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Abstract—Olivine tholeiites, the youngest Tertiary units (about 8-11 m.y. old) at five widely spaced
localities in northeastern Nevada, are geologically related to the basalts of the Snake River Plain,
Idiho. to the north and are similar in major clement and alkali chemistry to mid-ocean ridge basalts
(MORB) and island arc tholeiites. The measured K (1250-3350 ppm). Rb (1:9-62 ppm), and Sr (140-
240 ppm) concentrations overlup the range reported for MORB. Three .of the five samples have low,
unfractionated rare carth clement (REE) patterns, the other two show moderate light-REE cnrichment,
Burium concentration is high and variable (100-780 ppm) and does ndt correlate with the other LIL
elements. The rocks have 37Sr/*°Sr = 0:7052-0-7076, considcrably higher than MORB (~ 0:702-0-703).
These samples are chemically distinet (ic. less alkalic) from the olivine tholeiites from the adjacent
Snake River Plain, but their Sr isotopic compositions are similar. They contain Sr that is distincily
more radiogenic than the basalts from the adjucent Great Basin. About 10b.y. would be required
for the mean measured Rb/Sr (~002) of these samples o generate, in a closed system, the radiogenic
Sr they contain. The low alkali content of these basalts makes crustal contamination an unlikely
mechanism. If the magma is uncontaminated, the time-averaged Rb/Sr ol the source material must
have been ~ 004, A signilicant decrease in Rb/Sr of the source material (2 factor 22) thus most
probubly occurred in the relatively recent (< 10% yr) pust. Such a decrease of Rb/Sr in the mantle
could accompuny aikali depletion produced by an episode of partial melting and magma extraction,
In contrast, low ®7Sr/®°Sr rutios indicate that the source material of the mid-ocean ridge busalts may
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have been depleted carly in the Earth’s history.

INTRODUCTION

“Anecorrelation between some large ion lithophile cle-

At (LIL) concentrations and ®7Sr/%%Sr ratio (e.g.
AAERMAN and HEDGE, 1971). This presurnably results
the fact that in general a more alkali-rich source

B bigher 87Sr/38Sr ratio. Least-radiogenic Sr occurs

41 mid-ocean ridge basalts (MORB), which contain

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 province to 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 petrographicully similar olivine tholeiites were

. selected for this study from widely separated localitics

in northeastern Nevada (Fig. ). Sample descriptions
and locations are in the Appendix. Each sample is
from the youngest unit at its locality. K-Ar ages
{about 8-11 m.y., Table 1) 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
contentrations to provide comparisons with basalts
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| ;’{,I' 1672 R. K. MaRK 1 dl.
;;‘I' . . aao® il nee keley, California (PERLMAN and Asaro, 1969). Ar and £ Ta
;L' a4 analyses were performed by standard procedures at oa §
4 . Late Cenozoic U.S. Geotogicul Survey, Menlo Park, Catifornia {for s &3
.-;", basalt scription, sce DALRYMPLE and LANPHERE, 1969). & ‘.‘ s10,
" 5” ' ' “ Aly0,
4 PETROCHEMISTRY : o e,
2.0 o
h In Tables 2, 3 and 5 we present the chemistry of §&. Fe0
‘ r"/‘i the late Tertiary olivine tholeiites from northeas } ' Hg0
. i Nevada. Table 4 provides a comparison with othe §& .. ca0
. relevant basalt compositions. The samples exhibit ¢ ¥ - ¥a,0
’ gf ! age0regen e 7 giidaho major-clement chemistry distinct from that reported g, K0
o il ?078?116), 9;%6? g;’?n?? by Leeman and Manton (1971) for 78 Pliocene o 8- -
1 07033-07047 X2 C I8 NCQB 15 Ho{ocene oli.vine tholeii(e§ from th.ev Snake Riva ".f g™
ore. .’:,;;:ld: [ Plain. That is, they are higher in sd@ and kml_ 110,
AT in alkalis, TiO, and P,Os (i.e. less alkalic). They aho 4
. 07056 i 1'.“?‘1,; RE have more Al,Q; and MgO and less total Fe. The § 2%
Winnemucea Dy . t N""i_um"i | samples are also distinctly more magnesian and los 3 no
Bartte 8750,?5 Bl N alkalic than the Miocene Steens Basalt of southeas § %2
Mountain 5 | ;A l tern Oregon (GUNN and WATKINS, 1970). The basaly a
el from this study are also distinct from Hawaiian the & Z 4
40°"8° " l":f’“ leiites, containing less SiO, and TiO, and moe 3§ Subtotal
o 00 200 miles Al,O,. They are similar in major element chemistry | TOTAL
— / to mid-ocean ridge basalts (Cany, 1971) and high- Mg ,
Q I 200 km v - Picture Gorge Basalt (WRIGHT et al, 1973) ant3 LACMII;Y
Fig. 1. Location map showing ®’Sr/*Sr ratios and K-Ar almost identical to sample No. 88 (‘most primitive} 3§ Analy
ages of samples. Regional data from Luimax and Manton  [fom the Santa Rosa Range, Humboldt County. . \;:““c
ocks.

Nevada (LeMAaSuriegr, 1968). The butk of the lay§
Cenozoic basalts from the adjacent Basin and Rang
province analyzed by LeEmaN and RODGERS (19N} & nmor light REE
are alkali-olivine basalts. These workers report, hows J§ dondritic conces
ever, an average composition of three Basin an @ dose reported fo
Range olivine tholeiites that is very similar to (el o, 1970; ScHiLL
alivine tholeiites from this study. i aon depletion of

On the basis of REE contents the basalt sampla j Hentical to thos.
fall into two groups (Fig. 2, Table 5). In one grow JUakss and GiLL,
(E-15. 6238-2J, 54NC93; referred to as ‘low REE} Jinal normal rid
the chondrite-normalized REE pattern shows od, SCH!LL!NG (197:

(1971), McKeE and MaRk (1971), and Nosew et af. (1973).

from other tectonic settings and constraints on petro-
' genetic models.

