of 
the U. S. Geological Survey and the U. S. 
National Museum have also, provided much 
useful local information. In addition to these 
data, many associates, by discussions in the 
field and in the oflSce and by written com
munications, have supplied unpublished data. 
I t has not been possible to acknowledge in
dividually all such information, and the 

Column 10, W. W. Rubey for Columns 65 and 
66, and R. K. Hose for Column 78. 

BODMDARIES AND MAJOR DIVISIONS OF 
THE CRETACEOUS 

MuUer and Schenck in 1943 discussed the 
Cretaceous system of the' World at some 
length and provided an extensive bibliography 
of literature pertinent to the history of the 
term, the subdivisions, and other aspects of 
the uni t The present notes deal only with more 
local aspects of some of these matters. 

The lower boundary of the Cretaceous 
system is placed very precisely where marine 
strata assigned by general agreement to the 
earliest part of the Berriasian stage rest upon 
marine strata similarly assigned to the latest 
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BOUNDARIES AND MAJOR DIVISIONS OF CRETACEOUS 1013 

part of the Tithonian stage, as in the western 
Alps. In many regions, however, no such 
precision is possible, for some of the beds may 
be noimiarine or unfossiliferous or otherwise 

places either an arbitrary spearation has to be 
made or an interval left u^assigned. 

The upper boundary of the Cretaceous 
system is much less securely established than 

FIGURE 2.—^INDEX MAP SHOWING AREAS REPRESENTED BY NUMBERED COLUMNS OF PLATE 1 
(CHART 10B) 

difficultly assignable, and opinions may differ 
for each region concerning the position of the 
boundary. In the Western Interior of the 
United States the establishment of the bound
ary between the Jurassic and the Cretaceous 
systems was long controversial (Baker and 
others, 1906, p. 58-63), primarily because of a 
vigorous disagreement as to the age of the 
Morrison formation. There is now fairly 
general agreement that the Morrison is Jurassic 
and that the next overlying beds are Cre
taceous. At many places there is little doubt 
where a boundary is to be drawn. At many 
other places, however, a fairly uniform se
quence of deposits cannot be satisfactorily 
dated or can be dated only as Jurassic below 
and Cretaceous above, with no indisputable 
plane of separation between them; in these 

the lower boundary. Customarily the Danian 
stage is assigned the highest position in the 
Cretaceous, but opinions differ as to what 
beds are to be correlated with the typical 
Danian, and whether the typical Danian is 
reaUy Cretaceous. For the Western Interior 
the compUers have arbitrarily included the 
Danian in the Cretaceous and have placed it 
at the level of the 7"rtccra/o^i-bearing beds. 
These beds, like the Morrison formation, were 
the subject ot a long controversy. There seems 
now to be general acceptance of the thesis that 
the overlying beds, in North Dakota and South 
Dakota containing the marine Cannonball 
fauna (Stanton, 1920; Fox, 1942) and elsewhere 
containing primitive mammals and no dino
saurs, are to be assigned to the Paleocene. 
In practice the criteria may be locally some
what difficult to apply, and in some regions 
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there are sedimentary units tha t , in whole or 
in part , -cannot be assigned with assurance. 

Within the Cretaceous, the most widely 
adopted practice is to divide the system into 
two series, Lower and Upper (Spath, 1941). 
I n Europe the boundary between the two 

:Series is generally placed a t the boundary be
tween the Albian and Cenomanian stages. 
T h e most common departures from this custom 
are the usage of many British geologists who 
p u t the British Gault (middle and upper 
Albian) in the Upper Cretaceous (as, for 
example, Arkell, 1947, p . 2) and the usage of 
some French geologists who divide the Cre
taceous into three parts and recognize Lower, 
Middle , and Upper series (as, for example, in 

'fimile Haug ' s Trai l t de Giologie, in which work 
the Eocretaceous group includes the 'Valan-
giniaa, Hauter ivian, Barremian, and Apt ian; 
the Mesocretaceous indudes the Albian, 
Cenomanian, and Turonian; and the Neo-
cretaceous includes the Coniacian, Santonian, 
Campanian , and Maestrichtian). The com
pilers believe that , for the Western Inter ior 
of the United States, the more usual practice 
of recognizing two series should be adopted 
and we should a t t empt to identify the boundary 
between the equivalents of the Albian and 
Cenomam'an stages. 

HISTORICAL BACKGROUND O F 

CLASSHTCATION U S E D 

C. A. 'White (1891) has sketched the history 
of the earlier exploration and interpretation of 
the Cretaceous rocks of the Western Interior 
as pa r t of his general account of the Cre
taceous system in Nor th America. Much detail 
concerning the nomenclature up to the end 
of 1936 is given by Wilmarth (1938). N o in
clusive discussion of the American Cretaceous 
has been published since tha t work. 

T h e earliest published records of the Cre
taceous in the Western Interior, dat ing back 
to the first decade of the nineteenth century, 
are primarily paleontologic and are litt le con
cerned with stratigraphic nomenclature. I t 
was not until 1856 tha t F . B . Meek and F . V. 
Hayden , as a result of their expedition to the 
Missouri Valley for James Hall , proposed a 
general classification as follows: 

"Tertiary. 
Cretaceous system. 

5. Gray and yellowish arenaceous clays contain
ing great numbers of marine moUusca with 
a few land plants. 100 to 150 feet. 

4. Plastic clays -with numerous marine moUusca. 
About 350 feet. 

3. Grayish and yellowish calcareous marl, con
taining Oslrea congesla, fish scales, etc. 

100 tp 150 feet... 
2. Grayish and lead colored clays having few 

fossils. 80 feet. 
1. Sandstones and clays not positively known to 

belong to the Cretaceous system. 90 feet. 
Limestones of upper coal measures at Council Bluffs. 

The numbers for the stratigraphic divisions 
were used until 1861, when Meek and Hayden 
substi tuted for them a series of geographic 
terms and gave an extended discussion and a 
table t h a t may be quoted in abbreviated form 
as follows: 

"Upper series 
Fox Hills beds. Formation No. 5 SOO feet 

Gray, ferruginous and yellowish sandstone and 
arenaceous clays, . . . 

Fort Pierre group. Formation No. 4. 700 feet 
Dark gray and bluish plastic clays, . . . 
Dark bed of very fine unctuous d a y , . . . Local; 

filling depressions in the bed below. 
Lower series 

Niobrara division. Formation No. 3. 200 feet 
Lead-gray calcareous marl, weathering to a 

yellowish or -whitish chalky appearance 
above. . . . Passing down into Ught, yellowish 
and whitish limestone. . . . 

Fort Benton group. Formation No. 2. 800 feet 
Dark gray laminated days, sometimes alter

nating near the upper part with scams and 
layers of soft gray and light-colored lime
stone. . . . 

Dakota group. Formation No. 1. 400 feet 
Yellowish, reddish, and occasionally white sand

stone, with, at places, alternations of various 
colored clays and beds and seams of impure 
lignite. . . . 

Meek and Hayden considered their "Lower 
series" equivalent to the "Lower or Gray 
Chalk (and Upf)er Greensand) of British 
geologists (Turonien and Cenomanienf of 
D 'Orb igny) , " and their "Upper series" equiva
lent to the "Upper or Whi te Chalk and Maes-
tr icht beds (Senonien of D 'Orb igny) . " With 
litt le modification the Meek and Hayden 
section is still the basic framework of a stand
ard reference section for the Western Interior. 

T h e nonmarine rocks immediately overlying 
the Fox Hills sandstone, considered Tert iary 
by Meek and Hayden , were the subject of a 
long controversy t h a t only in recent years 
seems to have reached a generally acceptable 

ip« i i f twa| |^ i * i | fg 

- • - - - " • • • i t j L * ^ 



• . » * M - ; ^ - . ; " , > » ^ " 

H-i 

HISTORICAL BACKGROUND OF CLASSIFICATION USED 1015 

solution. The nonmarine beds are considered 
now to be in part Tertiary and in part Cre
taceous, the boundary between them and the 
names applied being chosen on the basis of 
local features. 

As information accumulated over the years, 
many names, dictated by local development of 
lithologic facies, have been applied to sub
ordinate divisions of the Cretaceous. Meek and 
Hayden's "Lower series," modified by the 
exclusion of the "Dakota group," became in 
1878 the Colorado group (White, 1878, p. 21, 
22, 30), and their "Upper series" became in 
1888 the Montana group (Eldridge, 1888, p. 3). 
Both these names have had wide application 
and are still very useful indusive terms. In the 
first studies of some areas, local names were 
applied that proved to be less serviceable than 
names originally applied elsewhere, and the 
local names have passed out of use in favor of 
the other names. The net results, for nomen-
dature and correlation, of nearly a century 
of geologic study since the begiiming of the 
Meek and Hayden. work constitute the dassi-
fication shown in Plate 1. 

STANDARD RJEFERENCE SEQUENCE 

A standard reference sequence for the 
Western Interior is shown near the left margin 
of Plate 1. 

As indicated in Historical Background of 
Classification Used, the first sequence of litho
logic units described and named was that for 
the Missouri "Valley. As it is an entirely marine 
sequence, it has become the basis of a con
venient standard of reference. Continued study 
of the Cretaceous deposits has naturally added 
much detail and has dictated the subdivision 
of Meek and Hayden's units and the addition 
of certain units to the standard. 

In their section Meek and Hayden described 
their "Fort Pierre group" as filling depressions 
in the top of their "Niobrara division," im
plying a discontinuity between their "Nos. 3 
and 4." I t has become evident that the hiatus 
represented by the discontinuity was filled 
farther west by the Telegraph Creek and 
Eagle formations, and these units have been 
added to the standard sequence. 

Meek and Hayden's original "Fort Benton 

group" was named for exposures in Montana 
supposed to be equivalent to "No. 2" of the 
lower Missouri Valley. Actually these exposures 
indude both "No. 2" and "No. 3 " of the lower 
valley. Usage has, however, effectively re
stricted the name Benton, as Meek and Hayden 
intended, to "No. 2." GUbert in 1896 (p. 564) 
found it convenient in eastern Colorado to 
divide the Benton group into three formations— 
the Graneros shale below, the Greenhorn lime
stone in the middle, and the Carlile shale above. 
These names have been widely used over the 
Great Plains region, but it seems desirable now 
to modify the scope of the Greenhorn from that 
of Gilbert's definition and to replace the 
Graneros in the standard reference sequence 
by the less equivocal Belle Fourche shale. 

In the western Black Hills the Belle Fourche 
shale is underlain by the Mowry shale, the 
Newcastle sandstone, the Skull Creek shjJe, 
and the Fall River sandstone. The recent 
recognition by the compilers (1951) of the 
ammonite genera GaslroplUes and Neogastro-
plites in the Mowry shale shows that this 
formation is very late Early Cretaceous. The 
SkuU Creek shale contains a marine fauna and 
appears to be equivalent to the Purgatoire 
formation of Colorado and the Kiowa shale of 
Kansas. As these or equivalent units are 
widespread, it has seemed appropriate to 
include them in the standard sequence. 

For the still earlier part of the sequence, no 
unit except the Gannett group of southeastern 
Idaho and the adjacent part of Wyoming seems 
to cover the interval. The two limestones, the 
Peterson and Draney, in the middle part of 
the group contain a fresh-water fauna like 
the faunas of the Cloverly and Kootenai for
mations, with the Ephraim conglomerate below 
and an unnamed red shale above. With some 
hesitation the compilers suggest this group as 
part of the reference sequence, in spite of its 
rdative remoteness from the remainder of the 
reference sequence. 

SUGGESTED ZONAL INDICES AND OTHER FOSSILS 

The compilers present, near the left margin 
of Plate 1, a column of some 30 faunal names, 
which are suggested as zonal indices, and also 
a diagram indicating the ranges of certain 
important species of invertebrates, chiefly 
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mollusks. The ammonoids, as in other regions, ' 
are the most useful forms, particularly the 
scaphites and the baculites, both of which are 
found in abundance and variety, as well as in 
many kinds of sediment. Among the pelcc>'pods 
the species of hioceramus are abundant and 
varied. As parts of the Cretaceous sequence are 
nonmarine, especially toward the west, some 
of the nonmarine species are useful markers. 

For reasons not well understood, the corals, 
the echinoderms, the brachiopods, the bryo
zoans, and the crustaceans are relatively rare 
and of little value for corrdation. Some of the 
moUuscan groups are likewise relativdy rare, 
such as the rudistids and the bdemnoids. 

The compilers believe that certain groups of 
fossil organisms have not yet been v^orked out 
in the region to the point where they are 
widdy useful as dose indices, and no attempt 
has been made to indude them in the palento-
logic part of the chart. Among these are the 
marine ostracodes, the foraminifers, the plants, 
and the vertebrates. These organisms, when 
adequately studied, will undoubtedly be as 
usefid as any others. 

The following discussion considers the sug
gested zones in order from bottom to top and 
offers notes on some of the associated fossils 
and on the geographic distribution of the 
zones. 

UNDETERMINED ZONE : The lowest part of the 
Cretaceous sequence in the Western Interior is 
apparently represented in the Ephraim con
glomerate of the Gannett group of eastern 
Idaho and adjacent parts of Wyoming. Whether 
the lower part of the Ephraim indudes 
Jurassic deposits is not determined. No satis
factory fossils have been found in this interval, 
and no zonal indicators are suggested. Over 
large areas, especially in the Great Plains, this 
interval is probably not represented by sedi
ments. 

ZONE or Prolelliplw douglassi (STANTON): 
The interval of the Peterson and Draney lime
stones and their equivalents, such as parts of 
the Cloverly formation and of the Kootenai 
formation (of Montana), is marked by Prolel-
liplio douglassi (Stanton) (1903, p. 195). I t is 
associated with Unio farri Stanton (1903, p. 
194), Stanlonogyra silberlingi (Stanton) (1903, 
p. 198), Campdoma karlowtonensis Stanton 
(1903, p. 196), and Quadrtda nalosini (Mc-

Leam) (1929, p. 73). Peck (1941, 1951) reports 
nonmarine ostracodes from this zone: Psetido-
cypridina inornala (Peck), Cypridea anomala 
Peck, C. compla Peck, and C. wyomingensis 
Jones; and charophyte oogonia: Alopochara 
trivohis Peck and Clavator harrisi Peck. This 
nonmarine fauna is known in western Colorado, 
across Wyoming and Montana, and- at an 
isolated locality in Nevada. 

UNDETERMINED ZONE: A time interval in the 
later Early Cretaceous, immediately before 
deposition of the SkuU Creek shale and its 
equivalents, is probably only in part repre
sented by sediments in the Western Interior. 
These sediments have not furnished fossils 
that would seem useful as zonal indicators, and 
none is suggested. 

ZONES OF Oxytropidoixras STTELER AND or 
Inoceramus comancheanus CRAGIN: The Skull 
Credt shale and its equivalents are marked by 
Inoceramtis comancheanus Cragin (Reeside, 
1923a, p. 202). I t is associated with Inoceramtis 
bellvuensis Reeside (1923a, p. 203). In the 
Kiowa formation of Kansas a large fauna, in
duding the ammonite genus Oxyiropidoceras 
Stieler, is present in this zone (Twenhofel, 
1924). The nonmarine Bear River fauna is 
represented in the western marginal deposits of 
this interval, induding such species as Unio 
bellaplicaltu Meek (White, 1895, p. 34), 
Ursirivus pyrijormis (Meek) [= Corhula 
Pyriformis Meek (White, 1895, p. 38)], Pyr-
gulifera humerosa Meek (White, 1895, p. 55), 
and Campeloma macrospira Meek (Wh'te, 
1895, p. 60). Peck (1951) reports in this zone 
the nonmarine ostracodes Psettdocypridina 
taemcula Peck and Cypridea skeeieri Peck. The 
marine fades is especially well shown in Kansas, 
but the fauna can be followed with progressive 
restriction into the Purgatoire formation of 
eastern Colorado, the Skull Creek shale of the 
Black Hills, and the basal part of the Colorado 
shale of Montana. 

ZONE OF GaslroplUes MCLEARN: The lower 
part of the Movirry shale and its equivalents 
are marked by the ammonite genus Gastroplites 
McLeam (1933, p. 14). The zone "may also 
indude the equivalents of the Newcastle sand
stone, but the diagnostic fossils have not been 
found in them. The zone contains the lower 
part of the ranges of Maengonoceras Hyatt 
(1903, p. 179), Oslrea anomioides Meek (Stan-
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ton, 1893, p. 55), Nemocardium aff. N. kan-
sasense (Meek) (1876, p. 170), and Bicorbula 
dubiosa (White) (1879b, p. 249). The non-
marine Bear River formation occupies the 
interval immediately below the GaslroplUes 
zone, but its fauna in part reappears in the 
marginal facies of the Aspen formation, and 
the upper part of the ranges of some of the 
nonmarine species is shown on this chart as 
extending into the lower part of the Gastroplites 
zone. 

ZONE OF Neogastroplites MCLEARN: The upper 
part of the Mowry shale and its equivalents 
contain ammonites of the genus Neogastroplites 
McLeam (1933, p. 21). I t is associated with 
Inoceramtis nahwisi McLeam (1931, p. 7). The 
zone contains the upper part of the ranges of 
Oslrea anomioides Meek, Nemocardium aff. N. 
kansasense (Meek), Bicorhda dvbiosa (White), 
and Metengcmoceras Hyatt. This zone is re
corded particularly'from Wyoming and Mon
tana. 

ZONE OF Calycoceras HYATT : In eastem Colo
rado the lower part of the Graneros shale, in 
northwestern Colorado the upper part of the 
Dakota sandstone, and in central Wyoming 
part of the Frontier formation have yielded the 
characteristic Cenomanian genus Calycoceras 
Hyatt [ = Metacalycoceras Adkins, 1928, p. 241)]. 
These beds are equivalent to the lower part of 
Belle Fourche shale; and it is believed that 
this interval, though commonly barren, will 
elsewhere furnish diagnostic spedes. I t is not 
known whether Brachydontes muUilinigera 
(Meek) Stanton, (1893, p. 86) ranges bdow 
this zone, although similar forms are known at 
lower levels. 

ZONE OF Acanthocerasf amphibolum MORROW: 
The middle zone in the Belle Fourche shale 
and its equivalents is marked by Acanthocerasf 
amphibolum Morrow (1935, p. 470). The zone 
indudes the lowest part of the range of Turri-
tella whilei Stanton (1893, p. 130) and is well 
developed in Kansas, eastern Colorado, Wyo
ming, and Montana. 

ZONE OF Acanthocerasf SP. A: The uppermost 
part of the Belle Fourche shale and its equiva
lents are marked by a readily recognizable 
ammonite that at present has no formal name, 
but for convenience of reference is here called 
Acantltocerasf sp. A. This zone indudes the 
lowest part of the ranges of Oslrea soleniscus 

Meek (Stanton, 1893, p. 56) and Cardium. 
pauperculum Meek (Stanton, 1893, p . 99). 
This zone is well developed in Wyoming and 
Montana. 

ZONE OF Dunvegan'oceras pondi HAAS: In 
central Wyoming rocks equivalent to the 
lowest member of the Greenhorn formation, 
the Lincoln limestone member, are marked by 

-Dunveganoceras pondi Haas (1949, p. 22). I t is 
assodated with Mantelliceras canilaurinum 
Haas (1949, p. 9), Mdoicoceras praecox Haas 
(1949, p. 15), and Inoceramus prefragilis 
Stephenson (1952, p. 64). The zone indudes 
the lower part df the ranges of Exogyra colum-
bella Meek (Stanton, 1893, p. 63) and Pseudo-
melania hendricksoni Henderson (1934, p. 262), 
and, farther south, of Exogyra olisiponensis 
Sharpe (Reeside, 1929b, p. 268), Oslrea pru-
dentia White (Stanton, 1893, p. 54), and 
Grypltaea newberryi Stanton (1893, p. 60). 

ZONE OF Dunveganoceras aff. D. albertense 
(WARREN): In central Montana and northern 
Wyoming rocks equivalent to the second 
member of the Greenhorn formation, the 
Hartland shale member, are marked by an 
unnamed spedes of Dunveganoceras dosely • 
rdated to D. albertense (Warren) (1940, p. 149). 
The zone includes the higher part of the ranges 
of Exogyra columbella Meek and Pseudomelariia 
hendricksoni Henderson and, farther south, of 
Exogyra olisiponensis Sharpe, Oslrea prudenlia 
'White, and Gryphaea nevuberryi Stanton. 

zotfE OF Sciponoceras gracile (SHUMARD) : The 
third member of the Greenhorn formation, the 
Jetmore chalk, and its equivalents are marked 
by Sciponoceras gracile (Shumard) [ = Baculites 
gracilis Shumard (Stanton, 1893, p. 166)]. 
I t is associated with Scaphites delicalidus 
Warreri (1930, p. 66), "•Worthoceras" Adkins 
(1928, p. 218), and Metoicoceras whilei Hyatt 
(1903, p. 122). The zone includes the highest 
part of the range of Inoceramus prefragilis 
Stephenson and the lowest part of the ranges 
of Tragodesmoceras Spath (Morrow, 1935, p. 
468), •Walinoceras Warren (1930, p. 66) [see 
also Acantltocerasf coloradoense Henderson 
(1908, p. 259)1, and Neocardioceras Spath 
[Adkins, 1931, p. 72. See also Acanthocerasf 
katiaiense Stanton (1893, p. 181)]. Sciponoceras 
is the oldest baculitid recorded from the 
Western Interior. The zone is widely distributed 
in the Great Plains and the Colorado Plateaus. 
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ZONE OF Inoceramus labialtis SCHLOTHEIM: 
The uppermost member of the Greenhorn 
formation, the Pfeifer limestone, and its 
equivalents are marked by Inoceramus labialus 
Schlotheim (Stanton, 1893, p. 77). It is as
sociated with Thomasiles Pervinquiere (1907) 
and Vascoceras Choffat (Reeside, 1923b, p. 28). 
This zone indudes the highest part of the 
ranges of Walinoceras Warren and Neocardio
ceras Spath and the lowest part of the range of 
Inoceramus fragilis Hall and Meek (1856, p. 
388); it is very widely distributed. 

ZONE OF CoUignoniceras xuooUgari (MANTELL) : 
The lowest member of the Carlile shale, the 
Fairport chalky shale, and its equivalents 
are marked by CoUignoniceras wooUgari (Man-
tell) [= Prionolropis woollgari of Meek (1876, 
p. 455)]. I t is associated with Scaphites larvae-
formis Meek and Hayden (Meek, 1876, p. 418). 
The zone indudes the highest part of the 
range of Tragodesmoceras Spath and the 
lowest part of the ranges of Baculites cf. B, 
besairiei Collignon (1931, p. 37) and Gyrodes 
conradi Meek (Stanton, 1893, p. 136). This 
zone is widely distributed. 

ZONE OF CoUignoniceras hyatli (STANTON): 
The second member of the Carlile shale, the 
Blue Hill shale, and its equivalents are marked 
by CoUignoniceras hyatli (Stanton) [= Priono
lropis hyatli Stanton (1893, p. 176)]. I t is 
associated with Scaphites carlilensis Morrow 
(1935, p. 466) and it includes the higher part 
of the range of Inoceramus fragilis Hall and 
Meek. The "Pugnellus sandstone" of the 
older literature (Stanton, 1893, p. 28) is part 
of this zone. This zone is widely distributed in 
the Great Plains and in eastern Utah. 

ZONE OF Scaphites tvarreni MEEK AND 
HAYDEN: The lower part of the third member 
of the Carlile shale, the Turner sandy member, 
and its equivalents are marked by Scaphites 
tvarreni Meek and Hayden (Cobban, 19Slc, p. 
21). I t is associated with Prionocyclus macombi 
Meek (Stanton, 1893, p. 172) and Inoceramus 
dimidius White (Stanton, 1893, p. 78). The 
zone indudes the lower part of the ranges of 
Oslrea lugubris Conrad (Stanton, 1893, p. 58), 
0. malachilensis Stanton (1893, p. 57), and 
Pholadomya coloradoensis Stanton (1893, p. 
116). This zone is known around the Black 
Hills,' eastem Wyoming, western Colorado, 
eastern Utah, and northern New Mexico. 

ZONE OF Prionocyclus wyomingensis MEEK: 
The middle part of the Turner member of 
the Carlile shale and its equivalents are 
marked by Prionocyclus wyomingensis 'Meek 
(Stanton, 1893, p. 171). I t is associated with 
Scaphites ferronettsis Cobban (1951c, p. 23) 
and 5. whilfieldi Cobban (1951c, p. 24). The 
zone includes the higher part of the ranges of 
Oslrea lugubris Conrad, 0. malachilensis Stan
ton, and Pholadomya coloradoensis Stanton, 
and the lower part of the range of Inoceramus 
per plexus Whitfidd (1880, p. 392). This zone 
is widely but irregularly distributed. In New 
Mexico, Utah, and Colorado it is possible to 
divide this zone into a lower part with Scaphites 
ferronensis and an upper part with Scaphites 
whilfieldi. 

ZONE OF Scaphites nigricollensis COBBAN: 
The upper part of the Turner member of the 
Carlile shale and its equivalents are marked by 
Scaphites nigricoUensis Cobban (195 lc, p. 25), 
I t is associated with Prionocyclus reesidei 
Sidwdl (1932, p. 318). The zone indudes the 
upper part of the range of Inoceramus perplexus 
Whitfidd and is widdy distributed in the 
northern Great Plains. . 

ZONE OF Scaphites corvensis COBBAN: The 
uppermost member of the Carlile shale, the 
Sage Breaks member, and its equivalents are 
marked by Scaphites corvensis Cobban (1951c, 
p. 26). The zone indudes the highest part of 
the range of Baculites cf. B. besaireii Collignon 
and the lowest part of the range of Oslrea 
congesla Conrad (Meek, 1876, p. 13) Near the 
western margin of deposition nonmarine de
posits of this age contain "Cyrena" carleioni 
(Meek) (White, 1883b, p. 436), NerUina 
bellatula Meek (White, 1883b, p, 458), and 
Physa carleioni Meek (White, 1883b, p 43), 
This zone is known only in the northern 
Great Plains, 

ZONE OF Inoceramus deformis MEEK: The 
lower member of the Niobrara formation, the 
Fort Hayes limestone, and its equivalents are 
marked by Inoceramus deformis Meek (Stanton, 
1893, p. 85). I t is associated with Scaphites 
Inoceramus deformis Meek (Stanton, 1893, p. 
85). I t is associated with Scaphites impendi-
coslalus Cobban (19Slc, p. 28), S. prevenlricosus 
Cobban (1951c, p. 26), Baculites mariasensis 
Cobban (1951b, p. 818), Barroisiceras Gros-
souvre (Reeside, 1932), Inoceramus erectus 
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Meek (1877, p. 145), Veniella goniophora 
Meek (1876, p. 152), Oslrea sannionis White 
(1884, p. 300), and Cardium curium Meek and 
Hayden (Meek, 1877, p. 151). I t includes the 
lowest part of the range of Binneyites Reeside 
(1927b, p. 4). This zone is very widely dis
tributed. In Montana, where the rocks equiva
lent to the Fort Hays limestone are charac
terized, by Schaphites prevenlricostts, a zone of 
Inoceramtis deformis, s.s., can be recognized 
above a zone marked by small variants of 7. 
deformis and / . erectus. 

ZONE OF Scaphites venlricostis MEEK AND 
HAYDEN: T h e lowest p a r t of the equivalents of 
the Smoky Hill chalk member of the Niobrara 
formation is marked by Scaphites ventricosus 
Meek and Hayden (Meek, 1876, p . 425). I t is 
associated with Inoceramus umbonatus Meek 
and Hayden (Meek, 1876, p . 44). This zone 
indudes the lowest pa r t of the ranges of 
Bacidiles asper Morton (Reeside, 1927a, p! 13) 
and Inoceramtis grandis (Conrad) [ = Eap lo-
scaplia grandis (Conrad, 1875, p . 23)]. This 
zone is widespread. 

ZONE OF Scaphites depressus R E E S I D E : T h e 
second zone in the equivalents of the Smoky 
Hill member of the Niobrara formation is 
marked by Scaphites depressus Reeside (1927b, 
p. 7). I t is associated with Phlyclicrioceras 
Spath (Reeside, 1927b,,p. 2), Texanites shosho-
nensis (Meek) [ = Morloniceras shoshonense 
Meek (Reeside, 1927b, p . 9)], and Inoceramtis 
slanloni Sokolow [ = I . acuteplicalus Stanton 
(1899, p . 634)]. I t indudes the lowest par t of 
the range of Baculites codyensis Reeside (1927b, 
p. 4). This zone is widespread. 

ZONE OF Clioscaphiles vermiformis (MEEK 
AND HA"YDEN) : The third zone in the equivalents 
of the Smoky Hill member of the Niobrara 
formation is marked by Clioscaphiles vermifor
mis (Meek and Hayden) [ = Scaphites vermi
formis Meek and Hayden (Meek, 1876, p . 423)]. 
This zone indudes the highest pa r t of the 
ranges of •• Binneyites Reeside, Inoceramtis 
grandis (Conrad), and Oslrea soleniscus Meek 
and the lowest pa r t of the range of Uintacrintis 
Griimell (1876). In the south it includes the 
lowest pa r t of the ranges of Texanites omeraensis 
(Reeside) [ = Morloniceras omeraense Reeside 
(1927a, p . 38)], Placenliceras gtiadalupe (Roo
mer) (Reeside, 1927a, p . 36), and Inoceramus 

uttdulaloplicattts Roemer (1852, p . 59). Th i s 
zone is widespread. 

ZONE OF Clioscaphiles choteauensis COBBAN: 
The fourth zone in the equivalents of the 
Smoky Hill member of the Niobrara forma
tion is marked by Clioscaphiles choteauensis 
Cobban (1951c, p . 38). This zone is widespread. 

ZONE OF DesmoscaphUes erdmanni COBBAN: 
T h e uppermost zone in the equivalents of the 
Smoky Hill member of the Niobrara forma
tion is marked by Desmoscaphiles erdmanni 
Cobban (1951c, p . 38). I t is the highest zone 
in the Colorado group and indudes the highest 
p a r t of the ranges of Baculites codyensis Ree
side, Oslrea congesla Conrad, Cardium pauper
culum Meek, Turritella whilei Stanton, and 
Gyrodes conradi Meek. I t includes the lowest 
p a r t of the ranges of Baculites Ihomi Reeside 
(1927b, p . 13) and Inoceramtis lundbreckensis 
McLearn (1929, p . 77). In the south it indudes 
the highest par t of the ranges of Texanites 
omeraensis (Reeside), Placenliceras gtiadalupe 
(Roemer), and Inoceramtis undulaloplicattis 
Roemer. This zone is best known in M o n t a n a 
bu t it is probably widespread. 

ZONE OF Desmoscaphiles bassleri R E E S I D E : 
The Telegraph Creek formation and its equiva
lents are marked by Desmoscaphiles bassleri 
Reeside (1927a, p . 16). The zone contains the 
only recorded occurrences of the crinoid 
Marsupiles (Thorn, 1935, p . 55) in the 'Western 
Inter ior ; it indudes the highest pa r t of the 
ranges of Bacidiles Ihomi Reeside and Uinla-
crinus Grinndl , and the lowest par t of the 
ranges of Bactdiles aquilaensis Reeside (1927a, 
p . 12), B . haresi Reeside (1927a, p . 10), P la 
cenliceras planum H y a t t (Reeside, 1927a, p . 
31), P . meeki Boehm [ = P . whilfieldi H y a t t 
(1903, p . 221)], Elhmocardium White (1880), 
and Cymella monlanensis (Henderson) [ = 
Liopislha undala (Meek and Hayden) (Meek, 
1876, p . 236)]. Very rarely Scaphites hippocrepis 
(DeKay) (Reeside, 1927a, p . 22) is found in 
this zone, mostly in the upper par t . N o trace 
of this zone has been found east of the Black 
Hills, bu t it is widespread to the west. 

ZONE OF Scaphites hippocrepis ( D E K A Y ) : 
T h e Eagle sandstone and its equivalents are 
marked by Scaphites hippot^repis (DeKay) and 
its varieties. Associated with it are Scaphites 
aquilaensis Reeside (1927a, p . 25) and Haresi-
ceras Reeside (i927a, p . 17). T h e zone includes 
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the highest ranges of Bactdiles asper Morton, 
Placenliceras planum Hyatt, and Inoceramus 
lundbreckensis McLeam and the lowest ranges 
of Oslrea russelli Landes (1940, p. 139) and 
Inoceramus "barabini Morton" of Meek (1876, 
p. 49). No trace of this zone has been found 
east of the Black HUls, but it is -widespread 
to the west. 

ZONE OF Baculites asperiformis MEEK: The 
equivalents of the Sharon Springs member of 
the Pierre shale are marked by Baculites 
asperiformis Meek (1876, p. 405). Associated 
with it is Inoceramus pertenuis Meek and 
Hayden (Meek, 1876, p. 47). This zone indudes 
the highest ranges of Bactdiles aquilaensis 
Reeside, B. haresi Reeside, and Oslrea russeUi 
Landes and the lowest ranges of Placenliceras 
inlercalare (Meek) (Hyatt, 1903, p. 207) and of 
Acanlhoscaphiles Nowak, s. 1. This zone is 
widespread. 

ZONE OF Baculites gregoryensis COBBAN: The 
Gregory and Crow Creek members of the 
Pierre shale and thdr equivalents are marked 
by Bactdiles gregoryensis Cobban (1951b, p. 
820). Assodated with it are Pachydiscus com-
plexus (Hall and Meek) (Meek, 1876, p. 447), 
Inoceramus oblongus Meek (White, 1879a, p. 
285), and I . sublaevis Hall and Meek, (1856, p. 
386). The zone indudes the lower part of the 
ranges of Solenoceras Conrad [= Ptychoceras 
of Meek (1876, p. 410)], Didymoceras Hyatt 
(1894, p. 573), Emperoceras Hyatt (1894, p. 
575), and Oslrea glabra Meek and Hayden 
(Meek, 1876, p. 509), and, among the non-
marine species, Goniobasisf stiblorlttosa Meek 
and Hayden (Meek, 1876, p. 569), G.judUhensis 
Stanton (Stanton el al., 1905, p. 117), and 
Brachydontes laticostala 'White (1883b, p. 423). 
This zone is widespread; it passes westward 
into nonrharine units such as the Judith River 
formation. 

ZONE OF Baculites compressus SAY: The 
DeGrey, Verendrye, and Virgin Creek members 
of the Pierre shale and their equivalents are 
marked by Baculites compressus Say, s. L 
(Meek, 1876, p. 400). Associated with it are 
Acanlhoscaphiles nodosus (Owen), s. 1. (1852, p. 
581), Rhaeboceras Meek (1876, p. 462), and 
ExUeloceras Hyatt [= Ancyloceras of Whitfield 
(1880, p. 452)]. In the upper part of this zone 
are found Acanlhoscaphiles brevis (Meek) 
(1876, p. 426) and A. qitadrangularis (Meek 

and Hayden) (Meek, 1876, p 428). In the 
lower part is found Pholadomya Itodgei (Meek) 
(Meek, 1876, p. 219) and Baculites pseudovaltis 
Elias (1933, p. 304). The zone indudes the 
higher part of the ranges of Placenliceras meeki 
Boehm, P . inlercalare (Meek), Solenoceras 
Conrad, Emperoceras Hyatt, Didymoceras 
Hyatt, Inoceramus "barabini Morton" of 
Meek, Cymella monlanensis (Henderson), and 
the noimiarine Goniobasis judillietisis Stanton. 
The zone indudes the lowest part of the 
ranges of Inoceramtis sagensis Owen (1852, p. 
582) and, near the top, of Veniella humilis 
(Meek and Hayden) (Meek, 1876, p. 155); it 
also contains the only recorded occurrence in 
Western Interior of Exogyra coslala Say 
(Reeside, 1929b, p. 271). This zone is wide
spread. 

ZONE OF Baculites bactdus MEEK AND HAYDEN: 
The lowest part of the Mobridge member of 
the Pierre shale is marked by Baculites baculus 
Meek" and Hayden (Meek, 1876, p. 397). 
I t may also contain Acanlhoscaphiles plentis 
(Meek and Hayden) (Meek, 1876, p. 429). 
This zone indudes the highest part of the 
known range of the genus Elhmocardium 'White 
and the lowest part of the ranges of Inoceramus 
fibrostis (Meek and Hayden) [= Pleria fibrosa 
(Meek, 1876, p. 36)] and "Bekmnilella bulbosa 
Meek and Hayden" (Meek, 1876, p. 504). 
This zone is widespread in the Great Plains. 

ZONE OF Baculites grandis HALL AND MEEK: 
Most of the Mobridge member of the Pierre 
shale is marked by Bactdiles grandis Hall and 
Meek (1856, p. 402). The zone indudes the 
higher part of the ranges of Inoceramtis fibrostis 
(Meek and Hayden) and Inoceramtis sagensis 
Owen and to the west, where sandstones appear, 
the lowest occurrences of Sphenodiscus Meek 
(Hyatt, 1903, p. 58). This zone is widespread. 

UNDETERJONED ZONE: The Elk Butte member 
of the Pierre shale in the lower Missouri Valley 
is nearly barren, and its equivalents westward 
have not been determined, except that they 
must be part of the nonmarine sequence over 
a large area. No zonal fossil is now suggested. 

ZONE OF DiscoscaphUes nicoUelii (MORTON): 
The lower part of the Trail City member of 
the Fox HUls sandstone is marked by Dis
coscaphUes nicoUetii (Morton) (1842). I t is 
associated with D. abyssinus (Morton) (1842). 
This zone passes westward into npnmarine 



SUGGESTED ZONAL INDICES AND OTHER FOSSILS 

' A 3 
: beds that contain the highest occurrence of 
Goniobasisf sublorluosa (Meek and Hayden). 
This zone is present chiefly in the Great 

• Plains. •>- . 
'*" . - -ZONE OF DiscoscaphUes nebrascensis (OWEN); 

'.'•*"..,The two, upper members of the Fox Hills 
"' ',vtf, sandstone have not yielded distinctive marine 

J't;-. fossils, but the Timber Lake member and the 
-u4 upper.part of the Trail City member are 

' "Ĵ V marked by DiscoscaphUes nebrascensis (Owen) 
* ^ " (1852,.'p. .577) [= D. conradi (Meek, not 

Morton) (Meek, 1876, p. 430)]. Associated with 
•^ it„are D. cheyennensis (Owen) (1852, p. 578), 
A D . mandanensis (Morton) (Meek, 1876, p. 443), 

fV'̂ ahd a small unnamed BactdUes, the latest 
^ s p e d e s of the genus in the region. This zone 

(indudes the highest part of the ranges of 
bSphetwdiscus Meek, "BelemnUella bulbosa Meek 
tand Hayden," and Veniella humilis (Meek and 

f^r.Hayden). The zone is known only in the Great 
"ij-Plains and passes westward into nonmarine 

^beds. 
J^'-i ZONE OF Triceratops MARSH: Dinosaurs of 

i 4 | J the genus Triceratops Marsh (Lull, 1933) are 
v'^'^ widdy reported from the latest Cretaceous 

? ,• .'• deposits, exemplified by the Hell Creek forma
tion, the Lance formation, and the Laramie 

,: • formation and part of the Denver formation, 
''. so much so that it has been common usage to 

speak of the "Triceratops beds" as an indusive 
• term for the deposits. These nonmarine strata 

also contain a flora, various -reptiles, a few 
^ mammals, and such fresh-water mollusks as 
T -' Vioiparus Irochiformis (Meek and Hayden) 

_ (Meek, 1876, p. 580), Ttdoloma Ihompstmi 
\- White (1883a, p. 100), Proparreysia holmesiana 

(White) (1883a, p. 67), and. P . letsoni (Whit-
^ fidd) (1906), and the brackish-water forms 
' Oslrea glabra Meek and Hayden and Brachy

dontes laticostala White. These mollusks are 
useful guides in the Great Plains but range 
down into lower levels in the more westerly 
areas where the nonmarine deposits begin 

Y earlier. 
OTHER ZONES: There are indications of a 

t number of additional zones or subzones, which 
are dther too poorly known or known from 
too few localities to be induded among the 
zonal indices. Future work may reveal that 
many of these are good zones of widespread 
distribution. 

5 ' In the Frontier formation in central and 
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south-central Wyoming, a form of Dunvega
noceras is known that differs from D. pondi 
Haas in its flexuous costae. I t is associated 
with a Metoicoceras that is dosely related to 
M. praecox Haas. Whether this fauna is 
younger or older than the zone of D. pondi 
remains to be determined. ' 

Recently Haas (1951) described a new 
ammonite—Dunveganoceras conditum—from 
the Frontier formation of central Wyoming. 
This form is more dosely related to the un-
described spedes in the zone of Dunveganoceras 
aff. D. albertense Warren than to D. pondi. 
In all probability it marks a zone slightly 
older than the zone of D. aff. D. albertense. 

In Colorado, Utah, and New Mexico, 
ScaphUes ferronensis Cobban (1951c, p. 23), an 
ammonite intermediate between S. warreni 
Meek and Hayden and 5. whUfieldi Cobban, 
seems to be confined to the lower part of the 
Prionocycltis wyomingensis zone. 

In south-central Wyoming and northwestern 
Montana a fauna that seems to be post-Sage 
Breaks and pre-Fort Hays is characterized by 
small variants of both Inoco'amus deformis 
Meek and / . erectus Meek. Associated fossils 
indude Scaphites prevenlricosus Cobban, which 
is more common in the overlying beds containing 
Inoceramtis deformis, s. s. However, certain 
other associated fossils—Scaphites mariasensis 
Cobban (1951c, p. 28) and ScaphUes pre
venlricosus var. arlilobus Cobban (1951c, p. 27) 
—have not been found in the typical / . deformis 
beds. In general the fauna appears more 
dosely related to that of the early Niobrara 
than to that of the late Carlile. 

In the Wind River Basin of Wyoming an 
undescribed scaphite fauna has been discovered 
at the top of the Mesaverde formation. The 
fauna indudes Bactdiles haresi Reeside and 
several common pelecypods that range through 
rocks equivalent in age to the Eagle sandstone 
and Claggett shale of Montana. Inasmuch as 
the scaphites just below the Mesaverde forma
tion belong to the Scaphites hippocrepis zone, 
the new species may be of Claggett age 
although scaphite species known to be of 
Claggett age are absent. 

Work in progress (January, 1952) indicates 
that the zone of Bactdiles compressus Say, s. 1., 
can be divided into five subzones. The lowest is 
marked by BactdUes pseudovaltis Elias (1933, p. 
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304), the second has as its guide B, compressus 
var. corrugalus Elias (1933, p. 303), the third 
has Baculites compressus Say, s.s., the fourth 
has B. compressus var. reesidei Elias (1933, p. 
302), and the fifth and highest is marked by 
an unnamed form with stout cross section and 
smooth venter. Each subzone seems to have, in 
addition, a diagnostic scaphite. 

BROAD FAUNAL RELATIONS 

It was long ago determined that the Creta
ceous rocks of the Western Interior of the 
United States are part of the deposits formed 
in a long, wide belt stretching from.eastem 
Mexico into the Arctic region. In the United 
States these deposits extend from eastem 
Arizona, New Mexico, and western Texas 
northward across the eastem part of the 
Plateau area, the Rocky Mountain area, and 
the Great Plains to Montana, North Dakota, 
and Minnesota. At times a seaway connected 
the Cretaceous Arctic Ocean and the Creta
ceous Gulf of Mexico. The history of this 
region, as shown by the successive faunas and 
the lithologic character of the endosing rocks, 
is far from simple. 

In the Western Interior no assured sedi
mentary record is known of that part of 
Early Cretaceous time that corresponds to 
the Neocomian stage of the European sequence, 
though the nonmarine Ephraim conglomerate 
of eastem Idaho and adjacent parts of Wyo
ming probably represents at least part of it. 
No pertinent paleontologic evidence is known 
to the compilers. To the south, in Mexico, 
marine Neocomian deposits are recognized 
(Imlay, 1944), and in Canada, on the basis of 
the flora, Canadian geologists assign the 
nonmarine Kootenay formation to the Neo
comian (Bell, 1946). 

The succeeding interval in the Early Cre
taceous, corresponding to the Aptian stage 
of the European sequence, is represented in the 
Western Interior only by nonmarine deposits 
in the Peterson-Draney interval above the 
Ephraim conglomerate of Idaho, by the 
Cloverly formation of central Wyoming, by 
the Inyan Kara group of the Black Hills, and 
by the Kootenai formation of Montana. 
Deposits of this age are probably lacking over 
much of the Great Plains. The noimiarine 

invertebrate fauna is not known to have a 
dose parallel in other parts of the world, and 
the assignment of the deposits to the Aptian 
is based entirely on the relationships of the 
flora to those of other regions (Bell, 1946; 
Berry, 1929). To the south, in southern Arizona, 
southern New Mexico,'- and west Texas, 
marine deposits of Aptian age are known in the 
Bisbee group (Stoyanow, 1949) and in the 
Trinity group (Scott, 1940). To the north, in 
Canada, the beds assigned to the Aptian are 
nonmarine. The Gething and McMurray 
formations in northern British Coiiunbia and 
Alberta and the lower part of the Blairmore 
formation in southem British Columbia and 
Alberta contain a nonmarine fauna and a flora 
like those of the Kootenai formation of Mon
tana and equivalent deposits (McLeam 
1945). Apparently the interior of North 
America was still the site of only continental 
deposition during Aptian time; a southern sea 
invaded only the marginal fringe. 

The next higher unit corresponds to the 
Albian stage of the European sequence and 
represents the latest part of the Early Cre
taceous. 

In the Westem Interior of the United States, 
the early part of this interval, the early Albian, 
may not be represented by sediments. To the 
south, in southernmost Arizona (Stoyanow, 
1949) and in west Texas (Scott, 1940), how-' 
ever, marine deposits in the Bisbee group and 
in the Trinity group represent the early 
Albian. To the north, in Canada, marine 
deposits of this age are found in the lower part 
of the Fort St. John group (McLeam, 1945) 
of northern British Columbia and Alberta and 
nonmarine deposits in part of the Blairmore 
formation of southem British Columbia and 
Alberta. The marine faunas north and south 
are in general unlike, though the ammonite 
genus Betidanticeras is reported in both areas. 
Probably at this time the boreal waters and the 
southem waters were still widdy separated by 
areas of continental deposition and erosion. 