ANALYTICAL PROCEDURES

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

Tdhl(. 1. K-Ar ages and analytical data of [our late Tertiary olivinc basalts from : 7 | T|ble 3. K, Rb, S

nagtheastern Nevada i
\ ¥ wmposition of sam
P
Localicy Apparent age . y
Ar%0ra4 Azhornd {m.y.) T
Sacple number {1ac N) KzO X akad - . s
-12 40 y
general locality {long W) (weight percent) 10 ““mole per g Ar " “total tlg (estimated) g—
{ [ 1462 4
E-15 41°57°00" .o 2.43
(Shoshone Creek) 114°35' 54" 0.20 2.428 13.1 8.2:0.6
L« 183
54-NC-93 41°59°48"
(Buck Creck) 115°25" 24" 0.19 2.196 19.7 7.910.5 g v 536
61-NC-18 41°54'00" R ane 0.0144 (
(Hat Peak) 116°23'15" 0.35 5.494 6.5 10.611.0 Mg Bge  0.7076%1 ¢
£238~25 40°50" 36"
(Sheep Creck 116°37°15" 0.3 4.265 9.7 8.5:0.7 \ - ——
Range) Sr isotopic ratia.
md adjusted to «

Constants used:

K*/K total = {-19 x (0™* moles/moles.

se = 0585 x 10712 yr,
SR =472 % 10710 gyt

B 07080 for Eimer a
f of low Rb/Sr ratio;

ben corrected for
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Arand K & Table 2. Major eclement chemistry of olivine tholeiites from northeastern Nevada
ires at the 3 ' -
. 215 6238-23 34%C9 61NC1B 628C133
da (for de- 2
) sto, 46.00 W6 4811 47.88 43.8
. . AL, 16.96 (17.0) 16.7 (17.3) 16.81 (16.8) 15.68 (15.5) 15.1 (15.1)
Fe,0 2.41 (£Fe0 9.61) 1.4 (9.52) 1.36 (3.36) 2.68 (11.19) 3.0 (10.08)
203
. Fed 7.48 8.1 8.32 8.93 7.7
cmistry of
northeast 130 8.80 9.3 9.65 8.34 8.9
with' other a0 12.02 1.3 11.98 10.70 1.3
s exhibit ¥a,0 2.09 (2.17) 2.1 (2.49) 2.13 (2.20) 2,44 (2.49) 2.2 (2.21)
at’ reported K0 0.16 0.3 0.15 0.38 0.43
Pliocene W 1,0+ 0.2¢ 0.4¢ 0.14 0.39 0.36
nake River 1 Hz0” 0.21 : 0.21 0.08 0.21 0.38
and lowes 10, L2l (1.19) 1.2 {1.16) 0.96 (.95) 1.74 (1.80) 1.5 (1.32)
L3 T
)“Tl[") ‘,"_’U P05 0.14 0.26 0.09 0.26 0.43
tal ‘Fe. The
- Mno 0.18 (.174) 0.19 (.177) 0.18 (.189) 0.19 (.187) 0.14 (.182)
ian and Jess
: hes ca, 0.01 ' 0.00 0.0 0.05
of . southcus
The basalts - o 0.0 . 0.00 0.00
awaiian tho- ! F 9.0z 0.2 0.0
N Subtotal  99.94 99.98 99.85
, and mofre Less 0 0.01 0.0 0.01
nt chemistry TOTAL 99.93 98.9 99.97 99.85 100.3

and high-Mg

St primitive) §
sidt County,
. of the lawe "

1973) and - L. C. Peck, project leader.

rocks.
A and Range ,
pGers (1970 “Yanor light REE enrichment and about ten times
report, how- A dondritic concentrations. Such a pattern overlaps
¢ Basin and 3bose reported for mid-ocean ridge basalts (Kay et
imilar to the §41970; ScHiLLING, 1971}, although it lacks the com-
' Tun depletion of light REE. The pattern is almost
dmtical to those reported for island arc tholeiites
& and GiLr, 1970), and for some of the transit-
| normal ridge-mantle blob (plume) basalts of
LLING (1975). The other group (6INCIS.

1salt samples
n one group '
;Clow REEY

shows only

ke 3. K, Rb, Sr concentrations (ppm) and Sr isotopic
position of samples measured by isotope difution nuss

- , Spectroscopy
°
1 “as 6238-23  SUNC93  6INCIB 628133
! 1462 2604 1246 3119 3366
; 2.63 3.42 1.92 5.88 6.20
E 183 231 139 239 239
% 556 762 649 530 543

0.0144 0.0148 0.0138 0.0246 0.0259
Msr  0.7076.1  0.7052t1'  ©.706431  0.705623  0.7069:1  (t20)

“Byisotopic ratios are normalized 10 8Sr/88Sr = 01194
- cuiadjusied 10 a value of 071014 for NBS SRM 987
W0 for Eimer and Amend SrCQO; standard). As o result
'l Rb/Sr ratios and ages. the isotopic rutios have not

' corrected for growth of *'Sr since eruption.

o

Analyses of EI5, 54NC93. and 6I1NCI8 are standard rock anal'ys;’.s by Edythe Engleman;

Analysis 6238-2J and 62NC133 are rapid rock analyses.
Values in parentheses are neutron activation anulyses calibrated against USGS standard

62NC133; referred to as “high REE’) shows a marked
light REE enrichment typical ol 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-
letites (Jakes and Waite, 1972). The concentrations
of these clements in the high REE samples are more
typical of continental tholeiites (e.g. Osawa and
Gougs, 1969; Lipman et al., 1973). The other LIL ele-
ments generally correlate with the REE, but Ba is
an exception (Fig. 3). Barium concentrations are vari-
able, with no correlation to the other analyzed LIL
elements. The Ba concentrations are much greater
thun those commonly reported for MORB, and some
are high even for island arc tholeiites (c.g. JAKES and
Gk, 1970; Nicrorrs and IsLam, 1971; PHILPOTTS
et al, 1971).

The basalts from northeastern Nevada generally
contain less K, Rb, and Sr (Table 3) than do the tho-
deiites from the Snake River Plain (LerMaN and Man-
TON, 1971). Two of the 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

L 2 3 'y 3 L] ? 8 9

R. K. MaRrk et al.

Table 5. Concentrations of Ba, REE. and other minos
ments (ppm) by instrumental neutron activation ans

e chemically si

Standard rock (BCR-1} is included for comparisos |
el 97035-0.704, M

510, 48.5 48.8 49.620.7 48,2 4.1 47.0 49.5 8.3 50.1

uzo] 16.9 15.% 16.0:0.9 16.3 16.0 15.1 13.9 16,7 13.5

tFel §.5 i1.0 1i.511.3 9.8 9.7 13.5 1.2 12.6 1.2

HEC 9.2 a.7 7.810.9 8.5 9.1 1.6 8.4 5.9 6.7

Ca0 11.1 .1 11.310.6 1.1 11.8 10.0 10.3 9.4 10.6

Ha 0 2. 2.4 2.810.3 2.6 2.2 2.5 2.2 33 2.9

K0 0.22 0.4t
T10, 0.95 1.6

0.2210.12 0.41 0.17 0.61 0.4 1.0 0.57
1.4:0.) 11 L1 2.7 2.5 1.2 1.53%

P,0, 0.15 0.35 0.14:0.07 0.17 0.09 0.58 0.3 0.40 0.22

7y

LR 0.18 0.17 0.18:0,06 0.15 0.19 0.20 0.2 a.18 0.20

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

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

3. Ocean floor basalts, 94 sclected analyses, 4= one stan-
dard deviation. Cann (1971).

4. Olivine tholciites (3), Basin and Range province,
Leeman and Rogirs (1970).

5. Sampic 88 .(‘most primitive’),
Range. Nevada, LeEMasurieEr (1968).

basalt, Santa Rosa

6. Olivine tholetites (78), Snake River Plain, Idaho,
LEMaN and MANTON (1971).
. 7. Tholeiites and olivine tholeiites, Hawaiian lavas,

MacDoNaLD (1968).