In mid-Albian time marine waters widely 
invaded the Western Interior from the south, 
leaving a record in such units as the Kiowa 
shale of Kansas, the Purgatoire formation of 
eastem Colorado and New Mexico, the Skull 
Creek shale of the Black Hills, and the lower 
part of the Blackleaf member of the Colorado 
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t- shale of Montana. The fauna of these forma-
',' tions' is abundant arid varied in the south 
;;; - fTwenhofel, 1924) and progressively scarcer and 

'less varied north'westward (Reeside, 1923a); 
*: The nonmarine beds of the lo.wer part of the 
': Thermopdlis shale, of central Wyoming and 
;'• "the nomnarine Bear River formation of 
' southern Wyoming, with its varied fauna 
X (White, 1895), are of this age. To the" south, in 
•'( , Texas, the upper part of the marine Fredericks^ 
ii' burg group is of this age, and to the north, 

in Canada, probably part .of the marine Fort 
iSt. John group (McLeam, 1945) and part of 
the nonmarine Blairmore formation. Whether 

,• the boreal arid southem marine waters were 
, connected is not known; if a connection existed, 
v. it probably was to the east, in the Swan River 
-fonnation of Manitoba (Wickenden, 1932) 
l a n d in some of the beds currently induded m 

\ If;' the Dakota group of the Great Plains. 
i ~.}̂ A' Possibly in part contemporaneous with the 

southem marine invasion, but more likely in 
later Albian time, volcanic detritus was laid 

I '?• down over a vast area extending from northern 
I (J: Colorado to central Montana and across the 

'•'' entire width pf Wyoming (Rubey;, 1929). 
This material,;now altered to porcellanite and 
bentonite, is induded in the Mowry and Aspen 
formations, which ate everywhere noted for 
their content of scales and bones of marine 
fishes. A few flattened mollusks occur here and 
there in the volcanic material; however, well-
preserved ammonites of the genus Gaslrop
lUes McLeam have been found at several 
localities, and of the genus Neogastroplites 
McLeam at other localities (Cobban and Ree
side, 1951), These ammonites provide a cor
rdation with the-middle and upper parts of the 
Fort St, John group and indicate strongly that, 
during Albian tiiiie a boreal sea extended as 
far south as northern Colorado and covered 
Wyoming and Montana, The physical evidence 
suggests that there was either erosion or non-

different faunas, in ihe fauna of this time the 
only suggestion of a possible coimectibn is the, 
abundant and widespread oceurrerice of the, 
ammonite genus Metengonoderas Hyatt in 
association with GaslroplUes arid Neogastrop
lites. Metengcmoceras has been considered to 
to belong to a group characteristic of the 
southem faunas. In exposures near the Wyom
ing-Idaho boundary that may be equivalent 
to the Aspen formation, nonmarine faunas 
occur that are in part simBar to those' ot the 
Bear River formation. 

The next higher unit represents the earliest 
part of the Late Cretaceous and corresponds 
to the Genomanian stage. Over much of their 
area of deposition these beds are marine 
deposits, though to the west and southwest they 
become nonmarine or are perhaps abseat. The 
lower part of the Graneros shale in eastern 
Colprado, the upper part of the Dakota sand
stone in western Colorado, and a middle zone 
of the Frontier formatiori in east-central 
"Wyoming contain a fauna indudiiig the am
monite genus Calycoceras Hyatt. This fauna 
has not been recogriized elsewhere in the 
Westem Iriterior, though the lower part of the 
Belle Fourche shale is" a. barren interval that 
could appropriately contain it. Tq the south, 
the Woodbine formation of Texas contains, a 
similar fauna (Stephenson; 1952). In the upper 
part of the Graneros shale are found a fauna 
containing Acanthocerasf amphibolum Morrow 
and another with an unnamed species pf 
Acahlhoc^a.sf These aire widely distributed 
and also have dose relatives in the Woodbine 
fomiation and in the European Cenomanian, 
The gerieral trend of evidence is" that a wide 
seaway was open from the south northward 
possibly across Canada, and in it was deposited 
the part qf the Cenomanian represented by 
these interior deposits. The succeeding beds 
with the ammonite genus Dunvegmqc&gs 
seem to have a wide distribution in Canada, and 

marine deposition across central and southern southward across Wyoming, The enclosing 
Utah and Colorado and northern Arizona and 
New Mexico, and the compilers know of no 
evidence suggesting that.this boreal sea .reached 
eastward into much bf the Great Plains. To 
the south, across southern Arizona and New 
Mexico into Texas, the. later deppsits of the 
Comanche series represent-an entirdy separate 
southern invasion of this age, with entirely 

beds in the Great Plains are the lower members 
of the Greenhorn formation and their equiv
alents. The Dunveganoceras faunas are riot 
known in the south, but the presence of species 
of Metoicoceras suggests a connection with the 
Giilf region, during this part oE the Cenomanian. 
Possibly the lower part of the Eagle Ford 
shaK (Adkins, 1932, p. 422) would be equiya-
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lent to these late Cenomanian deposits, though 
faunal similarities with the, Westem Interior 
are not close. Along the southern and south-
westeni margins of the Western Iriterior the, 
first marine deposits seem to be widely of post-
Cenoinanian age. The immediately precKJing 
norimarine deposits are^mostly sandy' and in 
Arizona, New Mexico, and Utah have com-
rrionly been called Dakota sandstone. In 
western Wyoming they have been induded in 
the lower part "df the Frontier formation. A 
well-characterized norimarine fauna has not 
been found in these marginal depositsj unless 
some of the unnamed beds at the top of the 
exposures near the Wyoming-Idaho boundarjf 
in southwestern Wyoming should prove to be 
of tbis.age. 

The next;higher unit, exemplified particularly 
by the upper members of the Greenhorn 
formation, corresponds to the lower part of the 
Turonian stage, of the .European sequence. 
I t is widespread and is characterized by cos
mopolitan faunas that imply nearly free access 
to the Westem Iriterior from both north and 
south. In the. tower parts Sciponoceras gracile 
(Shumard), AfatoicoceroJ Hyatt, a.nd Inoceramus 
prefragilis Stephenson are distinctiv'e. In the 
upper parts Inoceramus labiaius Schlotheim, 
and various other species are distinctive. 
In Canada a part of the Alberta shale (Me-
Leara, 1937; 1945) is equivalent, and in the 
Gulf region the middle parts of the Eagle 
Ford shale contain the.lower Turonian faunas 
(Adkins, 1932, p. 422). This unit is the.earhest 
marine unit oyer much of the southem and 
southwestern border of the Western Interior 
deposits. At some places these beds are missing. 

The next unit, exemplified by the Carlile 
shale, corresponds to the upper part of the 
Turonian stage of the European sequence. 
In the Western Interior of the United States 
it is divisible into a nuiriber. of faunal units, 
which, though widely distributed and in 
part cosmopolitan, have in this region an 
irregular distribution, marked by absence 
of some units over considerable areas. The 
middle part of this unit is widely characterized 
by the presence .of sandy deposits^ but the 
lower part-is calcareous shale and locally in the 
Great Plains is a chalk. The ammonites 'Ci?/-
ligtioniceras Breistoffer (Prionolropis Meek) 
and Pridnocyclus Meek and certain of the 

seaphitcs identify the divisions of the" unit. 
Their wide distribution in Canada (McLeam, 
1937), the Western Interior; "and the Gulf 
region implies free access from both north and 
south. Parts of the western marginal deposits 
are nonmarine and locally coal-bear i,ng, but no 
well-characterized "nonmarine fauna has been 
recorded frpm them, 

Tlie lowest part of the Niobrara formation 
and equivalents are widely characterized by 
Inoceramus deformis Meek and associated 
forms, such as theammonite genus Sorrowiceroj 
Grossouyre and certain scaphites. The upper 
part of, the Niobrara and equivalents are divisi
ble into faunal units which are recognizable 
through the central part of the Western Interior 
into Canada, and which are characterized 

-particularly by a sequence of scaphites. The 
eastem part of the region shows a chalk fades 
with a relatively restricted fauna that provides, 
only a general correlation, and in the westem 
riiarginal part the sequence indudes much 
sandstone and contains nonmarine deposits, 
particularly toward the south. The upper part 
of the Niobrara includes the last occurrences 
of a number of long-raiiging species, especially 
ofthe pelecypods. In the Gulf region the Austin 
chalk and its equivalents provide enough 
identical spedes to show that these units arc 
undoubtedly the equivalents of the Niobrara 
forrnation, but there are striking differences, 
notably the absence of the abuadant scaphites 
of the Westem Interior. These differences 
strongly suggest a chiefly endemic source for 
much of the Niobrara^fauria, though that fauna 
could have been in part boreal. There must 
have been fairly free cbmmunicatipn between 
the Western Interior and the Gulf region, 
however. Some of the dements of the fauna are 
cosmopolitan and indicate that the Niobrara 
forrnation indudes the- equivalents of the 
Coniacian stage of the European sequence and 
tiie lower part of the Santonian stage. 

The next higher unit, the Telegraph Creek 
formation and its equivalents, marks the 
first appearance oi a number of species that 
extend up into mudi higher levels. This change 
and the disappearance of older'species noted 
above were observed long ago by Meek and 
others and were in part the basis for recognizing 
a major dividing line at the top of the Niobrara 
formation, between the Colorado and Mon-
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tana groups. Though the number of species 
that cross the boundary is larger thari was 

• origiiially thought, a majPf break is pri5sent. 
The Telegraph Creek forma tion is characterized 

\by DesmoscaphUes basslA Reesidearid certain 
assbciatwJ. species (Reeside, 1927a). It. is 
'widespreid xest of the Bla.Gk Hills but is 
.missing along the southwestern margin of the 
Westem Interior and in the Great Plains east 
of the Black HUls. To the north, in Canada, its 
preserice has been recorded. To the south it is 

•i probably represented either by theuppermPst 
'part of the Austin chalk "or by a hiatiis, for little 
' suggestion of its presence is afforded by" the 

*i published record (Stephenson, 1937). This unit 
tcorresponds to the upper part of the San ton Jan 

upstage. Possibly the Telegraph Creek fa,uiu was 
' ; largely endemic; and communication with 

'boreal and southem waters was restricted, 
) though the deposits contain cosmopolitan 
•^forais, such as the free-floating critioid Mdr-
supUes, 

• V The next higher unit, the Eagle sandstone 
J and its equivalents, is marked widely by sandy 

beds containing ScaphUes hippocrepis (DeKay) 
' and certain associated species (Reeside, 1927a) 

Like the Tdegraph Creek formatipn, it is not 
known in the Great Plains east of the Black 
HiUs and on the southwestern margin of the 
Westem Interior, but is widely distributed west 
bf the Great Plains. To the north; in Canada, 
there is little, record df its presence, but it may-
represented there. To the south, in the Gulf 
region, species characteristic of the unit are 
fouiid in the Taylor marl (Stephenspn and 
•Reesiide, 1938) and on the Atlantic Coast in the 
Mercbantville day of New Jersey (Weller, 
1W)7). The suggestion, is strong that the Eagle 
fauna came in from the south. Some of the 
species of the unit are* cosmopolitan arid, are 
represented m Europe by identical or closely 
related forms. The unit corresponds to the 

. lower part of the Campanian stage. 
Above the Eagle sandstone and its equiva

lents aire deposits containing a number of 
faunal units that in the Great Plains constitute 
the typical Pierre shale. In the Great Plains it 
is useful to recognize eight lithologic sub
divisions, aU fine-grained and all marine. 
Westward, sandstones replace more and more 
parts of this sequence, and eventually non-
marine deposits make up aU of it. In some 

westem marginal areas- there are no deposits 
for much' of the interval. In central Montana 
the Judith River formatiori arid farther west the 
Two Medidne formatiori are ribnrriarine; In 
central Wyoming, westem Colorado, eastem 
Utah,' and northwestern New Mexico the 
Mesaverde fprmattqn is chiefly nonmarine. 
Along the southwestem margin of the Western 
Interior, only the latest part of the interval 
seems to be represented, and the sediments are. 
nonmarine. In the Great Plains^ a series of 
faunal zones marks "the. Pierre shale. Most of 
these can be traced westward in theriiarine 
sandy deposits. The zones are particularly 
triarked by a series: Pf species of Baculites, 
though with each are associated other char
acteristic spedes. In general, the faunas are 
similar to those found to the,nprth, in Cauada, 
and are npt matched by dosely similar' as
semblages to the south in part of the Taylor 
marl and the Navarro group of the Gulf region, 
(Stephenson, 1941; !Stephenson and Reeside,-
1938), though enough forms are found to 
provide a rational correlation. Seemingly the. 
Pierre fatinas are 'either boreal or largely 
endemic. This aspect.is emphasized by the few 
levels where southern species appear, which, 
indicate a temporarily freer access for these, 
species. These occurrences are'all in Colorado, 
Utah, and southern "Wyoming and indude such 
forms as-TftgojiKi, Exogyra coslala SAy,.Capuhis 
spangleri Henderson, and Anchura hayieni 
White. The relation bf tllese "interior faunas to 
those bf Europe is riot dear in detail, though 
there seenis no doubt that they'correspond to 
those of the upper Campanian and lower 
Maestrichtian stages of the European sequence. 
The nonmarine faunas are not well character
ized. 

Above the Pierre shale in the Great Plains 
area Ues a sandy formation, the Fox HiUs 
sandstone, divisible into four members in the 
type area. The two upper members, though 
maririe, have ripj: yidded a satisfactory fauna. 
The two Ipwer members, hpwever, have yielded 
faunas in part cosmppqlitan, in part apparently 
endemic. Westward these marine members ol 
the Fox Hills sandstone pass rapidly into 
overlying nonrriarinei units, such as the Hell 
Greek .arid Lance forrnations. Sandy marine 
deposits appear at progressively lower levels 
westward and have generally been designated 
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Fox HiUs, though many of them contain 
faunas older than those of the typical Foi 
HiUs sandstone. Some forms, particularly the 
ammonite SphetiodA^*^ Meek, seem to be 
associated with the saridstorie deposits and 
appear at lower'levels westward than in the 
typical Fox HiU area. The similarities of the 
fauna.s of the Westem Iriterior to those pf the 
Gulf region (Stephenson, 1941; Stephenson 
and Reeside, 1938) suggest relatively free 
access to the. Westem Interior from the Gulf 
region. Further simUarities to European faunas 
suggest that much of the Fox HUls fauna is 
cosmopolitan and that there may have been 
free access across the Arctic regions. The Fox 
HiUs fauna corresponds to the upper Maestrich
tian fauna of the European sequence. The 
nonmarine fauna of the later Cretaecpus de^ 
posits is weU characterized by a number of 
species. 

At the top of the sequence in the Westem 
Interior are widespread nonmarine deposits 
particularly diaracterized by a reptilian fauna, 
of which the genus T^ic&ralops Marsh was one, 
of the earliest described and is perhaps the best 
known. This zone is exemplified by the HeU 
Creek formation in Montana and the Dakotas; 
but equivalents under various names are wide
spread. No equivalent of the "Triceratops 
beds" is recognized in the Gulf region, and 
outside of Nortii America i t may be represented 
in the maririe deposits of the latest Maestrich
tian or in the stiU later Dam'an stage, if that 
is; Cretaceous. 

Above the HeU Creek fomiation in a small 
area in North Dakota arid South Dakota lie 
rriarine deposits, with a considerable fauna "of 
larger invertebrates. (Stanton, 1920) arid of 
Foramimfcra (Fox, ^1942), constituting the 
CanrionbaH formation, When first recognized 
as a seipaiatc/assemblage, it was noted that 
there were no ammonites, that some of the 
moUusks were dose to species of the Fox 
Hills fauna; but that others were dose to.species 
of the Paleocene faunas. The formation was 
assigned to the Cretaceous, because of the 
CretaceousTlike spedes; and because this seem
ingly isolated, fanua is more teadily explained 
as a relic of the Cretaceous than as a result of a 
Paleocene invasion. The Foraminifera, how-
e-ver, show very dose rdations to those of the 
Paleocene Midway formation of the Gulf 

region and even closer to thPseof the Paleocene 
of northern Europe, and it is now generally 
agreed that the Ganndnball formation is a 
marine Paleocene uriit. Probably the marine 
waters entered from the Arctic a t the dose of 
Hell Creek time. No trace of a connection to 
the south with the Midway sea has been 
found, but subsurface extension of the Can
nonball formation toward the northwest has 
been rioted, and it seems not unreasqriable to 
postulate a connection farther north. 

ANNOTATIONS 

These annotations supplement or explain 
items in the chart (Pl. 1), and the application 
of each ariiiotation is indicated by the position 
of its number iiii//ti» one or more columns of the 
chart. 

1, The placement of the bbundaiy between 
the equivalents of the Campanian and Mae
strichtian stages iri the Western Interior has 
long been very uncertain, though most authors 
have put it at about the base of the zone of 
BaculUes compressus Say. The compilers haive 
little-basis for Judgment in the matter, and the 
placement shown follows the advice of Dr. 
J, A. Jdet^ky; of the Geological Survey of 
Canada, who has given special considera.tion to 
this probleni in westem Europe and'in Canada. 
The following statement kindly furnished by 
Dr. Jeletzky summarizes, his hitherto un
published views on the subject: 

The uncertainty with respect to the Campanian-
Maestriditiaii boimdary io the Westem Inferior of 
North Airierica is essentiaUy a reflection of the 
similar state of affairs in western Europe, where the 
type-localities of these stages are situated. The 
writer (1951a, b) has .endeavored to settle this un-
certaliiity with regard tb westem Europe. He feels 
that it is now possible to recognize at least the 
af^proximate position of CampaDian-Maestrichtian 
boundary; as proposed by hiiii for western Europe; 
hi the Western.Interior of North America. 

Valuable stratigraphical and palaeohtological in
formation concerning the younger Upper Cretaceous 
of tlie. Western Interior of the United States freely 
given to the writer by Messrs. W. A. Cobbaa and 
J. B. Reeside, Jr., has greatly fadlitated the con
clusions advanced in the following pages. 

The Canjpanian-Maestrichtian boundary, in the 
Westem Interior of North America should, Ln the 
writer's opinion, be placed provlaonally at about 
the bottom of tie zone of Bactdiles bacvlus.'M.ee.k 
and feyden, subJKt to the qualification made be
low. This.zone.carries in Canada, and apparently in 
the United States as well, Scaphites forms indistin
guishable from Scaphites {Boplascdphiies) pungens 
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-JV :Bihddibrst, ISfil, which iri Westem Europe (Bel-
_'*?. nam, Holliind) is known' only from the.rocks of 
• y';J'.Early'Maestrichtian age, where it occurs together 

,/,, > with"5M^Aftei (Haplosccphiles) constticliis Sowerby-
• «.f('l817, and Paehydiscas neubergictis Hauer [? = B. 

• im'egeTlimi (Forbes)], The uppermost partof the under-
".W, lying zone of BaculUes compressus Say carries ap-

. Ji*,parently throughout the Westem Interior pf North 
;*:;.,tAmerica a' densely ribbed ally "of Scdphiies X?ca-
Ai:.Phiies) (pwifrotigiiitiris Meek which, in the writer's 
i^'^iMmion, is indistinguishable from Scdphiies (Scar 
i^^phUes) degans Tate, 1865 (p. 37), from the Antrim 

-̂ J;,!.̂  Chalk of Northern Ireland. The Antrim Chalk is 
/ ' • f tnown to be of latest Campanian age (Jeletaky, 
, ;• i;?1951b)j which agrees well with the assumed earliest 
'>;if,B(iaestrichtian age of the immediately overlying zone 
3.'-,1"of Boca/ttei fiwiSiii Meek and Hayden, which there-
..;*; 'fore is here considered as'provisionally correlative 

, • j ji|with the lower part of the Eurasian kine of Btthrrt-
" '<< i^'tidlalaneedaia (Schlotheirn), typ[cal fomi (JeleUky, 

•'I|1951a; 1951b). 
^^;,tiJ3It should be stressed, however, that there is not 
'»f'';V(nearly enough reUable iiiformation about the strati-
,.',..i,graphical ranges of the ScaphUes and BactdUes forms 

2\ i'diseussed above to admit of-a positive decision ori 
/lif'the subject: 'WliOe it would seem rather unlikely to 

.wit the present writer that the Campanian-Maestrich-
•j.y.^.tian Boundary in the Western Interior of North 
../.jAmerica could be situated below the zone of B. 
t \f bcctdiis, i t appears possible that this latter zone 
;; ^could be of latest Campanian age In part or even 
^,1-: totally. Indeed the stratigraphical ranges oi Bacu-
i / ' A ^ ^ eompressas Say and of B . hacidits Meek-and 
I ^ y ' ^ ' ^ are uncertain for the Canadian part-of the 
,', Western Interior. At the same time such species- of 
V t i e B. cotnpressus zone as ScaphUes (ScapMUs) 

•Ei'fuoifrangiJtwir Meek, Scaphites (Scaphites') bri^is 
,t Meek arid apparently Scaphites (ScaphUes) ele:gans 

'.(I.Tate appear to ascend into the zone of .S. bactdus 
;'' and to occur there together with S. (S.) plentis 
.:j Meek and S, (H.)-pungcns Binckhorst through an 
•} uncertain part of this zone- This appears to be true 

j ' of the-middle part of Bearpaw formation in Canada, 
1 induding the Belangej nriember, of the upper part 
: , of the I.ake Creek member o£ Pierre shale in Kansas 
j ; . (Etias, 1933, p. 292); and of the upper 50: feet of 

• Pierre shale on Cedar Greek (Baker-Glendive anti-
- dine) io southeastern Montana (personal communi-

rationof W. A. Cobban). Further conflicting evi
dence is supplied hy the first appearance of forms, 
in the writer's opinion, indistinguishable from Scd^ 
pl^es (Soploscapkitts) constrtctus Sowerby some
what above the "beds referable-to the'zone of S. 
bactdus btith in Canada and in the United States 
[e.g. "Dtscoscapkiles" {Aysiinus of Elias (Elias,, 
1933, pl. 39, figs. 3,6, not figs. 2, 'i);"rHsckcaphites" 
^3jwtnui of Landes (1940, p. .179-180); and unpub-
tBhed specimens from the upper Bearpaw in collec
tions of the Geological Survey of Canada], Also the 

: ™05.e or les^ typical forms of ScaphUes (Hopldsca-
pmUs) hicoUetii. MoTtoa, probably partly synony-
7 , ^ . ^ t b nodate variants of ScaphUes (Hephsca-
ptitta) tenuistriaius Kner, seem to make their first 
Wpearance in the beds overlying those with 5. (S.) 

[ ptenus Meek and correlative either with'the .upper 
part of the S. bactdus zone or with the overiying 
Mne of Baculites.grandis HaUand M ^ k (i.e., upper: 

, Bearpaw of Canada; upper part of Mobridge mem-
' 0 ^ m Montana,,Beecber island;shale member, of 

Kansas,.etc.). Both S. (E.) cimslrictus^^A S. (ff.) 
tettuislTtalus are commonly'accepted as iridei fossils 

of the Maestrichtian stagey which do npt descend 
eyen- into the: iippefinost Campanian (zone of 
Bastrychdieras polyplocum Roemer) with the possible 
exception ot a thiri transitional bed between these 
stages. Therefore, one might feet inclined to draw 
the Campanian-Maestrichtian boundary in the 
Westem Interior of North America at the first 
appearance of these.foirms rather thaa use the Other 
evidence fayored'by the present writer (occurrence 
of 5 . (ff.) Jungefii Binckhorst, and of 5, (5.) e^egani 
Tate). This was done especially because,the dowii-
ward extension of the stratigraphical ranges of S, 
(H.) cotntriclus and S: (H;) nicoUelii into the zone 
of B . baculus and S. (5.) plenus appears to be quite 
likely, to judge from some fragmentary material in 
the writer's p'ossessloci, 

A typical specimen of S. (3.) tticolktii Morton, 
indistinguishable from the one figured by Meek 
(1876, pl. 34, fig. 2), was collected by the writer in 
northwestern Germany (Hemtribor), together with 
5. (ff.) constricttis Sowerby, in the upper part of 
Lower Maestrichtian fzone of Betemndla Itinceolata 
(Schlotheim) mut, stdnensis Jeletzky, 1949], This 
gives further support to the above conclusions ofthe 
writer.and agrees well with the well established fact 
that, whatever its lowermost occurence might be, 
the typical 5.(ffO nieolletii Morton, as well as the 
numerous, so far strictly North American, forms 
of ScaphUes (DiscoscaphUes) ot the group of cimradi 
Morton and ScaphUes {Discostaphiies) of the group 
of cheyennettsis (Owen), are essentially characteristic 
of rocks younger than the zone of B. baculus a.nd S, 
(S.) plenus. Whether these latter (i,e., so-called Fox 
Hiil fauna) rep reseat only the.higher part of Lower 
Maestrichtian or embrace some part of Upper 
Maestrichtian [zones of Bdetnniiella junior Ndwak, 
1913, and Belemnella casimirovensis (Skolozdrowna, 
1932, in colL)] as'weU is still uncertain. Considering 
that Sphenodiscus spp.j which are rather character
istic of the Fox Hills fauna and occur much less 
commonly.in the older Maestrichtian izones of the 
Westem Interior, are essentially characteristic of 
the Upper. Maestrichtian in Europe, itseeras by no 
means unlikely that at. l.east the highest'zone with 
the'Foi'Hills fauna might be of Late Maestrichtian 
age. 

It may be added in passing that BelemnUella. 
americana (Morton, 1829, notArkhangelsky, 1912) 
and its Western Interior subspedes B', bulbosa Meek, 
1S76, are rather dose allies" of the Maestrichtian 
BeUmnitella, junior Nowak., 1913, and seem to be 
reliable index fossils Of the equivalents ot the 
Maestrichtian stage, atleast in the Western Interior 
of North America. The formj;r species may, how
ever, range into Uppermost Gampaniah rocks'bii the 
Atlantic coast of Nofth\America (i.g,. New Jersey, 
Delaware; etc.) 

The writer rejects the widely accepted opinion 
that ScaphUes of the group ot noilosas Owen, in
cluding, 5 . plenus Meek, belong to the subgenus 
Acanikoscapliites Novfa.k., 1913, which he restricts to 
the group ot ScaphUes (Acanthoscaphitesf trideiis 
Kner with a median row of tubercles on the ventral 
side ot the living.chariiber. In his opinion, the group 
of . 5 . ncHibsuŝ  Owen i rep resents immediate Gam-
panian (essentially Upper Campanian) and (?) 
LowermtKt Maestrichtian ancestors of Scaphites 
(Hoploscaphiles) of the group pt conslricltis-nicalletii 
and of ScaphUes (Discost^tiPhiles) o(' the, group of 
cotir^^eheyennensis as weU, There is an' uninter
rupted scries (pleius) of-transitional forms between 
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the three groups above mentioned in the Campa-
"niantiMaestrichtian succession of the Western 
Interior of Canada, Scaphites oi tie group of 
noSos-usi Owen areplaced in thei typical subgenus-of 
the genus-5M^War Parkinson 1813, s.l., as the 
writer is unable to see any esMntial morphological 
differences between this, "gtpiip and .ScaphUes 
(ScaphilA Knodosus 'R6emtT,':Scaphites (ScaphUes) 
hipppAA Dekayj ScaphUes roemiri d'Orbigny and 
btiier't>^ical representatives of this subgenus. 

la. Regarding the use of the names Disco
scaphUes and Acanlhoscaphiles, the compilers 
are in essential agreeriient with the views ex-
pressedMn Note I by Doctor Jeletzky, but feel 
that in deference to past usage it would.be less 
confusing, for the purposes of the chart, to 
continue the old usage until a fuUy documented 
and illustrated discussion can be, presented. 

2. Many authors, particularly the .French 
writers, indude the Coniadan and the 
Maestrichtian stages in the Senonian. Others 
exdude the Maestrichtian, and others, par
ticularly the Gennaa writers, exclude the 
Coniacian (Emscberian). 

3. Col. 1. Noiunajirie ifossUs in the Fort 
Critt'endeh formatipn indicate a very late 
Cretaceous age for the. Sonoita group, which is 
found in the Santa Rita Mountains (Stoy
anow, 1949, p. 5 8 - ^ ) . 

4. Col. 1. Scant marine fossils suggest a 
Colorado age for the Ahiole arkose (Bro'wn, 
1939, p. 697), 

5. Gol. 1. In the fatagpnia Mountains 
(Stoyanow, 1938; 1949, p. 30), 

6. Col. 1. In the Ninety-Gne Hills (Stoy
anow,, 1938, p. 4-27). 

7. Col, 2. Assigned to ah early Colorado age 
on comparison with rodis near Silver City, 
.New Mexico. 

8. Cols, 3 and .4. Assigned on the basis of 
fossils the compilers consider early Colorado. 

9. Gol, 5, etc: The relations of the" saodstpne 
designated "Dakota" in this; arid many other 
areas to the typical Dakota sandstone on the 
Missouii River near Sibux City, Iowa, are not-
well understood. Such usage of the name may 
cover beds of both Early and Late Gretaeeous 
.ages, though it was apparently the intent' 
originally to indude in the Dakota beds no 
older than the European Genomanian. The're.is 
much doubt that any part of the typical 
eitposuT'es are Late Cretaceous. 

10. Col. 7, In 'Luna County. 
11. Col. 7. In the Little Hatchet Mountains. 

12. Col. 10; Lee (1906a, p. 240; 1906b, p, 
57) reports the presence of Triceratops, in
dicating that a t least part of this unit is very 
late Cretaceous, 

13. Col. 10. Paleontologic data iridicate the 
presence of beds of Greenhorn; later' Carlile, 
and Niobrara ages. ''' 

14. Col. 10, etc. .Presence of beds of early 
Carlile. age here-and in several-other areas is 
dubious. The CoUignoniceras wbollgari fauna 
has not been found, arid an interruption in 
sequence is inferred. 

15. Col. 15. Indudes the Punta de la Mesa 
sandstone member of Herrick,as recognized by 
Lee '(Lee arid Kriowlton, 1917, p. 172, 179). 

16. Cols. 16 and 17. On the basis of the 
dinosaiurian faunas, some vertebrate paleon
tologists assign the interval from the Ojo 
Alamo sandstone to the Fruitlarid formation to 
Horizons older than here shown (Gilmore, 1916, 
1919). 

17. Gol. 18. 'W. T. Lee (1906b, p, 57) at 
first regarded the Galisteo sandstone as 
equivalent- to the Late Gretaeeous deposits of 
the- Engel district (see Note 12), because of 
similarity of lithologic constitution and strati
graphic position,, but he later {1917, p. 184) 
regarded it as Tertiary. Steams (1943) reports 
late Eocene or early Oligocene mammals in the 
uppermost part. The age of the lower part is 
still undeterniined. 

18. Coi. 26. In the Muddy M:ountains. 
19. Col. 26, In th'e Eureka district. 
20. Cols, 27 and 28. Paleontological evidence 

is scant for assigntnent of these deposits, and 
they are assigned largely by analogy with 
deposits to the east. 

21. Col, 29, etc. The presence of upper 
Carlile beds here is dubious. The; Prionocycltis 
vjyomingensis fauna has riot been found, and a 
hiatiis is inferred. 

22. Gols. 31, 32, and 38. The lower part of 
the North Horn formation has yielded Cre
taceous reptiles, and the middle part has 
yidded Paleocene mammals. No sharp 
boundary betweejx these parts has been noted. 
Some, vertebrate paleontologists assign the 
reptile;-bearing part to horizons older than 
bere^shown (Gilioore, 1947). (See UJJO Note 16.) 

23. Col. 31. The age of'the lowest part of the 
Sanpete formation is not well determined. It 
may contain beds of Early Cretaceous age. 
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24. Col, 33, In this area the age of the beds 
long called ' Wasatch" and now desjgriated 
"Currant Creek" formation is .dubious; by 
analogy with regions to the south they seem 
likely to be equivalents of the North Horn and 
Price River formaltions and at the top may 

' indude beds as high as lower Eocene. Adequate 
paleontologic data are not available. 

:25. Cols. 34 and 35. Stokes (1944, p. 970) 
cdrtelates the Kelvin conglomerate with tKe 
Buckfcorn conglomerate and Cedar Mountain 
shale (Col. 38), Eardley (1944,. p . .838) cor
relates the type Kdviri conglomerate with the 

• lower part of his Kelvia (?) formation of the 
' CpalviUe district, Utah (Col, 35), which part 
•appears to be equiyalept to the Ephraim 

.'• forination (Early Cretaceous and possibly Late 
• Jurassic), See also Note 421 Adequate paleon

tologic data are not available. 
ŝ 26. Col. 35. The age of the beas.long called 

•^asatch"'is dubious;it seems likely that they 
may indude equivalents of the Price River 
and North Horn forma tions and may extend up 
into the lower Eocerie, Adequate paleontologic 
data are not available. 
!,'27. Col. 35, "Unit W-2," etc., refers to a 
measured section -at Coalville published> by 
Wegemaun (1915, p. 163), and "Unit R- l , " 
etc., to a measured section at: Rockport pub-

• lished by Stanton (1893, p. 44). 
28. Cols. 39 and 43. The relations of the 

Tuscher formation to the North Hora tdrma-
tion and to the "unnamed sandstone" (Col. 
43) are not fully determined. Spieker (1946, 
P- 140) considers- the Tuscher a coarse basal 
unit of the North Horn formation. 
' 29.- Col. 40, The rdations. of the Mesaverde 
formation of the. Rangely region to that .of 
:adjacent areas is not well known. The cor-
i rdations shown are somewhat arbitrary. 
, 30.. Col, 40,-etc. The Belle Fourche, Green-
,'hom,'arid lower Carlile faunas have, not been 
fpund here and m several other areas, .and a 

' biatus is inferred. 
31. Col. .40, etc. The stratigraphic relatioris 

[pt the strata induded in the Dakota sand.stone 
m the areas represented by these columns are 

.not wdl,known. The assigtunents shown are 
soiDewhat arbitrary. 

32, Col. 44. The age of the Ohio Greek 
conglomerate is, uncertain, and so is its relation 

to the "unnamed sandstone" of Col. 43, with 
which Lee (1912, p. 48) correlated it. 

32a. Gol. 45, The GpHignonieerof hyatli 
arid C. teooUgari zones have not been found 
here, and an interruption is inferred." 

33. Col. 48, etc. No evidence of the Eagle 
and Telegraph Creek faunas has been' found in 
this or in several other aireas,'and a hiatus is 
inferred. 

34. Col. 48, etc. Eviderice for a disconformity 
at the base of the Timpas limestone is given by 
Johnson (1930). In addition, the absence of 
equivalents of part of thte Turner member and 
of the Sage Breaks member of the GarlUe shale 
may be'dted. 

34a. Col. 4i8. The "Pugnellus sandstone" 
pf the literature (see Stanton, 1893, p. 28) 
locally occupies the iiiterval between the 
CodeU and Fairport members of the Carlile 
shale. 

35. Col. 48, The Greetihom and Graneros 
fonna.tions of' Gilbert •were ..described in this 
region (Gilbert, 1896), but, as these names were 
Subsequently applied in ,the"Great Plains to the 
east, the boundary was moved'down to indude 
equivalents of the upper, calcareous part oi the 
original Graneros in the Greenhorn. This re
vision seems tnore widely useful. 

36. Co!. 52. Correlation of the five parts of 
the Dakota of this region is in dispute.' Stanton 
(1922, p. 266-^269) considered all of the Dakota 
equivalent to "the typical Dakota—that is, 
l a t e Cretaceous; Reeside (1923a) correlated 
the marine dark- shale with the Glencaim 
shale, of Kiamichj age; Lee (1927) considered 
the three lo:west parts of the Dakota equiva
lent to the Cloverly fonriation of 'Wyoming and 
tp the Lakota sandstone, Fuson shale, and what 
is now caUed the Fall 'River sandstone of the 
Black HiUs. The compilers believe, that Lee's 
correlation is probably correct, but present 
evidence is not conclusive: 

37. Col. S3, etc. AW, formations below the 
level indicated in each column are interpreted 
from well logs. 

38. Col. 54. Corrdation ofthe lower members 
of the Dakota is arbitra:ry. 

39. Gol. 61. The Mentor fprmation.: is taken 
to include aU the beds between the Dakota 
sandstone of cons mon usage, and the Permian 
rocks. Twerihofd (1924, p, 31), who in central 
Kansas applied the name Mentor to a part of 
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the interval, adopted the term Bel vide re for 
these strata. For southern Kansas Twenhofel 
(1924, p. 20) applied the name Belvidere to the 
beds between the Cheyenne sandstone and 
the "Dakota" sandstone, 

40. Cols. 62, 63, and 65. The 'Bear River 
formation of. this region has in the lower part 

. fossils rdated to those of the Cloverly and 
Kootenai formatioris and in the upper part-
fossils more peculiar to the formation—^the 
"Bear River fauna" bf the literature. The 
sandstone called "Tygee". b}' Mansfield and 
Roundy (1916, p, 83) and placed by inadvert-
ence^at .the top of the-Gannett group is actually 
a unit in the.Bear River formation. The highest 
unit of the .Gannett group is a discontinuous 
unnamed red shale (W. W. Rubey, oral cOm^ 
munication).' 

41. Cols. 62 and 63. The Peterson and 
Draney limestones coritain faunas like those pf 
the Kootenai and Cloverly fprmatioas. 

42. Cols. 62, etc. The Ephraim conglomerate 
has not yielded significant fossils and is placed 
arbitrarily. In the lower part it may. contain 
beds of Jurassic age, 

42a.; Col. 64. The lower part of the typical 
Adaville form ation coritains inarine fossils of 
Colorado age. The upper partiis not wdl dated. 

43. Col. 64, The lower part of the Beckwith 
formation has yielded Upper Jurassic fossils; 
the upper part iri this; region has not yielded 
significant fossils and is placed by comparison 
of hthologic'features, 

44. Col. 65. In parts of the area the Draney 
and Peterson limestone-are absent. 

'45, Col. 66, No .fossils identifying the 
equivalents of the Greenhorn and Belle Fourche 
formations hav'e been reported from this 
region, and the thickness of beds that could 
contain them is small. A hiatus is inferred. 

46. Gol. 67.. Post-Bacon Ridge strata- are 
dated only as later Cretaceous; The correlations 
shown'are arbitrary. ' • .'• 

47, Col. 67,.etc. In mudi of the literature 
the name Thermopolis has, been applied to 
dark shales that ihe above the Ctp-verly forma
tion and below the Mowry shale and that con
tain a brown sandstone membe.r (Muddy). 
Many geologists now prefer to restrict the.name 
to the lower part of the dark shales, to designate 
the sandstone the "Muddy sandstone" arid, 
view it as a formation, and-to include the'upper 

part of the dark shale in the Mowry formation. 
The compilers think this restricted application 
of Thermopolis much more useful at many 
places than the older usage (see also Note-52), 
but in deference to the literature the older 
usage is shown in the chart. 

48. Col. 67. In this region the bouridary 
between the lower 'member of the Cloverly 
formation and Uie Jurassic is in debate. I t is 
riot determined whether beds of Morrison age 
are present or whether aU the rodts above, the 
maririe. Jurassic deposits-are part of the early 
Cretaceous Cloverly formation. 

4|a. Gol. 68. Nomenclature and correlation 
in this column are largely arbitrary. Paleon
tologic evidence is scant, and some of the 
names have been carried, far from their original 
areas. . 

49. Col. 70. The age of the beds designated 
"Lewis" and "Lance" is not well known. 
The assigmnent, shown seems probable but is 
arbitrary. 

50. Col. 70. At many places the Cloveriy 
formation of this region does not present the 
common threefold sequence. The separation of 
these beds from the underlying Jurassic is 
difficult, and at places only arbitrary division 
is possible. 
. SL Gol, 71. Soriie authors indude this shale 
and the uriderlying conglomerate in the Jurassic 
Morrison formation. 

52. Col. 72. The: Thermopolis shale, as 
originally describe by Lupton (1916a, p. 
168), induded the "Rusty beds" usually con
sidered part of the Cloverly fonnation. 
. 53.- Col. 72. The Cloverly formation at its 

type locahty (Darton, 1904) consists chiefly 
of soft beds and does not show the three di
visions—^basal conglomerate, middle varie
gated shale, and upper sandy beds—that at 
other places led Darton to corrdate the forma
tion with the-Lakota sandstone, Fuson shale, 
and Fall River sandstone: of the Black HiUs. 
Because the divisions are widely present, they 
are here indicated. 

54, Col. 73.. Fossils indicate that the equiva
lents of much of the Greenhorn formatiori and 
lowest' part of the Garble arc very tbiri or 
missing here, and a hiatus is inferred, 

55, Col, 78. The relatively thin sandstone 
here designated the Cloverly formation may be 
equivalent to only part of the fonna;tion, and 

; 
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equivalents of the lower, parts may have been 
iX erroneously induded in the Jurassic Morrison 

formation. - , 
,." 56. Col. 81. The fauna of the Sage Breaks 
shale was formerly thought to indicate a 
Niobrara age (Rubey, 1931, p. '4). I t ' i s now 
better known-and indicates that the unit is of 
late Carlile age. 

57. Col. 82, Only the Greenhorn limestone is-
sharply characterized in the. log of the Harris-
bug well, on which this section is largely based. 
. 58i Col. S3, t h e Pierre, Niobrara, and Carlile. 

.}, formations arenot distinguishable in the log of. 
the Agate well, on which this section is based. 
. '\ 59. Gol. 86. The age of th'e lower part of the 

ĵv Dakota here is not determined. 
A ' ' ^ - Col. 87. The compilers bdieve that the 
|»'marine fauna of the type Dakota sandstone— 
F Oriaadi sandstone of Gbndra and Reed (1943)—• 
i j i s part of the general assemblage of marine 

S j j prganisms represented -in the Kiowa shale, 
îf,j "Mentor formation, and the Purgatoire forma-

"jw tion and therefore pf about Kiamichi (late 
i|* Early Cretaceous) age. No evidence of the 

|n|i presence in the type Dakota of equivalents 
'.'•"'•. of the Lakota sandstone and, Fuson shale is 
:'.:,,;' known to the compilers. The age of the lower 

j's part of the Graneros shale Here is not. deter-
\. mmed; 

. ''\.\ 6L Col. 90. This was previously caUed" 
, , "Middle Creek limestone member" by Wing 

; (1940) and "Bull Creek limestone" by Moore 
(1949). In a diagram for this region, Moore has 

- . used, within the the Greenhorn formation the 
names "WiUow Creek," "Stbneville Flats," 

\ j. and "Crow Creek" for liriiestone members. 
\' 62, Col. 94, The Carlile and Greenhorn 
.' .formations are reported to contain distinctive 

fossils, but tbe age of the Graneros shale is not 
well determined. Possibly the Dakota sand-

i' stone Contains no Late Cretaceous deposits. 
I' 63. Col. 97. The rdations of these beds to 

the coal-bearing rocks called the- Frontier 
* fofmation in central eastem Idaho (Col. 63) 

•s not known, though they may be equivalent; 
64. Col. 100. "Very litdeevidence is ayailable 

j as to the age of these vplcanic rocks, 
) • ^ - Col. 100. Sedinaents representing the time 
I ot the Belle Fourche, Greenhorn, and Cariile 

formations and the lower part of the Niobrara 
formation are thin or missing in the central 

\. part of Jefferson County (M. R. Klepper, 

unpubhshed data).'Farther north these strata 
are present. 

66. GoL 102. t h e limits of the typical 
Blackleaf sandy inember of Stebinger (1918, 
p. 158) are as shown, but.petroleum geologists; 
for convenience in subsurface studies, carry 
the name up to indude the calcareous member. 

66a, Col. 102, The names Cosmos and 
Van alta are applied to sands that are local 
equivalents of the Cut Bank sandstone, (Erd-
mann and Sdiwabraw, 1941), The names 
Lander and Moultdn are applie^d to local sands 
in the Kootenai formation (Blixt, 1941). • 

67. Gol. 104 and 105. The relations, of the 
sandstones in the lower part of the Colorado 
shale and in the upper part of the "Kootenai 

• formatipn ate npt determined. Probably equiv
alents of the Muddy sandstone and of the 
GreybuU sandstone of Wyoming are widely 
present, and the intervening shales are to be 
correlated with parts of the Thermopolis shale 
of Wyoming, 

68. Gol. 128. The age^bt the Windrow forma,: 
tion is cbnjecturab Stauffer arid Thiel (1941, 
p . 102) note that the upper part resembles 
the Osfrander metiiber ofathe Dakota formatioii 
and that the lower part is pf residual material 
that niay be much older than Cretaceous. 

INDEX BY COLUMNS OF SiaAnGRAtHrc NAME.'5 

Numbers refer to numbered columns, in 
Plate 1. 'Where one columu only is cited, it 
contains the type occurrence ot the. name; 
where two or more columns are cited, an 
asterisk (*) indicates the column contairiing the 
type occurrence. 

The following units have type occurrences 
in Canada: AshviOe, Assiniboine, Boissevain, 
Bo3me, Kdd, Kootenai, Morden, Gdanah, 
Pembina, Riding Mountain, St. Mary River, 
Swan River, and yermilion River. 