8. Sicens Basalt, group E(16),
Guny and Watkins (1970).

v, High-Mg basalts, Picture Gorge Basalt, WRIGHT ¢t
al 11973

southeastern Oregon,.

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

DISCUSSION

The 87Sr *"Sr range for the tholeiites from north-
castern Nevada (0-7052-0-7076) is almost identical to
the range reported by LEEMAN and MaNTON {1971)
for the tholeiites from the adjacent Snake River Plain
to the north (Fig. 1). They are considerably more

15 6238-21  34KCHI 618C18 $2RC13)  Typical ¢ . !
[T 152 105 427 m u wap s Hl iDGE und Ne
La 6.4 6.6 5.2 13:8 16.4 0.4 n.aas (1971) arguc.
Ce 128 14.8 12.2 30.1 3.9 0.7 u.n,o 4 ““05 are due to
N 104 8.2 10.3 20.2 19.8 1.3 :,u. } tan crustal con
Sa 243 172 2.31 430 .61 0.0 s)nE ‘ "97]) base this cc
B 106 112 0.98 1.6 166 0.0 s T "&ence for the lac
™ D.48 0.52 0.50 0.9 0.73 0.03 0.9 N VOBLE (|97|) on |
Dy 3.82 4,27 4.09 5.86 sS4 LECIE S ;. u(ios, and lack
b 2.3 2.0 2 315 2.68 0.0 hius , 'cnlrations, Rb/’S
L 0.35B 0.424  0.368  0.48) 0,364 oo ovmas PR .

Hf 1.64 1.8 1.50 .12 an o.11 LA ' "' The scatter in
o a2z 306 427 269 339 [] [T 2 3 e samples (and
M 1350 1370 1420 1480 1435 » llm.t ’ th LEEMAN w
o 50.0 4.4 31.2 50.0 6.4 0.7 .u. g ;lbt range of exp
w150 120 206 105 120 23 thie L _muld be due to ¢
s 40.5 .2 a2 39.¢ 8.5 02 wnm Otk inhomogencit
[ 0.152 6.302 0.122 0.330  0.38 0.015  L.4i.M o indicate son
™ 0.7 0.56 0.51 1.06 1.08 0.13  s4lN very weak cor
v 30 40 165 350 120 0 g % u_-‘g 3), but the

Te  0.257  0.284  0.200  0.585  0.508 0.004 o.nna iid

100 95 95 138 130 9 ven 7 ) cmrauon and c

ntamination m

The typical ¢ involves only the precision of the measws -0l Ba with other
ments. The errors on the BCR-1 standard rock includet &iton the low LIL
the calibration errors introduced by the standards as s’} ‘Alb k u,

‘ and T}
as the statistical errors introduced by counting radi
¢ y 8 M by LIL-rich rocl

vity.
¥ § bon with radiog
- 88 have been somel
radiogenic than are the basalts from the adjaan "We have obserwe
Basin and Range province to the west and soulh(C ‘ul contaminatic
E. Hedge and D. C. Noble, unpublished data, ’m ‘Bmination cann
LFEMAN 1970; HepGe and NobLg, 1971 NOBLE‘! l sotopic ratios
, 1973), where the Sr isotopic compositions are & 84 wurce mantie.
tlu. range reported for oceanic basalts { gencrlb Although it h
0-703-0-705). High (~ 1200 ppm) Sr basalts from"¥Feentration can
southwestcrn Nevada and east-central California havw! (HART et al., 1Y
Sr isotopic ratios comparable to those reported he}] Rb/Sr ratios of
(0-706-0-707) (LeeEmaN, 1970; HepGe and Nom,‘

Hi
. L
708
' &
¥ s r01H
£ 4 o
S 3 "
= - \J
[=3 w
5 4 & r06
3 )
(
Me ’ 705 L
ORB A L " . A A s % 0
Lo Ce Nd Sm Eu T Oy Yb Le 3 ',"Y

an

. Chondrite normalized REE patterns plotied against atomic number. Mean ocean ridge basalt » 3
is from SemLLING (1971). The stippled pattern defines the field of ocean ridge basalis from the Gorda . !
Ridge, Juan de Fuc1u Ridge and East Pacific Rise reported by Kay et al. {1970). .

Fig. 3. Plot of !
Also indicated
Note lack of cor




other minur e €471y These basalts are also more radiogenic than
tivation analyues Jge chemically similar tower Picture Gorge basalts

oMY . J035-0704, MCDOUGALL, in press).

heteal s KEA. } Hepge: and NosLe (1971) and LEEMAN and MAN--
oo e \ m(l97|) argue convincingly that the high %7Sr/%%Sr
:: ::.: . “atios are duc o a radiogenic source (mantle) rather
‘Y ot 1§nn crustal contamination. LeiMAN and MANTON

261971) base this conclusion largely on geophysical evi-
.%kncc for the lack of a sialic crust, and HEDGE and
sasLe (1971) on the very high Sr contents, low Rb/Sr
Aafios, and lack of correlation bewween Srocon-

0.02 BRI

0.02 1.000,08
7,

0.0 om b

0.20 [P 1IN L]

oos e @ prations, Rb/Sr ratios, and Sr isotopic ratios.