Aberdeen 38 
Adaville 64 
Adel Mountain 100 
Agency 87, 92* 
Allen'VaHey 31 
Allison 14,* 17 
Almond 69 • • 
Amole 1 
Anchor Mine 43 
Animas 19, 41* 
Apishapa 20, 21,48,* 49, 52,'79 
Arapahoe .52 
Ardmore 89 
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Ashvillelie 
Aspen 33, 35, 40, 46, 63; 64,' 66 
Asphalt Ridge 40 
Assiniboine 116 
Atarque 6 
Baeon Ridge 67 
Bartiettl4 
Baxter 69 
Bearpaw 78,102, 103, 104, 105, 106,*, 107, 108, 109, 

l i i 
Bear River 35, 62,,63, (Af 66 
Beartooth 9 
Beaver Creek-8i 
B'echler 62,* 63,63 
Beckwith 64 
Beecher Island 54,* S7 
Belle Sourdie 78, SO, SI,* 83, 89, 90, 103, 110 
Bell Mountain 11 
Be!videre:61 (Note 39) 
Benton 21, 50, 51, 53, 54, 57, 76, 79; 106,* 112, 113,-

115, 117, 118, 123" 
Big Cottonwood 120 
Big Elk 105 
Birdhead 103 
Bisbee 1,* 7 . 
Blackhawk 3S,* 39 
Blackleaf 102 
Blair 69 
Bluecastle 39 
Blue Gate 36 
BlueH:ill,SS,59* 
Boissevain 116 
Bowie 44 
B.oyne 116 
Breien 113 
Bridge Creek 48, 55* 
Broken Jug 7 
Buck 39 
Buckhom 38 
Buda 8 
BuU Creek 90 (Note .6) 
Burro; Canyon 42,*'43 
Carlile 19, 20,21, 48,* 49, 52, 55, 59, 60, 68, 73, 74, 

77, 78, 80,Si, 82, 83,84,85,86, 87, 89̂  90; 91,92, 
93,94,103,110,114 

Gastlegate 38,* 39 
Cat Creek lOS, 106, 107, lOSi* 
Cedar Mountain 38 
Ghacra 17 
Ghamjso 11 -
Cheyenne 24, 56, 58,* 59 
CboUa 1 
Cintura 1 
Claggett 68, 102, 103, 104, lOS, 106,* 107, 108, 109, 

i l l 
Clifi House 16,41* 
Cloverly 67, t&, IQ, 71, 72,* 73, 74,75, 76, 77, 78,79i 

103 
CoalmoatSl 
Cockmni 56 
CodeU 48; 49, 52, 53, 55, 59,* 79; 80 
Cody 67, 70, 71,* 72, 78, 103 
Coleraine, 127 
edigate 110 
Golorkdo 7,8,9,49,* 52, 78,97„9S, 99,100,101,102,-

104,105, 106, 107,108,109, 110, 111 
Corbett7 
Cosmos 102 (Note 66) 
Crow Greek 87,92* 
Crow Creek (2dy 90 (Note. 61) 
Currant Creek'33 

Cut Bank, 102 
Dakota' 5, 6, 8,11,12,13, 14, 15, 16,17,18,19, ,20, 

21, 24, 29, 30, 33, 36, 37, 38,39,40, 41,42, 43,44, 
45, 46, 47, 48, 49, SO, 51, 52, S3, 54, SS, 57, 59, 61, 
69, 84, 85, 86, 87,*- 88, 91, 92, 93, 94, 95,'96, 99, 
112, 113, 114, 115, l i s , 119, 121, 122,124,125, 
126' 

Dalton 15 
Dawson 49 
DeGrey 87, 91,.92* 
'Del Rio 8 
Denver 52 
Diico 11, 14,* 15 
Draney 62,* 63, 65, 66 
Eagle 68, 100, 102, 103, 104, lOS, 106;* 107, 108, 

109,110, 111 . " 
Eagle Ford ."8 
Edwards 8 
Eik.Basin 103 
Elk Butte 87, 92* 
Emery 36, 38,* 
Ephraim 35, 62,* 64, 65, 66 
Ericson 69 
Fairport 48, 49„52, 55, 59* 
Fall River.'60, 80, 81, 84, 89j* 90, 110 
Farmington 16,* 41 
Farrer 39 
Favd.116 
Ferris 74 
Ferr6n36, 38* 
Finlay'8 
Fort Benton 106 
Fort Buchanan 1 -
Fort Crittenden'l 
Fort Hays 48, S3, 54, 55, 57, 59,*" 84 
Fox Hills 49, SO, 52, S3, 79, 80, 81, 82, 90,91, 92* 

110,111,112/113,114 
Frontier 33,35,40,63,64,* 66,67, 68,69, 70, 71, 72, 

73, 74, 75, 76, 77, 78,103 
Fmitland 16,* 17,19, 41 
Funk Valley 31 , -
Fuson 60,;80, 81, 84, 8S, 89,* 90,110 
Galisteo IS 
Gallegoil 
Gallup 6, 11, 14,* 15 
GBnjrooa.Sl,* 90,110 
Gannett 35, 62,* 63, 64, 65, 66 
Garley Canyon 38 
Gastropod ,97, ItW 
Georgetown 8 
Gibson i l , 14,*'15, 17, 19 
Glance! 
Glencaim 48,* 49 
Graneros,19j 20,21,22,24,48,* 49,52, 55,59,60,80, 

81,82,83, 84,85„86,87,89, 90,91,92,93,94,110, 
114, 122,124 • 

Greenhorn 19, 20, 21, 24, 48,* 49, 52, 55, 59,'60, 78, 
8b, 81, 82, 83, 84, 8S, 86, 87, 89,90,91,92,93, 94, 
103,110,114 

Gregory 87, 91, 92? 
GreybuU'68, 71,72,*'i03 
Groat 81 • . , 
Hartland 48, 55, 59* 
Haybro47 
Hayden Gulch 47 
Hell Creek 82, 90, 92, 103, 104,105,106,107,108, 

i09, 110,111/112,113,114 
Henefer.35 
Hidalgo 7 
Hiffiard M 
Holdemess 47 

i 
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Horsehead 6 
HorsetMef 102 
Hosta 11, is,*'17, 19 
HoweUs Ridge 7 
Hunter Canyon 43 
Hygiene 52 . ' ' 
nes'45, 46, 47* 
Lldianola 31, 32* 
Interior 87, 91* ~ 
Inyaii Kara 80, 81;* 89, 90, 110 
Iron Springs 28 i 
Janssen 59 j 
Jetmoie 59 
Joserita 1 
Juana Lopex 16, 17, 18,* 19 
Judith River 68, 102,104, 105, 106,* 107, 108, 109, 

110, U i 
Kaiparowits 29, 30* 
Kdd 116 
Keivin34,*35 
Kemmerer 64 
Kiamidii 8 
Kiowa 24, 56, 58,* 59 
Kirtland 16,* 17,19,-41 . 
Kootenai 97,98, ?«, 100,101,102,104,105, 106,107, 

108, 109, I I I ' ' • 
.Lake Creek 57 
lakota 60, 80, 81, 84, 85, 89, 90,* 110 • 
Lance 47, 69, 70, 71, 72, 73, 77, 78, 79, 80,* 81 
Lander.102 (Note66) 
Laramie 49, 50, 52,* 53, 99 
Larimer 52 

.,,,,. DtVentana 17,* 19 
^i'-i' Laaeart'64 
!!,'--Lennepl04, 105* 
A ' - Lewis 16,17, 19, 41',* 47, 69, 70, 73, 74, 75, 77 
i^r Lincoln 48, 55,59* 

•' Lion Canyon 45 
''? . Livingston 99, lOi* 
"" Lowell 1 
•: Lytle48.*49 
: ' McDermott 16, 41* . 

. Mancos 5, 6, 11, 12, 14, 15, 16,17, 18, 19, 33, 36, 37, 
•,, • 38, 39, 40, 41,* 42, 43, 44, 45, 46, 47 
.; Masuk36 
'; Medidne Bow 74 

: '•'• Meeteetse 71,* 72 
~. Menetee 16, 41* 

' Mentor 61 
Mesa Rica 22 

. Mesaverde 5, 6, 11, ,12, 14, IS„16, 17, 18,19, 33, 36, 
" •' • 38,39,40,41i*42,43,;44,-4S, 46,47, 67,69,70„71, 

72, 73, 74, 75, 76, 77 
• Middle Creek 90 (Note 61) 

Middle.Park 51 
Miguel 11 
Miiliken 52 
Milner47 
Miiinewaste S9 
Mitten 81 
Mobridge 87, 91, 92^ 
Molly Gibson 1 
Montana 99,. 106* 
Monument Hill'81 
Morapos 47 
Morden 116 
Morita 1 
Moshy 108,* 109 
Moulton,102 (Note 66) 
Mount Garfield 43 
Mount Harris 47 

Mowry 67, 68, 69, 70, 71, 72,73, 74, 75, 76, 77, 78,* 
-79, 80, 81, 83, 89, 90, 103, KM, 106, 108, 109, 110, 
i l l 

Muddy 67,70, 71, 72,* 73, 75, 76,'77, 108, 109 
Mulatto 15 
Mural 1 
Nefsy.Sl 
Neslen 39 
Newcastle 60, 78, 80, 81,* 83, 84, 89, 90,.i l0 
Niobrara 19, 21, 48f 49,,S0, 51, 52, S3, 54, 55,57, 59, 

"60, 68, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 
85, 86, 87,* 89, 90, 91,92, 93,103, ilO, 112, 113, 
114,IIS 

North Horn 31, 32,'38* 
Oacoma87j92* 
Odanah 116 
Ohio Creek 44 
Ojo Alamo 16;* 17 
Omadi 84, 86, 87;* 88 
Orman Late 90 
Ostrander 121 
Overton 26 
Oyster Ridge 35, 64? 
Pacheta 1 
Pajarito 22 
Panther 38 
Paonia 44 
Parkman.68, 77, 78;* 103 
Patagonia. 1 
Peay 72 
Pedregosa 1 
Pedro 81 
Pembina 116 
B«:illa 1 
Pescado 6,* 11 
Peterson 62,* 63, 65, 66 
Pfeifer 59 
Pictured CliSs 16,* 17, 19,41 
Pierre 20, 21,48,49, SO, 51, 52, S3, 54, 57, 78, 79, 80, 

8i, B2, 83,86,87,89, 90,91,92,*93,110,112,113, 
114,115,117 

Pine Ridge 75 
Piney 78 
Hnkard 3 
Pinto 28 
Playas Peak 7 
Point Lookout, 16, 41* 
Price River 31,'32, 38* 
Pryot 68, 103*: 
Pugnellus 48 (Note 43a) 
Punta de la Mesa 15 (Note IS) 
Purgatoire 20/21, 22,'24, 48,* 49, SS, 57 
Quajote 1 
Rail Canyon'21 
Raton 21,* 48 
Recreation 1 
Red Speck 102 
Richards 52 
Riding Mountain l i 6 
Rim Rock 40,*- 45 
Ringbone 7 '. 
Rode Springs 69 
R6ck,town,59 
Rocky Ridge 52 
Rollins 44 
Rusty 67, 7,0 

Sage Breaks 75, 76, 80, 81,* 89, 90 
Sage Hen 108 
St. Mary River 102 
Salt Grass 57 
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Sanpete 31 
Sarten 7 
Satan 11,15*' 
Sego 39,* 43 
'Sharin6n 77,* 78, 80 
Sharon SpTings.48, 52, 57;*.87, 89, 90; 91,.92 
Shoshone 50 
SLxmile Canyon 31 
SkuU Creek 78,-80, 81,* 83, 84, 89,90, UO 
Skunk Ranch 7 
Smoky Hill 48, S3, 54, 55, 57, 59,* 84 
Sonoita 1 
Spring. Canyon 38 
Star Point 38 
Steele 73,* 74, 75, 76, 77, 78 
Stoneville Flats 90, (Note 61) 
Storrs 38 
Straight Glifis 29, 30' 
Sully 87, 92* 
Sulpliur Canyon 39 
Sunburst 102 
Sussex 78 
Swan River 116 
Tancredia 106 
Teapot 73, 77*-
Telegraph Greek 68,100, 101,102,103* 
Tepee Buttes « , 49, 53 
Terra Cotta S9 
Tmy 52 
Thatdiet 48 
Thermopolis 67,68,69,70,71,72,* 73,74,75,76,77, 

78, IQ3,1» 
Thompson Canyon 39 
Timber Lake'92 
Timpas 20, 21,48, 49,* 52, 79 
Tocito 16 , , 
Torchlight 72 
Tonington 79 , 
Trail City 92 t • . 
Tres Sermanos 11, 15,* 18 --. , .• ' 
Trinidad-21, 48* 
Tropic'29, 30* 
Trout Creek 40, 45, 47* 
Tucumcari 22 
Tununk 36 
Turner 81,* 89, 90 
Tuscher 39 
TwentyiBiile 47 
Two Medicine. 100,101, 102* 
TwoweUs 6 
Tygee 62 
VanaVta 102 (Note 66) 
Vereridrye,87,91,92* 
Venneio 21,* 48 
Vermilion River 116 
Wgdle 68, 100, 101,102, 103, 104,105,106,* 108, 

109 
•Virgin Creek 87, 91,92* 
Wabweapi9,30* • ' . 
WaU Creek 73, 74, 75, 76, 77,*" 80 
Warm Cre^ 109 
Wasatch 35 
Wayaa 62 ^ 
Weskan,S7 
WiUiams Fork 40, 45, 46; .47* 
WiUow. Creek 90 (Note 61) 
Wmdrow 128 
•Woodbines 
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Fluorite solubility equilibria in 
selected geothermal waters 

DARRELL KIRK NORDSTROM* and EVERETT A. JENNE 

U.S. Geological Survey, Menlo Park, California 94025, U.S.A. 

{Received 21 February 1976; accepted in revised form 20 July 1976) 

Abstract—Calculation of chemical equilibria in 351 hot springs and surface waters from selected geo
thermal areas in the western United States indicate that the solubility of the mineral fluorite, CaFj, 
provides an equilibrium control on dissolved fluoride activity. Waters that are undersaturated have 
undergone dUution by non-thermal waters as shown by decreased conductivity and temperature values, 
and only 2% of the samples are supersaturated by more than the expected error. Calculations also 
demonstrate that simultaneous chemical equilibria between the thermal waters and calcite as well 
as fluorite minerals exist under a variety of conditions. 

Testing for fluorite solubility required a critical review of the thermodynamic data for fluorite. By 
applying multiple regression of a mathematical model to selected published data we have obtained 
revised estimates of the pK (10,96), AC? (-280.08 kcal/mole), AH? (-292.59 kcal/mole), S° (16.39 
cal/deg/mole) and C? (16.16 cal/deg/mole) for CaFj at 25°C and I atm. Association constants and 
reaction enthalpies for fluoride complexes with boron, caldum and iron are induded in this review. 
The excellent agreement between the computer-based activity products and the revised pK suggests 
that the chemistry of geothermal waters may also be a guide to evaluating mineral solubility data 
where major discrepandes are evident. 
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INTRODUCTION 

THE INCREASED development of geothermal resources 
to help meet energy demands requires a better under
standing of the chemistry of geothermal waters. It is 
necessary to know not only what the composition 
of a particular water is, but what processes determine 
that composition. This knowledge is useful in the 
design and operation of power plants, in the explo
ration for new fields and in the evaluation of the 
potential effects of wastewater disposal. In order to 
adequately model the chemical processes within a 
geothermal region, field measurements, experimental 
laboratory investigations and theoretical consider
ations must be carefully synthesized. If a model is 
proved successful, it can then be used to assess the 
environmental impact of geothermal development. 

One of the elements which occurs in relatively high 
concentrations (commonly greater than 1 mg/1) in 
many geothermal waters is fluorine. The purpose of 
this paper is to test the hypothesis that fluoride con
centrations are governed by the solubility of the 
roineral fluorite, CaFi, in several geothermal regions 
of the western United States, With the use of high
speed computers, it is now possible to make a quanti-
'^'ive analysis of a possible solubility-controlled reac-
^on without laborious and time-consuming manual 
*3lculations. The success of this approach is very 
^couraging and should provide useful information 
•Or other geochemical surveys. 

Soil 
Present address: Department of Environmental 

^nces, University of Virginia. Charlottesville, VA 22903, 
U.S,A, 

A preliminary assessment of several geothermal 
waters for fluorite saturation supported our suspicion 
that there were errors in the published thermodyna
mic data for fluorite. This finding provided the im
petus for a critical review of the literature on the ther
modynamic properties of fluorite from which we have 
calculated a set of revised values, 

FLUORIDE IN GEOTHERMAL WATERS 

The fluoride content of surface waters rardy sur
passes 1.6 mg/1, the maximum recommended conceii-
tration for domestic water supplies when maximum 
daily air temperatures are 22-26°C (ENVIRONMENTAL 
PROTECTION AGENCY, 1972). Geothermal waters, how
ever, commonly exceed recommended water quality 
criteria for dissolved fluoride. Although fluoride con
centrations are generally below 20 mg/1 in thermal 
springs and in solutions from rock-leaching exper
iments (ELLIS, 1967), they have been reported as high 
as hundreds and even thousands of milligrams per 
litre in acid (pH < 2) hot springs by ELLIS (1973) and 
OzAWA et al. (1973), Under these acid conditions 
fluorine would be present largely as aqueous HF, 
HFJ and SiFj", which would partially escape into 
the air as HF and SiF^ gases at atmospheric pres-
siires. Low and stable levels (0,5-1,7 mg/1) of dissolved 
fluoride are required to maintain dental health, pre
vent teeth mottling and prevent fluorosis in livestock 
(UNDERWOOD, 1971), Thus, geothermal waters consti
tute a source of potential fluoride contamination to 
natural water systems. 

In this study a total of 351 water analyses from 
selected springs, wells and streams in Yellowstone 
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National Park (Cox, 1973), hot springs in Yellow
stone (ROWE et a l , 1973), as well as hot springs in 
Nevada (MARINER et a i , 1974a), Oregon (MARINER 
et ai , 1974b) and California (WILLEY et ai , 1974) were 
used as input data for our computations. Only water 
analyses reporting: (1) in situ temperatures and pH 
values, (2) pH values greater than 4,0, (3) all major 
constituents, (4) fluoride and calcium, and (S) spedfic 
conductance were tested. Add hot springs with pH 
values less than 4,0 were avoided because compilation 
and evaluation of the appropriate complexes has not 
yet been completed, 

TESTING FOR FLUORITE SATURATION 

MAHON (1964) and ELLIS and MAHON (1964, 1967) 
have argued that the concentration of fluoride in geo
thermal waters is controlled by the solubility of fluor
ite. They base their arguments on rock-leaching ex
periments and fluorite solubility determinations car
ried out at I00-350°C and a constant pressure of 345 
bars. The rock-leaching experiments demonstrated 
that fluoride concentrations tended toward limiting 
values which could be related to the solubility of pure 
fluorite under similar pressure and temperature con
ditions. Unfortunately, non-equilibrium conditions 
were present in some of these experiments, as indi
cated by increasing and decreasing concentrations of 
fluoride with time. In addition, they did not account 
for ionic strength and complexing effects. Their con
clusions were based on concentration products rather 
than activity products. Comparison of their solubiUty 
data with thermal water analyses can only be con
sidered a qualitative indication that an equiUbrium 
solubility control exists, 

• The solubility of fluorite as shown by the following 
reaction: 

CaF^,,, ?=* Ca,^-' («q) 2 F"(aq) (1) 

can be affected by temperature, pressure, ionic, 
strength, particle size, polymorphism, complexing 
capadty of the solution, and kinetic barriers. In order 
to simplify the problem, we have assumed equilibrium 
conditions with no particle size efliects. The negative 
log of the equilibrium constant, K, for reaction (1) 
is: 

p K = - \ o g K = - \og (ac .2 . ) ( aA\ (2) 

which expresses the equilibrium concentrations in 
terms ofthe activities of dissolved calcium (OCJ*) and 
dissolved fluoride (op-). Since adivities are used in
stead of concentrations, ionic strength efTects are 
taken into account. 

Polymorphism is not a major difficulty because the 
crystalline alpha phase (a) of fluorite is stable up to 
1424°K (NAYLOR, 1945), Temperature effects are cal
culated from the van t'Hoff equation: 

d logK 

d( l /T) 

AH, 

2,303 R' 
(3) 

where AH, is the partial molal reaction enthalpy, j{ 
is the gas constant, and Tis the Kelvin temperature. 
Pressure eflTects are determined from the relationship; 

dlogK 

dP 

AV, 

2,303 « r ' (4) 

where AK, is the partial molal volume change for the 
reaction, . 

Complexing can often be the single most important 
factor which determines the total concentration of 
fluorite which dissolves. Upon dissolution of fluorite, 
the ions may associate with themselves to form a 
monofluoride cornplex: 

Ca(a,) + F,„^, )S CaF(„,). (S) 

Fluoride ion, being a strong ligand, will also complex 
with several cations, such as magnesium, iron ajnd 
aluminum: 

M g , \ ; , - ( - F , ; „ ^ M g F , : „ , 

Fe?„;,-(-«F,;,,^FeF<„J-,"';«=l,2,3 

Al,i; + nF,I„ u AlF<?,-)">; n = l,2,3,4,-5,6. 

(6) 

(7) 

(8) 

Due to the low concentrations of iron (usually less 
than 1 mg/1) and aluminum (less than 0.1 mg/1) in 
neutral thermal waters, fluoride would not be bound 
to these cations to any significant extent. Magnesium 
may be an important complexing cation because'its 
concentration ranges up to 62 mg/1 in our samples. 

Another species which complexes with F,';,, is boric 
acid and since the boron content of geothermal 
waters occasionally reaches concentrations of 150 
mg/1 (ELUS, 1967), these complexing reactions need 
to be considered: 

B(OH)3(„, -1- nF,;„ f± B F . ( 0 H ) 4 - - „ , . „ 
-H (n - 1) OH («q)> n = 1,2,3,4. (9) 

Calcium ion also complexes significantly with car
bonate and sulfate ions which can increase the solubi
lity of fluorite. Complexing has the effed of redudng 
free calcium and fluoride activities, thereby increasing 
the tendency for fluorite to dissolve. The dissodation 
constants for sorne of the above reactions as well as 
enthalpy and heat capacity considerations are given 
below ih the discussion on thermodynamic data. 

When complexing is accounted for, the activity 
product, AP = (ooi'-) (%-)', can be calculated from 
a water analysis containing all of the major constitu
ents. The ratio of the AP and the equilibrium con
stant, K, gives the degree of saturation of a water 
with respect to fluorite. To express this in terms of 
a free energy difference, AG„ we have: 

AG, = AG? -I- 2.303RT\og(ac.A(aF-f (10) 

=• -2:303 RTlog K -h 2.303 RTlog AP (11) 

= 2.303 RT\og{AP/K). (12) 
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When a water is undersaturated, AP < K and 
AG, < 0 ; when supersaturated, AP > K and 
AG, > 0; and- at equilibrium (saturation), AP = K 
and AC, = 0, 

The computations involving activity corrections, 
temperature dependence, eff'ect of complexing, and 
degree of saturation can be easily made with available 
computer programs. We employed the PL/1 programs 
W A ' T E Q (TRUESDELL and JONES, 1974) for our com: 

putations and EQPRINT and EQPLOT (J, W, Balli 
U,S, Geological Survey, unpublished programs) to 
evaluate our results graphically. In briisf, WATEQ 
uses the chemical analysis and on-site measurements 
of temperature, pH and Eh and distributes the total 
concentrations of species among all of the known as
sociated and unassodated species according to their 
'equilibrium constants. Distribution of species is 
accomplished by iteration and correction of the free 
anion concentration for each successive cycle. The 
ionic strength and activity coefficients are also corrected 
on each iteration. Iteration is stopped when the sum 
of the weak adds, free anions and their complexes 
is within 0,5% of the analytical values for each major 
anion. 

Calculated log AP values for fluorite were plotted 
as a function of on-site temperature with EQPLOT 
using letter symbols to indicate the basin from which 
the samples came. These results are shown in Fig. 
1. All ofthe letters plot significantly below the fluorite 
solubility curve of HELGESON (1969), which suggests 
two possible explanations. These thermal waters may 
be undersaturated with respect to fluorite because 
some other mineral phase is controlling the calcium 
and fluoride adivities at undersaturated values or else 
kinetic or' hydrodynamic factors are preventing satu
ration. Alternatively, the thermodynamic values used 
by WATEQ or by HELGESON (1969) or by both are 
in error. The most striking observation that appears 

' f 

8 T-

HEUiESON ( J 9 6 9 ) 

4tX 
N X 

15" "15" *^ "S" ibo 
Temperoture 

Fig. I. Log of the activity product for fluorite plotted as 
a function of on-site temperatures for geothermal waters 
of the westem U.S. Letter symbols (see Appendix 2) rep-
•Ssent difl'erent basins or regions. The solid line represents 
the equilibrium solubility of fluorite from HELGESON (1969), 

in Fig, 1 is the well-defined uppjer boundary to the 
log AP values. This defines a limit proportional to 
log (oca^*) (^F-)^ over a wide temperature and com
positional range, thereby making the suggestion of 
consistent undersatuaration unlikely. Furthermore, 
90% of the values for hot springs with temperatures 
greater than 30°C agree to within 2 log i4P units (2,7 
kcal of energy). Thus, a critical evaluation of the ther
modynamic data was mandated, 

THERMODYNAMIC DATA 

Proper evaluation of the accuracy of published 
thermodynamic data needed for chemical equilibria 
computations of natural waters is a tedious and time-
consuming task. We have reviewed the literature for 
data on: (1) aqueous fluoride complexes, (2) free ener
gies, enthalpies and entropies of fluorite, and (3) the 
heat capacities of fluorite, Ca,\*, and F,";,) in order 
to test the equilibrium control by fluorite solubility. 
Final revised estimates of these values were obtained 
by regression of a mathematical model to the data 
(HAAS; 1974). 

Dissolved complexes 

Association constants and enthalpy values (or tem
perature-dependent power functions) are used in 
WATEQ to calculate species distribution. Included 
in WATEQ are the values for the association of 
MgF*, AIF'-", AlF^ AlFf and AIF4 to which we 
have added the values for BF(OH)r, BF2(OH)r, 
BF3(OH)-, BF; , FeF^*, F e F ^ FeF? and CaF*, The 
association constants for reactions (9) were deter
mined by GRASSINO and HUME (1971) and their value 
for n = 4 agrees with previous work. Although they 
measured these constants at two temperatures (25 and 
35°C), the lack of precision and the lack of suffident 
difference in the association constants makes it im
possible to obtain any enthalpy information except 
for M = 4, We have estimated the reaction enthalpies 
in the following manner, WAGMAN et a i (1968) give 
free eiiergies of formation for BF2(OH)2, BF3(OH)" 
and B F ; which give log K values for the association 
reactions within 10% of the values from GRASSINO 
and HUME (1971), Unfortunately, standard enthalpies 
of formation are only listed for BF3(OH)" and BF; , 
A linear free energy relationship holds between the 
free energies of BFj(OH)J, BF3(OH)" and B F ; as 
a function of the number of complexed fluoride ions. 
Since the entropy dilTerence between B F ; and 
BF3(OH)" is quite small, it should be safe to assume 
that a hnear relationship holds for the enthalpies as 
wdl. By extrapolation, AG? [BF(OH)3-] = -303.05 
kcal/mole, AHj [ ;BF(0H)3-] = -342.20 kcal/mole, 
and AHJ [BF2(0H)r] = -353.60 kcal/mole. Reac
tion enthalpies were then computed using the AW° 
[F" ] from this study and AHj [OH"] from WAGMAN 
et a i (1968). Ih order to incorporate the distribution 
of boron spedes among these fluoride complexes into 
WATEQ, we found it necessary to modify the pro-
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gram so that iterative calculations for boron were in
cluded, 

Assodation constants for the iron fluoride com
plexes [reaction (7)] were taken from unpublished 
selected values,* Although enthalpies for reaction (7) 
calculated from WAGMAN et a i (1969) agree with 
those listed in ASHCROFT and MORTIMER (1970) for 
n = I and n = 2, a serious discrepancy was found for 
n = 3. The.same discrepancy occurs in the free energy 
calculations for n = 3 using WAGMAN et a i (1969), 
Therefore, we have preferred to use the reported 
enthalpy value from ASHCROFT and MORTIMER (1970) 
for n = 3, 

A review of the literature revealed four difTerenl 
investigations of reaction (5) both as a function of 
temperature (up to 40°C) and ionic strength (TANNER 
et ai , 1968; Aziz and LYLE, 1969; ELQUIST, 1970; 

BOND and HEFTER, 1971). All of the pK values at 
25°C were plotted as a function of A ^ and extrapo
lated to zero ionic strength to obtain a corrected p ^ . 
TTien the pK values for the same ionic strength were 
plotted as a function of l /T to obtain the reaction 
enthalpy. Agreement between investigators was quite 
good (the variance is less than 0,1 of a pK unit). 

These additional values for association constants 
and reaction enthalpies have been added to WATEQ 
and are hsted here in Table 1, ELLIS (1967) has sug
gested that fluorosilicate complexing may be impor
tant in geothennal waters, CADEK and MALKOVSKY 
(1966) have shown that siUcon fluoride complexes can 
form in add solutions, but under the neutral condi
tions we have selected, fluoride is not affected by silica 
complexing, 

Fluorite, CaF2(a) 

Thermodynamic parameters for the heat content,, 
heat capacity, entropy, enthalpy and free energy of 
fluorite are avaijable from calorimetric, solubility, and 
electrochemical measurements. Unfortunately, there 
are major discrepancies between the results from dif
ferent investigators. It became necessary to make a 
full compilation of values, to review the methods of 
measurement, and to select data sets which were 
expected to be more accurate on the basis of the pre
cision of the results and the reUability of the method 
used. This task was greatly facihtated by the use of 
the computer program made available by HAAS 
(1974), This program, PHAS20, carries out a simul
taneous rhultiple regression of a mathematical model 
to any group of measurements of thermochemical 
data for a single species, a reaction or group of chemi
cally related species. The mathematical model is 
based on an empirically-derived power function of 
temperature which is a modified version of the 

* These values were obtained from an unpublished 
manuscript by E, Hogfeldt and L, G, Sillen (1966) which 
was made available to us by the courtesy of Dr, J, J, Mor
gan, The values in the Hogfeldt and Sillen compilation 
were selected from SUXEN and MARTEIX (1964). 

Maier-Kelly equation. The heat capacity power func
tion used is: 

Cpt = 0,-1- 2JbtT -̂  c,T~^ + ftT^ + g t 3 (13) 

for a solid spedes, i, and 

Cp, = 0,-1- 2b,T + cA~^ + fiT^ - ^-^331 
€ 

(14) 

for an aqueous species, i, where 

f(T) = a^ exp^ (P-{-otT)-{- a^ exp(/3 -I- otT) (15) 

2a 1 
-I- -T-exp(^ -I- aT) -f -= 

e ê  
flj, bi, Cj, f, and ĝ  are f>ower series coeflFicients for 
the heat capacity function, Cp,, T is the Kelvin tem
perature, e is the dielectric constant of the solution 
and «, p and 6 are fitted constants. Equation (15) 
was adopted from HELGESON (1967) by HAAS (1974). 
PHAS20 provides the user with deviation plots which 
permit easy evaluation of discordant data. 

The thermochemical data inputed to PHAS20 is 
compiled in Table 2 along with the values obtained 
from the regression analysis. NA.UMOV et a i (1974) 
obtained their values by least squares fit of a mathe
matical model using a linear heat capacity power 
function (Cp, = bT) to only one set of data; therefore, 
we have not used their data. Their methods are out
lined in KHODAKOVSKIY et al. (1968). The enthalpy 
value of VECHER and VECHER (1967) was not used 
because they give nq experimental measurements, 
only a final AH° for CTaFj,,, which assumes that the 
entropy change for their solid-state reaction: 

CaO -I- MgFj 7± CaF2 -f- MgO (16) 

is zero at 1200°K and which utilizes unevaluated 
enthalpies for the other spedes. The high free energy 
value reported by SKELTON and PATTERSON (1973) was 
not used because of an internal inconsistency as 
pointed out by C^ATTOPADHYAY et a i (1975). Fur
thermore, the latter authors report a AGj for NiFz 
at 298°K of 1.4 kcal/mole more positive than the 
value reported by SKELTON and PATTERSON (1973). 

Table 1. Log K and standard enthalpies of reaction 
(298°K, 1 atm) for dissolved fluorine complexest 

Reaction 

B(CIH)5 + r - Z BPCOtOj 

Br(OH)" + F " : BPjWH)' + OH-

BFj(0H)5 + F" I BFj tm)- + OH-

BFj <0H)- + F- : BFJ + OH-

Fc** + F- I FeF^-^ 

F.F^-^ + F- t For+ 

FeFj + F- J FcF^ 

C^-* 4. F- X CF-* 

logj t 

-0.30 

-5.97 

-7.96 

-7.39 

6.20 

i .60 

3.20 

0.9« 

a n , 'fccai/i«)io) 

-6.11 

13. i l 

13.43 

13.43 

2.70 

2,10 

0,60 

4,12 • 

t See text for sources of data. 
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., Table 2. Thermodynamic data compilation 
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\ ' 

Spectea (k 

^2(8) 

='(a) 

-(aq) 

' ( a , ) 

F" (cont 

="2(0) 

cal oole" ) 

0 

0 

0 

0 

0 

0 

-132,3 

-132,1 

-132,30 

-132,30 

-66,64 

-66,95 

-66.92 

d ) -

-66.42 

-
-2S0.48 

-281.07 

-
-280.35 

-279.00 

-
-278.85 

-280.08 

(kcal oo lo - ' ) 

0 

0 

0 

0 

0 

0 

-
-129.7 

-129.74 

-129.72 

-79,50 

— 

-79,79 

-80,2 

-79,08 

-
-293 

-293,58 

-291.9 

-292 .6(c . l c 

-291.50 

-294.3 

-
-292.59 

S ' 

{cal deg"^ co le" ' ) 

48.44 

48.61 

48.45 

48.438 

9.97 

9,902 

-
-13,2 

-12,7 

-12,7 

-3 , 3 

— 

-3,35 

— 

-2 ,7 

16,46 

16,389 

16,46 

~ 
, ) 17,36(calc,) 

16,46 

-
-

16,39 

Method 

revlaed data 

apeccroacopy 

ca lor lnecr lc 

ca lor ioecr lc 

ca lor loecr lc 

ca lo r lno t r l c 

analyt ic f i t 

ca lo r ioe t r l c 

revised data 

resreaalon 

anal . 

revised data 

analyt ic f i t 

" " ' ( 8 ) 
ca lo r ioe t r i c 

ca lo r ioe t r i c and 

es t loa to 

regreaaion anal . 

c a lo r l a a t r l c 

analyt ic fic 

analyt ic f i t 

calorimetr ic 

emf ac high T 

revlaed data 

eaf at high T 

emf at high T 

regreaaion enal . 

Source 

Wagman, et a l , (1968) 

Moore (1972) 

Nauaov, oc a l , (1974) 

Hultgren (1973); this study 

Nauaov, e t e l . (1974) 

Hultgren (1973);this atudy 

S tu l l and Prophet (1971) 

Naumov. ct a l . (1974) 

Parker, e t a l . (1971) 

This atudy 

Uagman, at a l . (1968) 

S tu l l and Prophet (1971) 

Hauaov, et a l . (1974) 

Finch, ec a l . (1968) 

This atudy 

Todd (1949) 

S tu l l and Prophet (1971) 

Nauaov. et a l . (1974) 

Finch, e t a l . (1968) 

Beiukhlna, e t a l . (1974) 

Parker, e t a l . (1971) 

Vecher and Vecher (1967) 

Skelton and Fattcrann (1973) 

Ttlia atudy 

Since NiFj is used as a reference electrode, it is clear 
that its thermodynamic prop)erties need to be more 
accurately known before free energy calculations can 
be made from- these electrochemical studies. The 
remainder of the data in Table 2 was weighted in 
the regression analysis according to the predsion 
reported by the investigator except: (1) TODD (1949), 
where the reported absolute error of ±0.3% was used, 
(2) NAYLOR (1945), whose absolute error was esti
mated at ±1% (reported precision = ±0.3%), (3) 
standard state (298°K, 1 atm) values, which are sub
ject to the greatest variation and are weighted to 
cover the range of reported values (e.g, ± 1.5 kcal 
for the free energy and enthalpy of formation of fluor
ite), and (4) the solubility data of STRIJBEL (1965) 
which was weighted at ±0.1 of a pK unit. 

Numerous solubility determinations on fluorite 
have been carried out on both synthetic and natural 
samples. A literature search revealed pK values for 
fluorite dissolution at 25''C ranging from 8,27 to 11.19 
as shown in Table 3. Many of these values are based 
on total dissolved solids and do not account for ionic 
strength or complexing, but with calcium and fluoride 

concentrations ofabout 4 x 10"* M there should be 
no significant changes in solubility from these efTects. 
Furthermore, it can be shown that the CaF^ complex 
is weak and carbonate complexing in these dilute 
solutions should have little effect on the solubility. 
The values for pK listed in Table 3 were ycn»* = 
VF- = 1 except for the measurements of STROBEL 
(1965) for which activity coefficients were interpolated 
from the data of KiELLAhiD (1937) and the values of 
ROBERSON and SCHOEN (1973) which were obtained 
from ion-selective electrodes. By assuming stoichio
metric dissolution and given the solubility of fluorite 
as X mg/1 of dissolved CaFz, then x = Xca" + Xf-. 
Since 2 moles of fluoride ion are produced for every 
mole of calcium ion, then 

X = (40)(Mcs7O(10"^) -I- (2)(19)(Mc,.J(10-') 

= (78)(Mc.7.)(10"^) 

and 

Wc.>. =x/[(78){10"')] and 

Mp- = 2:t/[{78)(10-^)]. • (17) 
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Table 3, Fluorite solubility data at 0-350°C 

T t ' C ) 

0 

0 

10 

10 

16 

17 

1 7 . 3 

IB 

IB 

20 

20 

» 
2 i 

13 

26 

I b . 6 

30 

40 

100 . 

3 3 

2 i 

1 6 . S 

39 

50 

61 

7 6 . 5 

S 6 . 5 

9 8 . 5 

150 

200 

250 

300 

350 

- l Q « K (PK> 

1 0 . 7 2 

1 0 . 0 1 

9 .7B 

1 0 . 4 0 

1 0 . 3 6 

1 0 . 5 5 

1 0 . 4 4 

1 0 . 4 6 

1 0 . 5 5 

9 . 6 0 

1 0 . 3 1 

10 .57 

B.27 

9 . 7 7 

10 .37 

1 0 . 4 6 

1 0 . 3 1 

1 0 . 4 1 

8 . 7 0 

1 1 . 3 8 

1 1 . 2 3 

1 1 . 3 1 

10 .94 

1 0 . 7 0 

1 0 . 5 4 

1 0 . 4 4 

1 0 . 4 3 

10 .44 

1 0 . 3 6 

1 0 . 7 5 

1 0 . 9 5 

1 1 . 4 3 

1 1 . 6 7 

c o n d u c t W l c r 

c o l o r i M c r l c 

c o l o r t » a t r t c 

c o l a r l M t r l c 

c o n d u c t i v i t y 

c o c i d u C t l v l t r 

c o n d u c t I v l e y 

c o o d u e t l v t t T 

c o l o r l M t r l c 

c o l o r t a v t r i c 

t i t i « t l o a 

l a n - * « I t c t l * * 

c o a d v c c l v l t y 

c o n d u c t i v i t y 

c o l o r l a a t r l c 

c o n d u c t I v l t r 

co l o r l M t r i e 

M l S h l 

w a l t h t 

- i « h i 

w e U M 

w i l K h t 

v a l t h t 

t > « i t b t 

M i g h t 

w a l t b l 

M l g b t 

M i ^ t 

w t l | h t 

o a l t b t 

M i t h t 

l e o a 

I c l B 

l o o t 

lOfll 

tOIB 

l o i a 

l o o s 

l o o a 

l e i o 

l o a a 

l o a a 

l e a a 

l o a s 

l o a a 

(r-) 

ir-i 

(r-> 

o l o c t r o d a a 

(r-) 

l a f a r a n c a 

K o b l r a u a c b (1908) 

Xasakov and l o k o l o v a (1950) 

U a a l u i v and S o k o l o v a (1950) 

U t a a r f . a t . a l . ( 1971) 

Kob l r auach (1908) 

Koh l r anach (1908) 

l o h l r a u a c h (190B) 

Eofalrauoch (1904) 

Housnard ( 1 9 J 1 ) 

X u a k o * anil S o k o l o v a (1950) 

I k r o a i . t t . a f . ( 1 9 7 1 ) 

S v r s b l y M v and Cda lova (1963) 

L l n t a n a (1967) 

l o b a r a c n and 5cho«D ( 1 9 7 3 ) 

K o h l t a u a c h (1908) 

K o h l r a u a c b (190B) 

I k r a a l , a t . a l . ( 1971) 

E c A l r a u a c h (190B) 

U t m k t r t and S o k o l o v a (1950) 

S t r u b a l (1965) 

S t r u b a l (1965) 

S t r i A a l (1963) 

S t r u b a l (1965) 

S t r < A a l (1965) 

S tn i faa l (1965) 

S c n b a l (1965) 

S t n i b a l (1965) 

S t r u b a l (1965) 

S t r u b o l (1965) 

S t r u b a l (1965) 

S t r u b a l (1963) 

S t r u b a l (1965) 

S i r v b a l (1965) 

Thus 

X = (Mc.,.)(MF-)^(Vc>0(yF-)' • •• 

(4)(x)^(10"^)^(0,905)(0,975)^ 

(78)^ 

= (x)^(0,72)(10-'U 

where M = molal concentration, and pK values were 
calculated from: 

p X = 14,14- 31og(x), (18) 

The ionic strength has been assumed to be 0,0005, 
These calculations are in agreement with the pX 

values which KHODAKOVSKIY et al (1968) calculated 
from Striibel's data without explanation of their 
mode of calculation. 

The only determination of fluorite solubiUty. as a 
function of temi>erature and pressure has been the 
work of STRUIBEL (1965) who approached equilibria 
from undersaturation. TTiese data were used in the 
regression analysis and found to be consistent vnih 
the other experimental measurements mentioned 
above for the vapor-saturated curve for water. When 
an attempt was made to include the temperature-
dependent data of KOHLRAUSCH (1904, 1908) and the 
value from SMYSHLYAEV and'EoELEVA (1962), a poorer 
fit was obtained and the added pK values were all 
significantly discordant with the new fit The other 

published solubility determinations were approached 
from undersaturation and are not very reliable for 
various reasons. KAZAKOV and SOKOLOVA (1950) ana
lyzed colorimetrically only for fluorine and did not 
properly charaderize their solid phase, and IKRAMI 
ei al. (1971) titrated for caldum complexometrically 
and titrated for HF in the CaFi-HF mixtures, but 
it is not clear how they analyzed for fluorine when 
HF was absent, and there is no indication that more 
than one measurement might have been taken at each 
temperature. Furthermore, unpublished data on fluor
ite solubility (from undersaturation) by the senior 
author are in closer agreement wilh those of STRUBEL 
(1965), 

The only available determination of fluorite solubi
lity determined by titration or by supersaturation are 
those of LINDANE (1967) and ROBERSON and SCHOEN 
(1973), respectively. These values are among the high
est recorded and are not in agreement. Particle size 
efTects or metastable equilibrium may have been a 
problem in these determinations, LINGANE (1967) 
states that his potentiometric measurements of the 
equilibrium constants for Th, La and Ca fluorides 
were most difficult for Ca and that true equilibrium 
had not been reached, Lingane's solutions probably 
became supersaturated during the titration. This same 
problem was encountered by EVERSON and RAMIREZ 
(1967) during their thcrmometric titrations of calcium 
and fluoride solutions, ROBERSON and SCHOEN (1973) 
found predpitates of fluorite (by X-ray diffraction) 
when they supersaturated four natural thermal waters 
with excess fluoride, but the predpitation rate was 
slow. Although only small differences in the log AP 
for fluorite were noticeable between 10 and 30 days 
after supersaturation, 3 of the 4 solutions showed a 
decreasing trend in fluoride activity with time which 
may indicate that final equiUbrium had not,yet,been 
reached. The discrepancies in pK determinations by 
approaching equilibrium from supersaturation have 
not been adequately explained and it may require 
some long-term rate studies to clarify this problem. 

Heat capacities 

Accurate heat capacity data on crystalline, hom
ogenous, pure solids are usually available over a wide 
temperature range, Ionic heat capadties are not well 
known, if at all. Values for the heat capacity of Ca,'',̂ ,, 
F,jq,, and CaFj,,, at 25°C are compiled in Table 4 
based on the following conventions (see CRISS and 
COBBLE, 1964): 

C°H.,= 0 . (19) 

G°,(conv) = C»,(abs)-ZiC?.„.(abs) • (20) . 

C° =rJCt^v\ 
' + kCpj,v at infinite dilution, (21) 

where C°_i is the standard partial molal heat capacity 
for species i, (conv) and (abs) denote conventional and 
absolute values, H* denotes the aqueous hydrogen 

•i 

] 
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Table 4. Heat capadty data (298°K, 1 atm), 
\ ' 

Spaciaa 

"H,, 

1^ 

Car 
2(a) 

^ j ( cnnv ) 

( c a l d a i " ' B O l a " ' ) 

-9 

- 6 

- 1 

( • 9 . 1 ) - ' -

( • 0 . 2 ) 

- 2 9 . 3 

- 1 3 . 5 

-29 

( • * . B ) 

- 2 5 . 1 ) 

16.03 

16.393 

17.0 

16.16 

Sourca 

Lavla and Kanda l l (1961) 

C r a s o r r . a t . a l . (1970) 

Cr lsa and Cobbla (1964) 

Klabehanko and fonoMarav (1952) 

Dtodakavak ly . a C . a l . ( 1 9 6 8 ) ; 

R a o M * . ac . a l . (1974) 

U « l a and Randa l l (1961) 

Parkar (1963) : WapMK. a t a l . ( 1 9 6 8 ) 

C r U j and Cobbla (1964) 

Hlabchanko and r o n w a r a v (1952) 

Ehodakovakly. a t . a l . ( 1 9 6 8 ) ; 

BaiaMv, a t . a l . (1974) 

Todd (1949) 

S t u l l and r r o p h o t (1971) 

• a y l o t (1943) 

Thla Study 

• ' Values in parentheses are discounted for reasons given 
in the text. 

ion, mjx^ is an electrolyte with i;* and v~ denoting 
the valence states of the dissociated ions, z, is the 
absolute value of the charge on /, and J as well as 
k are stoichiometric coefficients. 

Certain published heat capadty values may be dis
counted. MiscHENKO and PONOMAREV (1952) based all 
of their values on the erroneous assumption that 
^ P . N H , = C2. p,a- _ iro 

— I*^p.NH4CI-
Heat capacities for 

anions and cations are usually of opposite sign (LEWIS 
and RANDALL, 1961) and more recent information on 
ionic heat capacities show better agreement with the 
early values listed in LEWIS and RANDALL (1961) than 
with those of MISCHENKO and PONOMAREV (1952), 
KHODAKOVSKIY et a l (1968) have used Mischenko 
and Ponamarev's values for their reference state. At 
present, we prefer to use the values of GREGORY er 
al. (1970) for caldum and PARKER (1965) for fluoride. 