0.1 0Mr R % The scatter in Sr isotopic ratios measured for the
St ik amples (and the tholeiites from the Snake River
° . “3in; LEEMAN and MaxToN, 1971) fall well outside

30 13900

At range of experimental error. Scatter of this type
Jamld be due to either crustal contamination or man-
3% inhomogeneity. The high Ba concentration may
1eine  Lig indicate some form ol contamination. There is
o3 sonm - Aery weak correlation between Ba and ®7Sr/*°Sr
~f'g 3), but the lack of correlation between Sr con-
onnem A oration and composition (Fig. 4) argues against a
! o Fmumination model, as does the lack of correlation
in of the measure FdBa with other LIL elements (K, Rb, REE). In addi-
ird rock included'dyn the low LIL element concentrations (particularly
Standards as we ¥y |« J and Th) indicate that crustal contamination
dunting radicaco: ¥ LIL-rich rocks did not take place. If contamina-
wn with radiogenic *7Sr did occur, however, it must
e been somehow separated from its parental Rb.
e have observed no petrographic cvidence for crus-
al contamination. While some unusual form of con-
wmination cannot be entirely ruled out, the high Sr
wiopic ratios most probuably reflect that of the
murce mantle.
Although it has been demonstrated that Rb con-
tration can vary widely within a single lava flow
T et al., 1971), it is important to note that the
iSr ratios of the five basalis studied is such that

o M.01 -
5 . 1%1i0

0.2 NN

50 430¢08

0.004

v\ .
m the adjucens
st and south (C; ;
shed data, 19N
1971; Nosts. «
positions arc @
asalts (generally !
w basalts from |
I California have
se reporled bere

SE and Noataf..
: k] High REE Pattern = &

? Low REE Paltern: w (%KZQ)

; .708 (20)

y ) !

.;l A (45)

3 V0 707+ . A

K ()

1] \u v

4 (2}

5 7061 (.42).

( (.35) A

‘ 705 AP S
o 400 800

Bo

Jig 3. Plot of 87Sr/%¢Sr against Ba concentration (ppm).
Xy indicated are K,O concentration and REE group.
e luck of correlation of Ba with the other LiL elements.

1

dge basalt
the Gorda
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L .: .
300F e*’
- 4 .
- ..
- b [ ]
o0t . .
= | ecc w62MC133
a., L @ *
= leo3e-2 .
@ i ’ .
200F *
[ " E-I5
150+
s = 54NC93
0105 0706 0707 0708
87, /865,

Fig. 4. Plot of 87Sr/%*Sr against Sr concentration (ppm).
Circles arc olivine tholeiites from the Snake River Plain
(Leeman and Manton, 19715 adjusted to 0-7080 for the
E and A standard). Squares are olivine tholeiites from
northeastern Nevada (this study).

they all plot well to the left of the 46 x 10° yr isoch-
ron (Fig. 5). It would take 614 x 10° yr for the pres-
ent Sr isotopic ratios to evolve, in a source with the

measured Rb/Sr ratio, [rom the primordial value of
0-699.

0108
£-15m THOLENTES
oT0ik sngigomvsh PLAIN,
544693 (Leeman & Manfon, 1971)
0706} a
0.705f
& 0.704f
£ D7
& 0703 LATE CEHOTOIC BASALTS,
*® °
0702k (Noble, ef ol 1873)
OCEAN-RIDGE BASALT
.70t Hart, 1971)
0700
0699 X . .
o 02 03
87Rb/865y

Fig. 5. Strontium isochron diagram showing that the sam-
ples studied plot well to the left of the 46 b.y. "geochron’.
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&} comments on |

0.708 =
E-15 . & part by the N
0.107 . .
MEAN 5 THOLENTES '
0.706 THIS STUDY 2
- §238-2J "SGR (1971]
' *'t 78l floor basalts. P.
= | 495-505.
5 0704 N - T hedvaet
£ DMEAN OGEANIC BASALT o g RYMALE G B
0103 o \ Argon Dating:
= b MEAN OCEAN-RIDGE BASALT o k. 10 Geochronolo
0702 (Hort, 1971) T 3 Gast WP (19¢
. ' :" origin of tholei
o b Cosmochim. Ac
0.704 st B OusN B. M. and
. the Steens Mo
0.700 W Amer. 81. 1497
0699 40 5‘.0 2..0 II.O 0 Srisotope ratic

T(i0° YEARS BEFORE PRESENT)

Fig. 6. Strontium evolution diagram showiny increase *Sr/%8Sr with time from the primordial value
of 0699. Growth curve slopes are proportional to the Rb/Sr ratio of the systems. %

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 increasc
this ratio (GasT, 1968; HepGe and Nosrg, 1971). In
the case of low LIL tholeiites, presumably gencrated
by a significant degree of partial melting of an ultra-
mafic source almost all of the LIL elements will go
into the melt (Kay et al., 1970). Such basalts, if rela-
tively undifferentiated, will have Rb/Sr ratios approxi-
mately equal to that of their source. In this case the
source (mantle) for the samples must have had a mean
Rb/Sr ratio of 0:019 when the basalts were formed.
Such a Rb/Sr ratio would have evolved a 87Sr/8¢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 0699 in 46 x 10° yr would
have required a time-averaged Rb/Sr ratio of 0:033-
0-046 (mean ~0-040) (Fig. 6). PeTErMAN and HEDGE
(1971) suggest that undepleted oceanic mantle might
have a Rb/Sr ratio as high as 0-04. ‘Average’ occanic
mantle must have a time-averaged Rb/Sr ratio
~ 0024 10 produce oceanic basalts with a mean ¥7Sr/
888 ~0-7035. It cun thus be inferred that the Rb-Sr
systematics of the basalts from northeastern Nevada
*require at least a (wo-stage model to account for their
Rb/Sr and #7Sr/8°Sr ratios. If the source mantle were
depleted in alkali clements in the relatively recent past
{prior to the gencration of the basalts), then the Rb/Sr
ratio must have been reduced by about a factor of
2.1l a single depletion episode had occurred as long
ago as | x 10 yr ago, the time-averaged Rb/Sr ratio

o o8 Soc. London S
Hart S. R, Gun:
lava variation
W' Amer. J. Sci. 2
[Hioge C. E. an
k: basalts with hi
in the mantle during the first stage must still haw 3, Creat Basin, -
been 0039-0056 (mean 0046). If the depletios § mg“;, 82. o
occurred early in the Earth's history, a greater degre i  sland arc tholt
of Rb-Sr fractionation is implied, requiring a manty 8 28
with a very high initial Rb/Sr ratio. If such a mante J i3 P. and Wi
ever did exist, it must not have survived into lawe B Ment abundan
Earth history. Otherwise, we would expect to find ug ‘z',d,li G;Olj'ns::
contaminated basalts with #7St/%5Sr > 0-708. Alterne R characieristics
tively, the mantle Rb/Sr may have been gradually do " J. Geophys. Re
creasing through time, owing to a quasi-<continuos ¥ Lepan W. P (1
depletion process (HART, 1971). On the basis ofamb‘ :,';::e":vl;lf'u
gous systematics for the high-Sr basalts from sou B3 g57.575
western Nevada and east-central California, Hepm g lvan W. P, 4
and NosLE (1971) suggest a Rb/Sr ratio as high s J. topic composit
0055 for the source mantle before a Precambrian § %PI“’“’ southers
depletion. Such high Rb/Sr ratios may be indicatiw ; | 4.
of alkali enrichment in the mantle, alkali-olivine
The "depletions required to produce these basam . US.A. Contrib
are analogous to those required to produce mid ] UM"SUR‘ER W.
ocean ridge basalts (TATSUMOTO et al., 1965; Petaa | g;:“!;,,tj,g';’;'
MAN and HEDGE, 1971). In that case, however, S8 ipwan P. W, B
St ratios are low, and, therefore, the depletion mu & sium, thorium.
have occurred much earlier in the Earth's history (F’; g basalts of sout
6). To produce the high *7Sr/**Sr basalts, a depletios §.celation to the
must have occurred late in the Earth’s history, and :‘:CSSN AIL[)3 8(7[
in addition, an enrichment in LIL clements above e § . Hawaiian |a\-:,'
mean mantle concentrations possibly may haw § ¢ in Honor of H.
occurred at a much earlier time. The tholeiites frogg 477-522.
northeastern Nevada were then presumably produd ug“f R. K‘r‘ IL ke
by a large degree of partial melting of recently do . ,,f,-,‘,'fecsfoi,,,o‘,',}:‘
pleted mantle. -~ McDougaLL 1. (
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APPENDIX

Sample 6238-2J. From the top of the Sheep Creek Range
about 32km northeast of the town of Battle Mountain
(40°50°36" N, 116°3715" W). It is the top 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
to my. old (MCKEE and SiLBErRMAN, 1970). The rock is
holocrystalline with porphyritic olivine (Fa,,) in an ophitic
to subophitic groundmass. Contains augite, zoned plagioc-
lase and opaque iron oxides.

Sample 54NC 93. From the uppermost flow of three
flows in the cliff on the west side of the Jarbidge River,
just  south of the Idaho swteline (41°59'48" N
11572524 W), The flow is about 9 m thick and is vesicular
on top, with an irregular bottom caused by contempor-
ancous deformation, The two lower flows arce respectively,
10 and 6:6 m thick. The lowest flow rests on poorly conso-
lidated gravel. The rock is holocrystalline with less than
5% black glass. It contains olivine phenocrysts (slightly
altered to iddingsite) up to 3 mm in diameter in a subophi-
tic groundmass of pyroxenc. &LIEIOLLISL granular olivine,
magnetite. and ilmenite,
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Sample E-15. From u flow forming the ‘rimrock’ on the
summit of a hill on the south side of Shoshone Creck,
about 63 km southeast of Jackpot, Nevada (41°5000” N,
114°35'54" W), The rock is holocrystalline with porphyritic
olivine. Ophitic to subophitic groundmass. Pale brown
augite with 2V about 60°, plagiociasc luths zoned from
about Ang; 1o An,,.

Sumple 61N CI18, From_the leeder dike to the basalt flow
tha forms the summit of Hat Peak about t0km south
of the 1daho stateline (41°34°00” N, 116°23'15" W). The dike

is vesicular near the top. 1t is holocrystalline with subo
tic groundmass and phenocrysts of olivine. The grosd)
mass contains plagiociase, augite, olivine, and magnmiy,
Sample 62NC133. From a medium-gray vesicular, ¥
thick flow on Hat Peak about 10km south of the Mile3
stateline (41°34'30” N, 116°23'45" W). The rock is hologye
talline, with ophitic groundmass and olivine phenocrysy}
Groundmass is brown augite ophitically enclosing p
lasc. olivine and magnetite,
The Lt
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MIDDLE MIOCENE HIATUS IN VOLCANIC ACTIVITY IN THE
GREAT BASIN AREA OF THE WESTERN UNITED STATES #
E.H.McKEE, D.C.NOBLE ** and M.L.SILBERMAN
LS. Geological Survey, Menlo Park, California, US4
" Received 4 March 1970
A summary of potassium-argon dates shows that a high level of igneous activity in the Great Basin and adjacent
ragions during middle Tertiary time (40 to 20 my ago) was followed by a period of relative quiescence in middle
\iocene time that lasted for sevaral million years (from 20 to 17 my ago). Volcanism resumed 16 my ago mainly at
the margins of the region and has continued to the present.
~:
3‘.\")
KoN.Y) . Introduction from the references cited by Armstrong, Ekren, Mc-
Kee and Noble [1] and from other recent publications
Y. " Tertiary volcanic rocks contain much varied infor- (Marvin et al. [2], McKee and Stewart [3]; Gilbert
155.) " :uen about the tectonic evolution of the western et al. (4], Armstrong [5], Shilling [6], Evernden et
=ifed States. Data accumulated ¢. 2r the past several al. [7], Kistler [8], and from other references [9—13])
55) :ars concerning the distribution, petrochemistry and and from unpublished data from a number of sources
3. - . . . . . . - . .
2 of Tertiary rocks in the Great Basin makes it (see acknowledgements). In preparing this figure we
. o :ar that there are major differences in both areal have treated determinations on two or more phases
members of the advisory ¢: . . . . . . - .

- iribution and petrochemistry between the volcanic (i.e., mineral pairs) from a single rock specimen as a
¢t papers. be supplied witt © -% erupted during the middlg Cenozoic (49 to 20 single date and, if possible, two or more rocks dated
:ttering and details shoul "v2zo) and those erupted during the late Miocene, - from a unit have been tabulated as one date, In many

“.seene, and Quaternary (16 my ago to present). The cases, however, where geologic correlation is uncer-

-:posz of this note is to call attention to the fact tain, all dates are included. In gathering datu for this
it ihase two periods of volcanic activity are separ- paper, we have paid particular attention to dates in
«d by an interval of several million years during the 15 to 20 million year interval, and undoubtedly
+“ich volcanic activity was greatly reduced or non- have overlooked some dates outside of this range.
:\d} e s i e nsieni. Tectonic activity in the form of block fault-  *  Any bias so generated would only tend to increase the
14 ' - ame e . . - .
cchnology 54-314, Car tiook place only during the younger episode. observed anomaly. A total of 531 potassium-argon
dena, Calif. 91109, USA ages are included, many of which are averages of two

. or more; all dates have been rounded off upward and

| against the manuscript by - Dara the * factor of analytical uncertainty disregarded.
. The histogram (fig. 1) shows the marked scarcity
v Fig. I shows the available potassium-argon dates of igneous rocks in the 17 to 20 my interval §. Only
. "the Great Basin as outlined in fig. 2. The dates are 12 ages are reported within this interval or about 2%
Amsterdam, or to any suf™ . " lication authorized by the Director, U.S. Geological the 500+ ages that make up .the histogram. The well-
Sirvey, known occurrence of basalt in the Late Tertiary is
“he publishers expect 108 ¢ 07 leave from the Department of Geological Sciences,
| permit. f2vard University, 1 See footnote on next page.
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Relotive volume
sedimentary rocks
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My diferentiated silicic wifs and lavas, both sub-
..zline and peralkaline, whereas QOligocene and lower
* wcene silicic rocks (the oldest Tertiary volcanic