The heat capadty values for fluorite are used in 
the regression analyses by PHAS20, The heat capacity 
values for the ions as a function of temperature have 
not been measured so that this information was not 
available for the regression. Regression analysis may 
be performed with enthalpy of dilution measurements 
and the temperature-dependent HF,,^, ionization 
measurements as well as consideration of the theoreti
cal values obtained by CRISS and COBBLE (1964), This 
study will be published elsewhere. We feel that further 
revision will not make any significant differences in 
the conclusions stated in this paper, but we acknow
ledge that further refinement of the data wiil improve 
its reliability and needs to be done. 

* It should be noted, however, that from the data of 
ELLIS and MAHON (1964) fluorite solubility is only valid 
to 230°C,,Above this temperature non-stoichlometric dis
solution takes place. 

EVIDENCE FOR EQUILIBRIUM 
SOLUBILITY 

Comparison of log AP values for fluorite from 
selected geothermal waters with available calorimetric 
data (Fig. 1) has suggested a re-evaluation of the ther
modynamic properties of fluorite. A compilation of 
calorimetric solubility and electrochemical measure
ments for fluorite has been examined and a revised 
set of free energy, enthalpy, entropy, and heat capa
city values has been obtained by regression with the 
computer program PHAS20. An equation for log K 
as a function of temperature may be derived from 
equations (13) and (14) (HAAS and FISHER, 1976) and 

substituting coefficients from PHAS20 output, we 
have: 

\ogK 109.25 + 0,0024 T - 3120,98 T " ' 
- 37.63 log T - 2088.47 T"^ - 4.9 
X 1 0 " ' 7 ^ - 2 9 8 . 4 7 " " ^ 

for fluorite dissolution over the temperature range 
0-350°C. This equation is internally consistent with 
the other thermodynamic functions listed in Table 2. 
For temperatures above 100°C, the mathematical 
model assumes the pressure conditions along the 
vapor-saturated curve for water.* Other thermodjma-
mic values calculated from the regression analysis 
have been included in Table 2 for comparison. 

The revised pK calculated from equation (22) has 
been used to compute log (AP/K) for the thermal 
waters. The log (AP/K) values or the 'disequilibrium 
indices' (PACES, 1972) are plotted in Fig. 2 as a func
tion of temperature to show the variation from satu
ration. If we make an allowance of ±0.5 of a log 
(AP/K) unit to account for inaccuracies due to sam-
phng technique, analytical procedures, complexes not 
considered, and errors in the thermodynamic data, 

H N 
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tp 

N N " ^ ^ % 

N "* X 

4- N 

• ^ . ^ ^J i E. R 

S M5 65 S ibo 

Temperofure 
Fig. 2. Variance in the disequilibrium indices as a function 
of on-site temperature. The equilibrium state is shown by 
the solid horizontal line at log (AP/K) = 0 calculated from 
equation (22) with a total error of ±0.5 as designated by 

the dashed horizontal lines. 



then we can represent the equilibrium state by 
0.00 ± 0.5 as suggested by PACES (1972). The dashed' 
lines in Fig. 2 show these boundaries for equilibrium. 
It should be noted that the suggested limits on the 
equilibrium state must vary for different mineral reac
tions according to their stoichiometry, with much 
larger limits placed on those reactions containing 
larger numbers for the stoichiometric coefficients 
since they become exponents in the activity product 
expression. 

In Fig. 2, only 2% of the values exceed +0.5, 
demonstrating good agreement between the upper 
limit of the calculated activity products from geother
mal waters and our revised estimate of fluorite solubi
lity. Most of the values which fall below saturation 
are from creeks, rivers and other surface waters in 
geothermal areas. It appears that although hot 
springs are close to saturation with respect to fluorite, 
when these waters are diluted by surface or near-sur
face waters, they become undersaturated. Using con
ductivity as an indication of dilution by non-thermal 
ground and surface waters, we have plotted the dis
equilibrium index as a function of log conductivity 
in Fig. 3. This plot shows a distinct convergence 
toward equilibrium (accentuated by the arrow) as the 
conductance increases, and illustrates a regular depar
ture from mineral equilibria by dilution. 

Several water analyses from the same drainage area 
reflect the dilution pattern and one of the best 
examples is provided by the Firehole River in Yellow
stone National Park (Fig. 4). The log (AP/K) values 
for the Firehole show a linearly decreasing trend with 
decreasing conductance. The low conductivity values 
are representative of that part "of the river just 
upstream from the Upper Geyser Basin before any 
significant influence from hot spring activity. As hot 
springs enter the river, log conductivity and the dis
equilibrium index increase until the maximum values 
are reached which represent water taken from the Fire
hole downstream from all major hot spring inputs. 

1.0 1.6 e.E £.8 
log conductivfTy 

3.M 4 . 0 

Fig. 3. Variation in the disequilibrium index with the log 
of the conductivity. The arrow emphasizes the tendency 
of the disequilibrium indices to approach saturation with 

increased conductance. 
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Fig. 4. Variation in the disequilibrium index for the Fire
hole River in Yellowstone National Park as a function 
of the log conductivity. The dashed line emphasizes the 
dilution pattern. The dilution results from a change in dis
charge or from proceeding upstream away from the ther

mal basins. 

Figure 4 shows a vertical cluster of maximum log 
(AP/K) values (from Madison Junction where the Fire
hole joins the Gibbon River) separated from a slop
ing cluster of lower values (above diversion near Old 
Faithful). Since the cluster of lower values symbolize 
waters that are at the edge of Upper Geyser Basin, 
one would expect changes in the disequilibrium index 
and log conductivity to change proportionally with 
the discharge of the Firehole River. As the Firehole 
decreases in flow seasonally, there should be morel 
contribution from hot springs and consequently | 
higher log (AP/K) and conductance readings. In fact,ij 
the lowest two ' P symbols have the highest discharge • 
of that group and the discharge decreases fairly con
sistently as one moves up the dashed line. The dilu-| 
tion pattern is remarkably clear from this type of plot] 
and the approach should be applicable in many other] 
types of water chemistry investigations. 

We would like to emphasize the agreement between! 
the log AP for hot springs with high conductivity 
values and the revised log K for fluorite solubilityT 
Using conductivity as a guide to separate dUute surj 
face waters from hot springs we examined a plot ofl 
log (AP/K) vs conductivity and found that at 80M 
fi5/cm a break occurs which conveniently dividesj 
the waters into two major groups. We then replottedl 
all of the log >4P values with conductivities greatey 
than 800 pD vs temperature in Fig. 5a along witbl 
the revised log K which is shown by a solid lin^ 
By plotting these same values in terms of the disequ^ 

I hbrium index (Fig. 5b) we find that 70% of the gftta 
thermal water samples analyzed fall within the eqiiu 
hbrium boundaries (dashed lines). Most of t r a 
remaining 30% lie in the undersaturated region anilj 
may indicate hot springs which have mixed withj 
dilute ground waters while still maintaining thdr higbj 
temperatures due to heating by rising steam. T h ^ 
may also indicate a low availability of fluorine ^ 
of caldum. If saturation with respect to calcite 
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*̂ '8- 5. (a) Log AP values for waters with conductivities 
greater than 800 /lU plotted as a function of on-site 
temperature. The solid line represents the revised log K 
ralculated from equation (22). (b) Disequilibrium indices 
plotted as a function of on-site temperature. The chemical 

analyses for these samples are given in Appendix 1. 

reached as a result of high dissolved carbonate con
centrations then calcium concentrations would be 
suppressed and fluorite undersaturation could result. 
Unfortunately, the temperature effect on the fluorite 
solubility curve is less than the variation among log 

%AP values and therefore, it is not possible at the pres-
, ̂ t time to distinguish between values which may rep

resent near-surface equilibrium and those which may 
represent deep, subsurface equiUbrium, Direct miner-

• «ogic analysis of core samples is perhaps the best 
; available method of determining the spatial distribu-
"On of fluorite which will affect its saturation in as
sodated water. 

One of the implications from the log AP data pre-
^ t e d here is that fluorite must be present in the 
subsurface in these geothermal regions. Unfortuna-
ely. only very limited drill core information is avail

able, BARGAR et a l (1973) have described several hyd-
rothermal minerals including fluorite from a drill core 

located near Ojo Caliente hot spring in the Lower 
Geyser Basin, Yellowstone National Park, A water 
analysis of Ojo Caliente was given from which a dis
equilibrium index was calculated to be about -f 0,05, 
well'within the saturation boundaries of ±0,5, 
Further drill core mineralogy should show fluorite 
to be a widespread hydrothermal mineral in many 
geothermal regions of the westem United States, 

ELLIS (1967) points out the common occurrence of 
caldte at depth in hydrothermal regions and the im
portance of this mineral in controlling calcium con
centrations. By plotting log (AP/K) for fluorite vs log 
(AP/K) for calcite as shown in Fig. 6a we are able 
to simultaneously test the effect of solubility by both 
of these minerals on the chemical composition of 
these thermal waters. This shows that the solubility 
Umits for fluorite and caldte provide a natural control 
on water composition, such that caldum, fluoride and 
carbonate activities are interdependent In Fig, 6b we 
removed all of the low conductivity values (<800 
/imhos/cm) from Fig, 6a and the remaining waters 
plot in a group which clusters close to the intersection 
of fluorite and calcite solubihty. The importance of 
the chemical control of water composition stands out 
very clearly in this diagram. In addition, it can be 
seen that all but one of the waters which plotted in 
the fluorite undersaturated region in Fig. 5b plot 
within the caldte saturation zone of Fig. 6b. This 
lends credence to the suggestion that either some of 
the locations may have low availability of fluorine, 
or that calcite saturation is preventing fluorite satu
ration by reducing the calcium activity. Low avail
ability could mean that fluorine occurs in less abun
dance in the source reservoir at some geothermal 
areas, or it may indicate other mineral reactions are 
selectively removing fluorine from the water during 
its movement to the surface to give an undersaturated 
AP for fluorite. 

SUMMARY AND CONCLUSIONS 

The concentration of fluorine and calcium of geo
thermal waters in the western United States is in
fluenced by the equilibrium solubility of calcite and 
fluorite. Fluorite solubility control on fluoride con
centrations is indicated by the near absence of log 
(AP/K) values greater than 0.5, Convergence of the 
fluorite activity product to the equilibrium value 
occurs more systematically with increasing conducti
vity than with increasing temperatures. This trend 
suggests that geothermal waters are at equilibrium 
with fluorite at depth but are diluted to varying 
degrees upon mixing with low-fluoride surface waters 
and non-thermal ground waters. Since some of the 
mixed waters are reheated with rising steam, tempera
ture is a poor indicator of the relative portion of the 
spring water which is of deep origin. The significant 
number of samples (70%) which are in equilibrium 
[for example, log {AP/K)n„„u. = 0.00 ± 0.5] suggests 
that either: (I) some of the waters rise to the surface 
without dilution by near surface water; or (2) steam 
loss is balanced by dilution (which seems unlikely); 
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Fig, 6, (a) The disequilibrium indices of fluorite vs caldte 
show definite bounding conditions foi- the geothermal 
waters of the westem U,S, These two minerals provide 
a strong control on the chemistry of hot springs discharg
ing at the surface, (b) The high conductivity waters (see 
Appendix 1) tend to congregate about the interseaion of 
fluorite with caldte saturation which suggests that both 
of these minerals are equally important in hydrothermally 

active regions, 

or (3) fluorite precipitation with steam loss and disso
lution with dilution from groimd waters are equilib
rium processes as long as the temperature remains 
sufficiently high for the reaction to proceed rapidly 
enough. 

These tests for equilibrium required revision of the 
thermodynamic data on fluorite. Critical evaluation 
of the available data followed by computer refinement 
gave a pK for fluorite dissolution of 10,96 at 25''C 
and 1 atm. The agreement of the log AP from higher 
conductivity waters with this pK provides the major 
evidence for solubility control by fluorite. It also indi
cates that careful studies of the chemistry of geother
mal waters may provide an indication of the reliabi
lity of existing thermodynamic data. 

In this study techniques are presented for (1) eva
luating thermodynamic data, (2) determining solubi

lity controls on the composition of geothermal waters, 
and (3) determining the efl'ects of mixing geothermal 
water wilh cool dilute waters. The results of this study 
imply that fluorite should be widely distributed in 
geothermal areas of the western United States, 
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APPENDIX I. PHYSICAL AND CHEMICAL CHARACTERISTICS QF 

S i l 

DATA 
SET* 

1124 
854 
855 
856 
658 
864 
865 
867 
669 
870 
IIZS 
1126 
1128 
1129 
U 6 3 
1164 
1165 
1166 
1167 
1168 
U 6 9 
1206 
1207 
1233 
1132 
1133 
1135 
1136 
1138 
1139 
1141 
11*3 
1145 
1151 
1152 
1153 
1154 
H 5 5 
1156 
1157 
1159 
1160 
1170 
1172 
1173 
1174 
1175 
1176 
1177 
1180 
1181 
1182 
1185 
1107 
1189 
850 
851 
1130 
1131 

PLOT 
CHAR riAT-f. 

0 
N 
N 
N 
H 
N 
N 
N 
N 
N 
0 
0 
0 
0 
N 
H 
N 
N 
N 
N 
N 
V 
V 
X 
N 
N 
W 
H 
N 
N 
N 
N 
N 
hi 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

" N 
N 
N 
N 
N 
N 
X, 
V 
0 
0 

5/18/72 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/7A 
5/1/74 
5/1/74 
5/1/74 
5/19/72 
5/24/72 
5/22/72 
5/22/72 
5/1/74 
5/1/74 
5/1/74 
5/i/Vft 
5/1/74 
5/1/74 
5/1/74 
5/23/68 
5/11/67 • 
9/13/68 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5 / 1 / f A 
5/1/74 
5/1/74 
5/i/?4 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
5/1/74 
9/i7/.68 
5/26/67 
5/20/72 
5/23/72 

DISCHG 
CU M/S 

0.0 
OiO 
0.0 
OiO 
0,0 
0,0 
0.0 
0,0 
0,0 
0,0 
0.0 
0,0 
0.0 
0,0 

d.o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0,0 
0.5 
6,0 
0.0 
0,6 
0.0 
0.0 
0.0 
0.0 
0»0 
0.0 
0.0 
6,0 
0.6 
0.0 
0.0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
0.6 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

lE'MP 
DEG C 

79.0 
Bfl.O 
72,0 
96,0 
56. 0 
61.0 
54.0 
90.0 
56.0 
98.0 
94.0 

(io.o 
56. 0 
49.6 
52.0 
36,0 
96.0 
76.0 
73.0 
68.0 
78 , 0 
20.0 
52.0 
28.0 
74.0 
86,0 
92.0 
93.0 
90,0 
BD.O 
72.(1 
49 ,0 
35,0 
29.0 
77,0 
92.0 
56.0 
86,0 
80,0 
94.0 . 
Bfi.O 
46,0 
74.0 
78.0 
88.0 
96.0 
43.0 
71,0 
44.0 
63.0 
60.0 
87.0 
92.0 
66.0 
52.0 
37.0 
4,0 
58.0 
41,0 

PH 

6.5 
7.4 
8.6 
7.6 
7.2 
7,3 
7.2 
7.0 
6.3 
9.0 
9.2 
7.2 
6.5 
6.6 
6.ft 
7.3 
7.3 
6.7 
8.0 
7.3 
8.1 
7,8 
7.7 
7,3 
6.5 
7,9 
7.6 
7.1 
7.5. 
8.0 
6,5 
6.5 
7.6 
7.1 
6.5 
7.4 
8.4 
7,1 
7.9 
7.2 
7.6 
6,5 
7.7 
7.3 
7.8 
7.8 
8.4 
7.6 
7.8 
7.4 
7.6 
7.3 
7.3 
8,2 
8,3 
7.4 
8.0 
T.5 
6.6 

SPEC 
COND 

1950 
2430 
914 

6910 
908 
1650 
818 
1760 
1730 
1020 
1920 
1800 
1790 
1900 
1168 
2410 
2020 
4590 
2490 
2970 
810 
14.30 
1740 
988' 
810 
902 

152,6 
1560 
934 
947 
llflO 
1530 
1640 
1040 
3220 
811 

6200 
7610 
1800 
334 0 
1720 
2570 
1140 
1490 
1370 
1120 
1790 
4306 
2890 
1330 
1090 
1010 
4030 
1173 
1370 
1330 
1320 
1560 
1630 

_ _ - s - ... 

TOT DISS 
SOLIDS 

1260.0 
0.0 
0.6 
0.0 
Q.Q 
6.0 
6.0 
0.0 
0.0 
0.0 

1420,0 
1300.0 
1260.0 
1340.0 

0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 

985.0 
1240.0 
699.0 

0.0 
0.0 
0.0 
0.0 
6.0 
0.0 
0.0 
0.0 
0,0 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
D.o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0,0 

949.0 
933.0 
1000.0 
1130.0 

CA 

50.00 
44.06 
3.60 

108.00 
60,00 
75.00 
48.00 
49.00 
53.00 
1.00 
0.90 
3.30 

25.00 
22.00 
18.00 
1,6.00 
14.00 
13,00 
0.90 
12.00 
3.70 

139.06 
ISfe.OO 
21,00 
33.00 
. 4.80 
4,60 
14.00 
10. OO 
8.40 

43,00 
45.00 
40.00 
36.00 
95.00 
8.80 

260.00 
68.00 
31.00 
16.00 
35,00 
38.00 
40.00 
16.00 
8.80 

•13.00 
2,10 

210.00 
225.00 
34.00 
24.00 
8.80 

100,06 
72.00 
3,20 
18.00 

133.00 
15.00 
23.00 

. - "T"" 

MG 

0.60 
0.60 
0.02 
1.70 

15.50 
37.00 
12.00 
13.00 
35.00 

o.io 
0,10 
0,60 
0.60 
0.80 
0.30 
0.30 
2.20 
0.10 
1.80 
0.10 

48.00 
59.00 
2.80 
6.SQ 
0.10 
0.10 
6.40 
0.10 

9.40 
4.90 
3.30 
4.40 

25.50 
0,50 
0.10 
1.20 
4.20 
0.70 
0.10 
7,80 
0.20 
0.20 
0.10 

0.10 
0.20 
0.10 
0.50 
0.20 
0.20 
1 .30 
0.20 

1.90 
62.00 
0,40 
1.20 

THE SA^ 

30.0( 
26.01 

6.51 
42.01 
39.0( 
3 1 . 0( 
22.0( 
41.0( 
58.01 
16.0( 
45,OC 
2 5 . Ot 
37.OC 
43.00 
10.80 
31.00 
28 .00 
69.00 
35.00 
13.00 
3 .90 

34 .00 
51 .00 
22 .00 
22 .00 

4 , 5 0 
25,00 
23 .00 

8.20 
8.70 

36.00 
34.00 
16.00 
20 .00 
80.00 
13.00 

160.00 
1 3 0 . 0 0 . 

17,00 
66 ,00 

7 .10 
36,00 

7.20 
11,60 
9 .00 
8,50 
4 ,60 

I S . 00 
6 .30 
9.70 
6.00 

16.00 
31.00 

7.00 
3.40 

31.00 
29.00 
22.. 00 
28.00 

k 
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THE SAMPLES PLOTTED IN FIGS. S AND 6b 

: 

- - -

K 

3 0 . 0 0 
2 6 . 0 0 

6 . 5 0 
4 2 . 0 0 
3 9 . 6 0 
3 1 . 6 0 
2 2 , 0 0 
4 1 , 0 6 
5 8 . 0 0 
16 .00 
4 5 . 0 0 
2 5 , 0 0 
3 7 . 0 0 
4 3 , 0 0 
10 .80 
3 1 . 0 0 
2 8 , 0 0 
6 9 , 0 0 
3 5 . 0 6 
13 .00 

3 ,90 
34 .00 
5 1 . 0 0 
2 2 . 0 0 
2 2 . 0 0 

4 . 5 0 
2 5 . 0 0 
2 3 . 0 0 

8 .20 
8 .70 

36*00 
3 4 . 0 0 
16 .00 
20 ,00 
80 .00 
13 .00 

160.00 
130.00 

17 ,00 
6 6 , 0 6 

7 .10 
3 6 . 0 0 

7 .20 
1 1 . 0 0 

9 .00 
' 8 , 5 0 

4 , 6 0 
15 .00 
6 , 3 0 
9 , 7 0 
6 , 0 0 

16 ,00 
31 ,00 

7 ,00 
3 . 4 0 

31 .00 
29 .00 
22 .00 
28 .00 

- -

NA 

41C.O0 
4 5 0 . 0 0 
1 9 0 . 0 0 

1 4 8 0 , 0 0 
1 2 0 . 0 0 
3 0 6 . 0 0 
1 3 0 , 0 0 
3 9 0 , 0 0 
2 3 0 , 0 0 
2 3 0 . 0 0 
3 9 0 . 0 0 
3 8 0 . 0 0 
3 1 0 , 0 0 
4 0 0 . 0 0 
2 7 0 . 0 0 
5 0 0 . 0 0 
4 5 0 . 0 0 
9 6 0 . 0 0 
5 5 0 . 0 0 
6 3 0 . 0 0 
1 7 0 . 0 0 

8 2 . 0 0 
1 1 7 , 0 0 
2 0 1 . 0 0 
1 3 0 . 0 0 
1 8 0 . 0 0 
3 2 0 . 0 0 
3 3 0 . 0 0 
1 8 0 . 0 0 
1 8 0 . 0 0 
2 0 0 . 0 0 
2 5 0 . 0 0 
3 0 5 . 0 6 
1 8 0 . 0 0 
5 4 0 , 0 0 
1 6 0 . 0 0 

1 1 6 0 . 0 0 
1 4 0 0 . 0 6 

3 4 0 . 0 0 
6 8 6 . 0 0 
3 0 0 . 0 0 
6 1 0 . 0 0 
1 9 0 . 0 0 
2 8 0 . 0 0 
2 8 0 . 0 0 
2 1 0 . 0 0 

3 9 , 0 6 
6 9 0 . 0 6 
3 9 2 , 0 0 
2 4 0 . 0 0 
2 0 0 , 0 0 
1 9 0 , 0 0 
7 2 0 . 6 0 
1 9 0 . 0 0 
3 2 5 . 0 0 
2 9 3 . 0 0 

5 8 , 0 0 
3 1 0 , 0 0 
3 2 0 . 0 0 

- MG/L -

HC03 

7 3 5 . 0 0 
1 1 4 . 0 0 
H I . 0 0 

qO.OO 
4 8 8 . 0 0 

1 1 3 5 . 0 0 
4 8 2 . 0 0 

1 1 8 0 . o n 
9 1 3 , 0 0 
321 ,0 .0 
4 5 0 , 0 0 
4 6 6 , 0 0 
8 ? e . 0 6 
8 4 5 . 0 0 
4 3 9 . 0 0 
4 2 0 . 0 0 
3 7 4 . 0 0 

1 1 9 6 . 0 0 
7 7 4 , 0 0 
5 6 6 . 0 0 
2 0 2 . 0 0 
2 4 3 . 0 0 
2 0 8 . 0 0 
5 2 8 . 0 0 
4 2 9 . 0 0 
2 6 1 . 0 0 
4 3 6 . 0 0 
4 9 5 . 0 0 
1 5 6 , 0 0 
1 3 9 . 0 0 
6 7 2 . 0 6 
8 1 3 . 0 0 
1 1 2 . 0 0 
3 7 4 . 0 0 
5 4 4 , 0 6 
3 6 6 . 6 6 