(ks in the region) are relatively undifferentiated

bleetal. [14]). Around the margins of the Great
ain it can be shown that most of the high-angle
...tng is late Miocene or younger (Ekren et-al. {15],
w2lrod [16], Christensen [17], Noble [18]) and
«ilable data is consistent with relatively late incep-
wof basin-range faulting in the central part of the
=3t Basin as well. Fig. 3 is a generalized, graphic
meseniation of the relative amounts of tectonism
~.wek favliing) and sedimentation in the Great Basin
2mg the Cenozoic. The distribution of thin but
despread ash-flow units in the central part of the
"4 Basin indicates that little or no relief existed

i tme of their extrusion. Certainly no topo-

i similar 1o presemt Basin and Range features

:2d prior 10 about 20 my ago and the amount of
“rmation in all Tertiary units suggests that most

und Range faulting took place late in the

v, The voung as well as old Tertiary rocks

- undergone about the same amount of deforma-

" most places. Further evidence that the time

" 3tintznse tectonism in the Great Basin was
T3t hate Tertiary is reflected by the relative
2t of sedimentary rocks in the Tertiary column
“an Houien [19]) (curve B, fig. 2). The volumi-

depuits of lacusirine material of late Miocene
- Piogee age (Esmeralde Formation, Truckee
“uiinr Humboldi Formation) are most likely
& 1w “breakup™ of the region and formation of

“n

25 30 35 40 m.y.

25l 30 35 40 m.y.
1
' OLIGOCENE 'EOCENE

Fig. 3.

basins which trapped sediments. We believe that the
major changes in the volcanic-tecionic regime here in
the Great Basin during the Miocene can also be recog
nized over most of the rest of the wesiern Unitad
States (see Dott [20]; McKenzie and Parker [21] 2nd
Chase and others [22] for a recer: review).

Dott [20] has suggested that ihe inception of
crustal rifting, Basin and Range faulting, and late
Cenozoic volcanism resulted from a major globzl dis-
continuity in the character of sea-floor 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 continentzl-margin trench,
and initiation of a transform fauli svsiem in their
place”. If any one of these interpr=tations is corrac:.
the cessation and abrupt resumpiisn of voleanism
would appear to reflect, and thus daie. critical siagss
in the interaction of oceanic plates with the conti-
nent.
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SPACE-TIME RELATIONS OF CENOZOIC SILICIC
VOLCANISM IN THE GREAT BASIN OF THE
WESTERN UNITED STATES*

RICHARD L. ARMSTRONG, E. B. EKREN, EDWIN H. McKEE,
and DONALD C. NOBLE*®* .,

ABSTRACT. Physical siratigraphy supported by more than 250 K-Ar age determina.
tion demonstrates a definite space-time pattern of Cenozoic silicic volcanism withiy
the Great Basin. Known vent areas of voluminous ash-flow units and the approximate
stnree areas for sequences of velated sheets whose original distribution is known pyn.
vide the most important conwrol peints. These arve supplemented by many daies on
wiffs and lavas which lack more complete stratigraphic control.

Cenoseic voleanism began about 40 muy. ago. Although locatly abundani elsewhere,
voleanic racks 50 o 40 mov old are mest abundant in east-ceniral Nevada. The lncae
uf pyroclastic voleanism, as defined by the time of most intense activity and the me
of fatest significut aciivity within a given area, then shifted progressively ouwward
fiom easi-ceniral Nevada toward the margins of the Grear Basin, Silicic volcanisim hal
censed By 25t 80 muv. ago in cast-ceniral Nevada and by 20 m.y. agoe was restricic!
woihe mnrginal sveas of the Great Basin, The intensity of silicic volcanism has de-
creasced progressively during the last 10 moy

Exsiccomiral Nevada, where silicic veleanism first terminated, is less seismiczil
active wnd pussibly has w thicker crust than other parts of the Great Basin, The oh
served pattern of outwardiv migrating volcanism may have been the result of con
veaion within the mantle with a vising current centered on the east-ceniral pari of
the Greai Basin.

INTRODUCTION

This paper suminarizes and interprets chronologic data bearing on
the space-time diswribution of Cenozoic volcanism in and near the Great
Basin of the western United States (fig. 1). Nearby areas are included
because pyroclastic rocks that erupted from vents within the Greai
Basin spread beyond its margins. and some rocks erupted from venis
shghdy outside the geomorphologically defined boundaries of the pro-
virce appear o belong to this episode of volcanic actvity.

The discussion is limited 1o the silicic voleanic rocks that constituie
the bulk of the volcanic material of Cenozoic age in the Great Basin.
These silicic volcanic rocks are predominandy pyroclastic material which
forms voluminous and areally extensive sheets of ash-flow i (Gilbert.
1938 NMackin, 1960:; Coats, 1964; Noble and others. 1964; Orkiid.
1965 Surgent, Noble. and Ekren, 1965; Cook, 1963: McKee. 1968w
and others). The high-potash intermediate lavas present in many
jarts of the province are not included: available data {for example
Andarson and Ekren. 1908: Siewart and McKee, 1958) snggesi that with-
in any given arean such rocks were usually erupted before the silicie
racks Alafic voleanic rocks (mosdy basalt flows) are much less commaon
i the silicic vocks and have not yeu been dated in many regions. but

© Presented at the 157 Annual Meeting of the Geological Socieiv of America
i.\rmm‘m.g and others, 1967). Publication authorized by the Director. 1.8, Geologicn!
T Egqual authors alphabeticatly listed. Their addresses arve: R. L. Armstrong, Yk
University, New Haven, Connecticut 06520; E. B. Ekren, U.S. Geological Survey. Demet,
Culeradic 802230 E. M. McKee, U.S. Geological Survey, Menlo Park. California 84070
1 Co Noble, Harvard Universisy, Cambridge. Massachusetts 02133 (also affitiated with
the S, Guological Survey).
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where thev have they usually prove to be
volcanic sequence.

This paper relies largely upon the mans
available, most of them obtained {rom bio.
separates. but some from whole-rock sample

AGE AND DISTRIBUTION OF SILICH:
Previous 1Werk

E. F. Cook {1985) was the first 1o rec
patiern in the distribuidon of Cenozoic »
studies revealed that the volcanic section .
when mraced ‘rom east-central Nevada o
southeastern Nevada and southwestern
graphic siudie: and isotopic age data (for -
and others. 1¢37; R. L. Armswrong, L. B,
pub. datay have substanumed Cook's
and conclusions.
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where thev have they usually prove to be the youngest rocks of the
wleanic sequence.

This paper relies largely upon the many potassium-argon dates now
avnilable, most of them obtained from biotite and sanidine phenocryst
weparates. but some from whole-rock samples.

AGE AND DISTRIBUTION OF SILICIC VOLCANIC ROCKS
Previous Work

E. F. Cook (1963) was the first to recognize a sysiematic temporal
stern in the distribution of Cenozoic volcanism. His stratigraphic
fudies yevealed that the volcanic section becomes progressively younger
when traced from east-central Nevada south and southeastward into
suiheastern Nevada and southwestern Utah, All subsequent strati-
raphic studies and isotopic age data (for example, Noble, 1963; Noble
Nd ethers, 1967; R. L. Armswuong, E. B. Ekren, and D. C. Noble, un-
sb. daia) have substantinted Cook's general stratigraphic framework
i Canclusions.
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In south-central Nevada, detailed stratigraphic and isotopic waorl;
Ly the U.S. Geologicnl Survey has revealed a similar pattern. In this
region the Tertary section ranges in age from 15 to more than 25 m.y,
(Exren and others, 1968; E. B. Ekren and others, unpub. data). To the
south, vounger rock units appear at the top of the section and older unis
pinch out so that in southern Nevada almost all the silicic volcanic rocks
are vounger than 15 m.y. (Noble and others, 1964; Orkild, 1965; Noble
and others, 1967: Kistler, 1968: R. F. Marvin and others, unpub. dat).

Schilling (1965) recognized a similar tendency in Cenozoic volcanic
rocks to become younger toward the southwestern and western marging
ot Nevada. This age change has been substantiated by recent mapping
and isotopic dating by various workers (for example, Robinson, McKee.
and Moiola, 1968).

ln northern Nevada, southeastern Oregon, and southern Idahe
siravgraphic work, in conjunction with paleontologic and some isotopic
dutis has demonstrated the presence of large volumes of silicic pyroclastic
and lavas of Miocene and Pliocene age (for example. Mapel and Hail.
10050 Willden., 1961, 1983, 1964: Nalde and Powers, 1962: Carr and
Trimble. 19063: Axclrod. 1954: Coats, 1964: Walker and Repenning,
1975, 1866: Noble and others, 1968). Older rocks also are present, a
jeast Jocudlv. in northern Nevada (Coums, 1964 Axelrod, 1966). The
aviilable data ave compatible with, but do not prove, a systematic north-
ward shift in both the locus of the most intense volcanism and the ces
sation of silicic voleanism.

) Potassium-Argon Ages

Method of presentation.—Available isotopic data, grouped into 3
m.v.intervals, are shown in figures 2 through 3. These maps summarize
cuer 230 Individual age determinations, including 80 unpublished de-
erminadions by Armstrong, 41 determinations by McKee, and approxi-
matelv 30 determinations {rom other U.S. Geological Survey sources.
Although the accuracy of the individual dates are such as to make in-
tervals ol less than 3 m.v. statistically valid, the limited number of dates
i ceriain intervals, together with wide variations in the precision of
iheir geologic control, do not warrant the use of a shorier time span.
In additiom 10 @ breakdown by age. the data are classified to indicaiz
dodiraeladve importance.

Listribution pattern—Silicic volcanic rocks older than 30 m.v. iz
2o vencenuated in enstcenual Nevada, but some are present in
renthern Nevada, along the Wasatch frone in Utah (Ag. 1), and locallr
i the Sierra Nevada (fiz, 11 Ages between 20 and 30 m.v. (fig. 3) are
st prevadent immedinicly ouiside the east-cenwal Nevzda core avea”
Azes vounger than 20 m.v. are reswricied 10 the outer part of the Greu:
Bosicarens aud those younger than 10 muy. to the margins (figs. § and
PiEmey Al the 20- 00 30-may. zges in the cenural Sierra Nevada are geographicaliy

s mest of the dated wfls, which belong to the Miocene Valley Springs Forma-

fts vnguivalenss. very probubly had their sources in the wesiern part of the
et Dasinn (Slenunons, 1966; Durrell, 1066).
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Space-time velations of Cenozoic sili

4). A striking feature of the age distribuiion
absence of dates vounger than 20 m.y. within
core area® and the total absence of dates youne
most the entire State. This distribution does n:
bias due to removal of younger units by erosim
ing the least altered or structurally involved -
also tend to prevent a bias.

Summary of Volcanic Hiy

Although not restricted to the east-centru
area, more volcanic rocks older than 50 m.v. u
Likewise, rocks of intermediate age are most o
area and the margins. Thus, even though the
Basin area was moderately active volcanicall.
iime, there appears 1o have been a definite o
the zone of intense volcanism. More pronour.
sation of voleanic activity that followed. Silis
10 have ceased entirely within east-cenual Ne
the present and then moved outward svstem.i
and possibly north. of the core area. Present «
of silicic volcanism was abrupt, areally systen.

In the easitern parc of the Great Basin. w
of volcanism was less svsiematic. Young rock-
the marginal areas. but older volcanics are alw
and near the Wasatch front. In this area no d«
of the cessation of volcanism is apparent.

Alchough mafic rocks are sporadically i1
canic section, most of the mafic lavas seem 1o .
rocks. In several aveas in the east-cenural i
Grear Basin, 1sotopic data (R. L. Armsirong.
the mafic volcanism occurred within 3 m.y. of
activiwy.

The volume of silicic volcanic rocks hei
ie distinctly smaller than that of rocks 10 o
Rocks less than 5 ma. old ave even dess alnn
sugeests that the intensity of silicic voleunise
during the last 10 muy,

TECTONIC SIGNIFIC AN

The overall weionic framework of the
of distincuive features. Thewe include wid
fauliing (for example. Nolan. 19050 Mo,
Mackin, 1960y and sweikeslip faulting (8"
Myers. 196A: Mckee, 168D and refurence-
Iow upper-mmide and crustal seismic v

SThe 10- o Pimuvs dite ot lag 4073 N long U
wff associmed with upper Thiocene vertdhrate e
uinterial s probubly at u considerable distunee T,
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2. v swiking feature of the age discribution is the almost compleie

- bence of dates vounger than 20 muy. within the east-ceniral Nevada
are avea® and the towal absence of dates vounger than 10 m.y. from al-
aost the entire State. This diswibution does not appear to represent a
sizs due to removal of vounger units by erosion. The pracrice of select-
g the least aliered or siructurally involved samples for dating would
Jdso tend o prevent a bias.