2 4 . 0 0 
8 3 . 0 0 

458 , ,00 
3 6 4 , 0 0 

5 6 , 0 0 
1 7 1 0 , 0 0 

5 3 . 0 0 
1 5 3 . 0 0 
2 3 2 . 0 0 

7 9 . 0 0 
4 0 6 . 0 0 

1 7 , 0 0 
1 9 . 0 0 

1 6 0 . 0 0 
1 6 1 . 0 0 
1 9 8 . 0 0 
1 4 2 . 0 0 

2 6 , 0 0 
4 9 3 . 0 0 
7 4 8 . 0 0 
3 3 3 , 0 0 
5 1 6 , 0 0 
6 9 5 . 0 0 

- -

CL 

2 0 0 . 0 0 
3 8 0 , 0 0 
1 2 6 . 0 0 

2 2 0 0 , 0 0 
1 6 . 0 0 
2 7 . 0 0 
1 4 . 0 0 
4 0 . 0 0 

1 .60 
6 9 . 0 0 

2 6 0 . 0 0 
2 5 0 . 0 0 
I S O . 0 0 
1 7 0 , 0 0 

2 4 , 0 0 
3 0 0 . 0 0 
2 5 0 , 0 0 
780 .00 , 
2 4 0 . 0 0 
5 9 0 . 0 0 

7 9 . 0 0 
1 0 7 . 0 0 
1 4 9 , 0 0 

5 7 . 6 o 
1 8 . 0 0 
5 9 . 0 0 

1 6 0 . 0 0 
1 6 6 . 0 0 

4 7 . 0 0 
4 8 , 0 0 
2 2 . 0 0 
2 9 , 0 0 
8 7 , 0 0 
40.QO 

7 7 0 , 0 0 
2 9 , 0 0 

1 9 0 0 . 0 0 
2 2 0 0 , 0 6 

2 4 0 . 0 0 
8 3 7 . 0 0 
4 3 0 . 0 0 

5 0 . 0 0 
5 9 . 0 0 

2 4 0 . 0 0 
1 7 0 , 0 0 
1 2 0 . 0 0 
2 8 0 . 0 0 

1 3 0 0 . 0 0 
7 8 8 . 0 0 
1 4 0 . 0 0 

5 5 , 0 0 
1 2 0 , 0 0 

1 3 0 0 . 0 0 
7 7 . 0 0 

1 5 5 . 0 0 
6 7 , 0 0 
6 0 . 0 0 

1 7 0 , 0 0 
1 5 0 , 0 0 

- _ _ 

S04 

9 6 . 0 0 
4 7 0 . 0 0 
1 1 1 , 0 0 
1 9 0 . 0 0 

7 2 . 0 0 
3 2 . 0 0 
4 0 . 0 0 
1 8 . 0 0 

7 , 0 0 
1 3 0 . 0 0 
1 3 0 . 0 0 
1 2 0 , 0 0 

6 8 . 0 0 
6 9 . 0 0 

2 0 4 . 0 0 
3 5 0 . 0 0 
4 3 4 . 0 0 
2 2 0 , 0 0 
2 3 0 . 0 0 
1 4 0 . 0 0 

8 6 , 0 0 
4 1 1 . 0 0 
5 4 7 , 0 0 

1 5 . 0 0 
5 6 . 0 0 

1 2 0 . 0 0 
1 3 0 . 0 0 
1 2 0 , 0 0 
2 3 0 , 0 0 
2 2 0 , 0 0 

5 1 , 0 0 
1 1 0 . 0 0 
5 9 7 . 0 0 
1 5 0 , 0 0 

5 1 . 0 0 
5 3 . 0 0 

3 4 0 . 0 0 
4 0 0 . 0 0 

4 6 . 0 0 
7 3 , 0 0 

1 4 0 , 0 0 
1 3 , 6 0 

4 0 0 , 0 0 
2 0 0 . 0 0 
2 4 0 , 0 0 
2 6 0 , 0 0 
1 2 0 . 0 0 
1 7 0 , 0 0 
2 6 0 , 0 0 
2 9 0 , 0 0 
2 9 0 . 0 0 
1 2 0 . 0 0 
1 4 0 . 0 0 
4 0 0 . 0 0 

3 4 . 0 0 
,14 .00 

3 9 3 . 0 0 
8 1 * 0 0 
5 9 , 0 0 

. - -

S I 0 2 

110 . OO 
1 8 0 . 0 0 
1 1 5 , 0 0 
1 7 0 . 0 0 

6 5 . 0 0 
1 0 5 . 0 0 

4 0 , 0 0 
8 4 . 0 0 
6 7 , 0 0 

3 2 0 . 0 0 
3 4 0 . 0 0 
3 0 0 . 0 0 
2 5 0 , 0 0 
2 4 0 . 0 0 
1 0 5 . 0 0 
1 9 0 , 0 0 
1 6 0 , 0 0 
1 2 0 , 6 0 
2 0 0 . 0 0 

9 2 . 0 0 
8 3 . 0 0 
4 0 . 0 6 
4 8 . 0 0 

1 1 3 , 0 0 
6 6 . 6 0 

105.,00 
1 6 6 , 0 0 
150.;6o 
1 5 0 . 0 0 
1 6 0 . 0 0 

77.,00 
8 6 . 0 0 
4 6 . 0 0 

1 1 0 . 0 0 
1 5 0 , 0 0 
1 3 5 . 0 0 
1 1 0 , 0 0 
1 6 5 . 0 0 

8 2 . 0 0 
2 7 0 . 0 0 

8 1 . 0 0 
8 2 , 0 0 
9 8 . 0 0 

1 8 0 . 0 0 
1 3 0 , 0 0 
1 4 0 . 0 0 

9 4 . 0 0 
9 6 . 0 0 
5 0 . 0 0 

1 1 0 . 0 0 
1 7 0 . 0 0 
1 8 6 , 0 0 

8 3 , 0 6 
8 0 . 0 0 

1 0 4 , 0 0 
1 4 8 , 0 0 

3 1 i 0 6 
1 5 0 . 0 0 
2 0 5 . 0 0 

_ _ . 

F 

8 . 4 0 
7 . 9 0 

1 6 . 3 0 
5 . 0 0 
1 .90 
7 . 2 0 
5 . 2 6 
7 . 2 0 
6 , 6 0 

1 7 , 0 0 
1 2 . 0 0 
1 1 . 0 0 

4 . 6 0 
4 . 8 6 

1 2 . 8 0 
9 . 0 0 
7 . 2 0 

1 0 . 2 0 
1 6 . 0 6 

3 . 3 0 
9 . 0 0 
l .BO 
2 . 4 0 
6 . 2 0 
1 ,80 

1 0 , 6 0 
1 4 . 0 0 
1 2 . 0 0 

6 , 8 0 
7 . 1 0 
4 . 7 0 
4 . 8 0 
7 . 4 0 
7 . 8 0 
5 , 7 0 
7 . 8 0 
3 . 0 0 
4 . 5 0 
7 . 6 0 
2 . 1 0 
1.40 
3 , 9 0 
1 .20 
4 . 9 0 
5 , 4 0 
4 , 4 0 
2 . 2 0 
1 ,20 
0 . 8 0 
4 . 8 0 
4 , 7 0 
9 , 4 0 
3 , 4 0 
1,20 

2 1 . 0 0 
6 . 8 0 
2 , 2 0 
7 , 5 0 
4 . 6 0 

. - . 

fl 

1 0 , 6 0 
2 . 4 0 
0 . 8 9 

1 5 . 0 0 
0 , 7 0 
0 . 8 9 
6 . 6 7 
0 . 7 7 
2 . 1 0 
2 . 1 0 

1 5 , 0 0 
1 3 . 0 0 

7 . 7 0 
8 , 8 0 
0 , 8 9 

1 6 . 6 0 
1 5 , 0 0 
3 0 , 0 0 
1 0 , 5 0 
1 1 . 3 0 

7 , 9 0 
2 , 1 0 
3 , 2 0 
0 .9O 
1 .10 
1 .80 
6 , 9 0 
7 . 5 0 
2 . 1 0 
2 . 9 0 
2 . 6 0 
2 . 3 0 
2 , 3 0 
1 .90 
3 . 8 0 
1 . 2 0 
6 . 1 0 
9 . 9 0 
1 .90 

4 7 . 0 0 
2 . 6 0 

1 5 , 0 0 
1 .00 

1 3 . 6 0 
1 1 , 2 0 

6 , 9 0 
6 . 9 0 
6 , 4 0 
5 . 1 0 
6 . 6 0 
4 , 7 0 
4 . 1 0 
4 . 1 0 
2 . 2 0 
2 , 6 0 
1 .00 

6 . 8 7 
7 . 9 0 
8 . 1 0 

I 
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APPENDIX 2. DESCRIPTION ANp SOURCE OF SAMPLES PLOTTED IN FIGS. 5 AND 6b 

Geochimica e 

PLOT 
CHAR 

SAHTU SOURCE 

1124 

854 

SiS 

es6 
838 

B64 

S6S 

867 

869 

870 

U25 

1126 

1128 

1129 

1163 

1164 

1163 

1166 

1167 

1168 

1169 

1206 

1207 

V233 

1132 

1133 

1X35 

1136 

1138 

1139 

1141 

1143 

1143 

1151 

1132 

1133 

1154 

1135 

1156 

1137 

1159 

1160 

1170 

1172 

1173 

1174 

1175 

1176 

1177 

1180 

1181 

1182 

1183 

1187 

1189 

830 

831 

1130 

1131 

0 

N 

N 

N 

N 

M 

H 

K 

N 

H 

0 

0 

0 

0 

N 

N 

N 

N 

N 

N 

N 

V 

V 

X 

N 

N 

N 

K 

II 

K 

N 

N 

N 

B 

N 

K 

N 

H 

N 

N 

R 

H 

N 

N 

N 

N 

R 

11 

1) 

H 

S 

K 

H 

N 

K 

X 

V 

0 

0 

CA 

SV 

KV 

KV 

NV 

NV 

KV 

NV 

NV 

HV 

CA 

CA 

CA 

CA 

OR 

OR 

OR 

OR 

OR 

OS 

OR 

UT 

UY 

VI 

NV 

NV, 

NV 

NV 

NV, 

NV, 

NV 

KV 

NV, 

RV 

NV 

NV 

HV, 

KV, 

NV, 

HV, 

OS. 

OK, 

OR, 

OR, 

OR, 

OR, 

OR, 

OR, 

OX, 

OR, 

OR, 

OK, 

OR, 

OR, 

OR, 

uv. 
UY. 

CA. 

CA. 

Ullley. et al., 1974 

Karlnsr, ec al. ,1974a 

Long Valley, Hot Spring, Uctle Hoc Creek, 3S/26E-13ES3 

Churchill Co., Lee Hoc Springs 

Churchill Co., Dixie Valley Hoc Springs . " 

Churchill Co., Flowing well in Stillvater " 

Elko Co.. Hot Hole " 

E l k o C o . , Unnaraod h o t e p c l n g n e a r U e l l a " 

E lko C o . , Unmiaed h o t s p r i n g (Wild Horse R e s e r v o i r ) " 

E lko C o . , Hot S u l f u r S p r i n g s " 

Eureka C o . , Hot S p r i n g s P o i n t " 

Eureka C o . , Boowawo Hot S p r i n g " 

Long V e l l e y , ' C e o E h e n n a l Wel l K a g o a - R i c h i e i , 3S/26E-32E9S U l l l e y , e t a l . , 1974 

Long V a l l e y . Hot B u b b l i n g P o o l , 3S/28E-35ES1 " 

Long V a l l e y , Hoc S p r i n g , 35/29E-21HS1 " 

Long V s l l e y . Hot S p r i n g , 3S/29E-2eHSl 

Harney C o . , Unnaaed h o t s p r i n g ( T r o u t C r e e k ] 

H a m e y C o . , Hoc Lake 

Harney C o . , Unnaoed hoc s p r i n g ( n e a r Hot Loke) 

Harney C o . , A l v o r d S p r i n g ( I n d i a n Spr ) 

H s m e y C o . . Mickey S p r i n g s 

H a m e y C o . , Unnasted hoc s p r i n g ( n e a r H a m e y Lake) 

Harney C o . . C rane Hoc S p r i n g s 

M a r i n e r , e t a l . . 1 9 7 4 b 

Y e l l o u s t o n e H e c ' l P a r k , d i s c h o r g e from J u p i t e r T e r r a c e , 
ManinDCh Hot S p r i n g s 

TellowBCone H a c ' l P a r k , Hot R i v e r , n e a r Maamoch 

Y e l l o v a t o n e H a t ' l P a r k , Madison J u n c t i o n I 

Hunbold t C o . , Unnatocd h o t s p r i n g , n e a r Golconda 

Humboldt C o . , Double Hoc S p r i n g s 

HumboldC C o . , West P i n t o Hot S p r i n g ( w e l l ) 

Huobold t C o . , E a s t P i n t o Hoc S p r i n g 

Humboldt C o . , F lowing w e l l n e a r B a l c a t a r Hot S p r i n g 

Kuaboldc C o . , B a l c a c a r Hot S p r i n g 

Lander C o . , S p e n c e r Hot S p r i n g s 

Lander C o . . B u f f a l o V a l l e y Hoc S p r i n g s 

M i n e r a l C o . , Soda S p r i n g s 

P e r s h i n g C o . , Unnsnwd hoc s p r i n g ( J e r s e y V a l l e y ) 

P e r s h i n g C o . , Kyle Hoc S p r i n g s 

P e r s h i n g C o . , Leach Rot S p r i n g e 

Washoe C o . , S c e a a Geyse r ( N e e d l e Rocks ) 

Washoe C o . , G r e a t B o i l i n g S p r i n g 

Washoe C o . , P lowing we l l - n e a r G e r l a c h 

Washoe C o . , S t e a n b o a c S p r i n g s 

Clackaioas C o . , A u s c i n Hot S p r i n g s 

Granc C o . . Weberg Hot S p r i n g 

Klamach C o . , O l e n e Cap 'Hoc S p r i n g s 

Lake C o . , Crump ( C h a r l e s C r u m p ' s S p r i n g ) 

Ldke C o . , B e r r y Ranch Hoc S p r i n g s 

Lake C o . , H u n t e r s Hoc S p r i n g s 

Lake C o . , Summer Lake Hoc S p r i n g 

Lane C o . , B e l k a p Hot S p r i n g s 

L a n e C o . , Cougar R e s e r v o i r Hot S p r i n g 

Malheur C o . , Unnamed h o t s p r i n g ( n e a r R i v e r s i d e ) 

Malheur C o . , Beu lah Hot S p r i n g s 

Malheur C o . , Hea l Hoc S p r i n g s 

Mar lon C o . , B r e i t e n b u s h Hoc S p r i n g 

Union C o . , Medica l Hoc S p r i n g s 

Uasco C o . , Kahneeca Hoc S p r i n g e (Kah-Ne-Tah) 

Y e l l o w s t o n e N a t ' l P a r k , Madison J u n c t i o n 3 

T e l l o v s c o n e K a c ' l P a r k . Mamaoch 1 

Long V a l l e y , Hoc S p r i n g , 3S/29E-31AS1 

Long V a l l e y , Hoc S p r i n g , 3S/29E-34KS1 

Cox. 1973 

M a r i n e r , o t a l . , 1 9 7 4 a 

M a r i n e r , e t a l . , 1 9 7 4 b 

M a r i n e r , ec a l . . 1 9 7 4 b 

Cox, 1973 

w n i e y , e t a l . , 1974 
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^3f3?t^ 

C A N A D A 

FIG. I-Geologic and geomorphic provinces of 
western U.S. High bva plains of eastern Oregon are 
included with Snake River downwarp. 

ficult to predict. Even in sedimentary basins, such 
as the Salton trough, the porosity of young strata 
IS altered by the high-temperature fluids. 

PLATE TECTONICS 

Some of the recently identified oceanic crustal 
features (Fig. 4) may have a bearing on the source 
of heat underlying the western United States. The 
tast Pacific Rise extends toward the continent 
and the Gulf of California. It continues northwes-
erly up the gulf, offset at intervals by northwest-

u-endtng transform fracture zones. Exploratory 
work on the floor of the gulf indicates that the 
nse IS hot. Elders et al (1972) projected the rise 
onshore through the Cerro Prieto field and 
l^rough some boiling mud pots across the border 
Wo aiifornia, where it is offset by continental 
transform faults such as the San Jacinto It 

continues to the Salton Sea and is the source of 
neat for the Niland geothermal brine field. Just 
north of this field the rise intersects the San An-
J r ^ fault. Menard (1964). Wilson (1970). and 
Ahvater (1970) have made further postulations 
egarding the northerly continuation of the East 

•^acific Rise. 

A trench is believed to exist along the edge of 
ne conunental shelf north of the Mendocino 
racture zone parallel with the Oregon and Wash-

Posed . ? " ' " ' " " ^^ ' '^" ' ' ^ ^ ' ) - ' ^ ' ' '^«"ch is pro-
CascL / i f ° ^^'"'^- f"*̂ "̂' subduction zone. The 

toe Range, with its numerous recently active 

volcanoes, lies about 330 km to the east parallel 
with the trench. A similar feature—the Middle 
America Trench—is present off the west coast of 
Mexico, and an andesitic volcanic chain lies on
shore at about the same distance as that between 
the Cascades and Silver's proposed trench. This 
volcanic chain is marked by active volcanoes and 
several geothermal areas including Los Negritos, 
which is thought to have prospects of developing 
into a large geothermal field like Cerro Prieto. 

Lowell (1974) proposed a subduction zone 
along the common boundary of the Basin and 
Range province and the Colorado Plateau. This 
boundary is also marked by considerable volcan
ism and the presence of hot springs. Lowell's be
lief that the Basin and Range crust is underthrust-
ing the Colorado Plateau crust, possibly by as 
much as 100 km, is substantiated by magnetic 
data. He proposed another belt of subduction 
along the Rocky Mountain front where the Rock
ies meet the Great Plains. 

Another interesting theory recently advanced is 
that of a "fixed-mantle hot spot" (Morgan, 
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o HOT SPRINGS 
• EXPLORATORY WELLS DRILLED 
O COMMERCIAL FIELD 

— FAULTS 
FIC. 3-Hot springs and faults. Moiit springs with 

temperatures over 50°C are shown. In places several 
springs arc combined because of map scale. 

1971), which explains volcanic trends such as the 
Hawaiian Island Chain, where volcanism is pro
gressively younger toward the southeast. This is 
explained as plate motion over a fixed-mantle 
convection plume. Examples in the western Unit
ed States might be: (1) the Snake River down
warp, (2) southem Nevada and southem Utah, 
and (3) the Coast Ranges of California. Several 
volcanic areas are aligned northwest-southeast. 
At the southeast end, the volcanic rocks are Mio
cene. In the vicinity of The Geysers, the volcanic 
deposits are Pleistocene and Holocene. TTiis pro
gression is explained as the result of southeasterly 
movement of the American plate with respect to 
the Pacific plate, and apparent northwesterly 
movement of the fixed-mantle hot plume. 

PROMISING AREAS IN WESTERN UNITED STATES 

Figure 5 shows promising areas for geothermal 
exploration in the United States (Godwin et al, 
1971). Known geothermal resource areas 
(KGRA, category 7) represent areas where phe
nomena such as boiling hot springs, shallow test 
holes, or hydrothermal alteration indicate that the 
chances for geothemial power production are 
good. The other areas shown (category 2) contain 
lesser hot springs, young volcanic rocks, fuma

roles, or hydrothermal alteration of the surface 
rocks. 

In January 1974, the U.S. government opened 
up lands for geothermal prospecting to individu
als and private companies. Lands in category 1 
were put up for competitive sealed bids. Lands in 
category 2 have been made available for simulta
neous filing. If two or more companies file on the 
the same acreage, it is automatically put into cate
gory I and then put up for competitive bidding. 

EXPLORED AND/OR PRODUCING AREAS 

The Geysers field—TTie first recorded drilling 
for geothermal power at The Geysers, in northern 
California, was in the 1921-25 period. A group of 
local businessmen drilled eight shallow wells, the 
deepest of which went to 200 m. Although steam 
was encountered, local demand for electricity was 
insufficient to justify further drilling. Thirty years 
later. Magma Power Co. began development of 
the field as a dry-steam reservoir. Deep drilling 
began in 1966 with Union Oil Co. as operator. 
The Geysers now is the worjd's largest geother
mal field. Present capacity is over 500 Mw and 
average well depth is 2,000 m. The reservoir is in 
fractured graywacke of the Franciscan. 

Valles (Baca) Caldera field—Exploration drill
ing in the Valles.Caldera, in Sandoval County, 
New Mexico, began in 1960 by Westates Petro
leum Co. The objective was oil and gas believed 
to be trapped in the Rio Grande graben in Paleo-
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FIC. 5—Promising geothermal areas of western U.S. 

(after Godwin ct al, 1971). 

zoic beds truncated updip by the core of the 
Valles rhyolite plug, but drilling encountered hot 
water and steam. Union Oil Company leased the 
acreage in 1970 and has drilled several wells in 
this hot-water geothermal field. 

Cerro Prieto and environs—Cerro Prieto field, 
located 29 mi (47 km) south of the U.S. border, is 
an excellent example of utilization of geothermal 
energy. The Salton trough (Imperial Valley) area 
has been the site of much exploratory drilling in 
southern California. More than 20 wells have 
been drilled in the Niland wet-steam field. Tem
peratures range as high as 350°C. The high brine 
content causes a severe corrosion problem and 
has prevented commercial production to date. 

EXPLORATION 

Exploratory wells drilled for geothermal pros
pects, including wells drilled for oil and gas on 
geothermal anomalies, number 174 in the western 
United States, in 62 different areas. Of this num
ber, 61 have been drilled below 1,500 m and only 
4 have been drilled below 3,000 m. Several deep 
wells have been drilled for oil and gas in areas of 
interbedded sedimentary and volcanic rocks with 
3 high heat flow. In addition, hundreds of shallow 
(less than 100 m deep) water wells, mainly in Ida

ho, Oregon, and Califomia, have encountered 
warm or hot water, and some have been used for 
space heating. Government agencies are conduct
ing geophysical surveys and drilling temperature 
holes and a few deep tests in selected areas such 
as Marysville, Montana; Battle Mountain, Ne
vada; and Los Alamos, New Mexico. 

CONCLUSION 

Geothermal exploration has an advantage over 
early-day oil and gas exploration because of the 
availability of geophysical methods such as elec
trical resistivity, gravity, magnetics, seismic noise, 
magnetotellurics, micro-earthquake recordings, 
and infrared surveys. Although these tools have 
been of value in selecting locations, the problems 
of complexity of the geology, the irregular perme
ability of igneous and metamorphic rocks, and 
lack of knowledge of the character of geothermal 
traps make exploration more risky than searching 
for oil or gas. So far, the best place to look for 
geothermal accumulations has been around hot 
springs. 

Any conclusion as to the success ratio and the 
role that geothermal energy will play in the future 
must await further drilling. Considerable explor
atory drilling should take place in the next few 
years, because a large amount of exploratory 
acreage has been leased. Another factor in future 
exploration will be the perfection of equipment 
and methods of utilization of lower temperature 
(I50-225°C) fluids with heat-exchanger tech
niques. 
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