Summary of T'oleanic History

Although not restricted 1o the east-central part of the Great Basin
. areit. more voleanic rocks older than 30 m.y. occur here than elsewhere.
Likewise. rocks of intermedinte age are most abundant between the core
arcs and the margins. Thus, even though the outer part of the Great
Dasin uren was moderaiely aciive volcanically during middle Teruary
dme, there appears 10 have been a definite outward shift with 1ime of
the zone of intense volcanism. Move pronounced, however, was ihe ces-
aion of voleanic activity that followed. Silicic volecanic activity seems
i0 have ceased entrely within east-central Nevada 25 10 30 m.yv. before
the present and then moved outward svstematically to the south, west,
. and possiblv north, of the core area. Present data indicaie that cessation

of silicic voleanism was abrupt, areally systematic, and final.

In the easiern part of the Great Basin, the space-time disiribution

. of volcanism was less svstematic. Young rocks appear to be reswricied 10
the marginal areas, but older volcanics are also present in abundance at
and near the Wasatch front. In this area no definite outward progression
of the cessation of volcanism is apparent.

Although mafic rocks are sporadically intercalaied within the vol-
canic section, most of the mafic lavas seem to overlie the silicic voleanic
racks. In several areas in the east-central and southeastern part of the
Grent Busin, isotopic data (R, L. Armstrong, unpub. daia) indicaie that
the miafic velcanism occurred within 5 m.y. of the end of silicic voleanic
acHvity. .

The volume of silicic voleanic rocks between ¢ and 10 m.v. in age
v distinedy smaller than thae of rocks 10 10 20 or 200 1o 20 moyv. old,
Rouks Jess than 5 ma. old are even less abundant This change rongiy

, suzzests thae the imensiny of silicic volcanism has progressivelv decrensad
dwing ahe last 10 muv,

TECTONIC SIGNIFICANCE

The overall tecionic framewark of the Greatr Bzsin has a number
ol disdnetive fearures. These incude widespread jarge-scale normal
Lohiing (for example. Nolan, 194%; Moore. 1950: Thompson, 1900
Muckin, 1960y and surikesslip fautting (Shawe. 1653 Hamilion and
Mvers, 1966; McKee, 1968b: and references cited therein). thin crust.
bee upper-mande and austal seismic velacities znd  densities, and

fThe 10- 10 15-muy. date at lat 4058 N, long 11647 W is on 2 shard-rich bedded

.

W assaciated with upper Pliocene vertebrate remains, The source of the voleanic
meicrinl is probubly at a considerable disiance from the samile site
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grust was progressively distended and fractured. These fractures pene-
ated to ever increasing depths. tapping magma sources within the
jower crust and upper mantle. Release of confining pressure by the frac-
ares would result in partial melting of hot material. Hot material at a
relatively shallow depth in the crust would have been present as a direct
onsequence of the Mesozoic orogenies that produced the medium- and
high-grade metamorphic Paleczoic rocks now exposed in the eastern
Great Basin, The metamorphic rocks do not seem to have cooled below
emperatures favorable for argen retention in minerals unul Tertiary
ime (Armstrong and Hansen, 1966; Armswong and Hills. 1967). Deeper
poriions of the crust must also have remuined at elevated temperatures
sfter the Mesozoic metamorphism and were thus potential magma
warces. Generation and upwird movement of magma would result in
toss of considernble heat: the residue from partial melting would be
unable e vield additional magma, so that the fractures would have 10
ap continually deeper sources, eventually sources within the mantle
iself.

The observation that basalts are commonly erupted later than
silicic volcanic rocks, in any given area, is consistent with this concept
ni the tapping of ever-deeper sources of magma. In this model the local-
iration of magma types would reflect original heterogeneities of the crust
and upper mantle and regional differences in thermal gradient prior to
fauliing. Parual melting under varying pressure-temperature conditions
would result. The progressive outward shift of volcanic activity suggests
that crustal fracturing began in the core area—an area that coincides with
ihe belt of highest grade Mesozoic regional metamorphism—and moved
dowly outward toward the margins of the Great Basin. Cessation of
vnicanic activity reflects the exhaustion of the magma sources.
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' ABSTRACT

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

T Cordilleran region. Eastward extensions of this geosynclinal sea occupied parts of the Rocky . ;

1 Mountain region. After gentle deformation and erosion, the sea spread eastward during the Cambrian -
and Ordovician Periods. Discontinuous Ordovician, Silurian, and Early Devonian rocks indicate ‘

5 short intervals of marine invasion interrupted by periods of erosion. A major invasion of the sea °

g . over the craton is recorded by the onlap of Devonian and Mississippian carbonates and Devonian

l

o

ot

T

IR IR g

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 ’
4 5 the Pennsylvanian and Permian Periods by significant tectonic activity (Ancestral Rockies). Parts {
B 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
events. 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

B}

on the west. During Late Cretaceous time, the western source area predominated.

K The present tectonic framework began to form during the Late Cretaceous and early Tertiary H{

v with the development of uplifts and intermontane basins (Laramide orogeny). Extensive thrust "

T faulting occurred in the western part of the region. Lacustrine and fluviatile sediments, derived I h
S from surrounding uplifts, were deposited within intermontane basins. it )
L, 4 Volcanic activity was moderately important on the west during the Cretaceous Period, but ig- |
2 neous intrusion and volcanic activity became widespread throughout the Rockies in the Tertiary. i

o The present drainage system was largely developed as the intermontane basins filled. Subsequent ]

,i stream erosion, accompanied by Pleistocene glaciation and regional uplift, shaped the present ,{ ,
(ot topography. “& . .
E i /
2 . . . S .
' f, INTRODUCTION were especially useful. We appreciate the permis- w}{ :

Loy . . . . : ; ;

‘% The area considered in this report is generally ~sion to study unpublished maps of Ogden Tweto, R

i regarded by the petroleum industry as the Rocky J- A. Barlow, Jr., C. E. Jenkins, and B. D. Rea. koo

. - Mountain region. It includes the middle and Most of the isopachous maps have been recon- j

’):J: southern Rocky Mountains, a large part of the structed to show probab.le tbickn.esses beforc_ITar- ! :

%% Great Plains, and the Colorado Platcau. The amide and post-Laramide erosion. In addition, ‘
i~ western Montana disturbed belt (northern some of the maps have been reconstructed to e . ’
“%; Rockies) is not included. show probable original areal extent of the units DR

.

considered. Construction of paleogeographic maps
is always made difficult by the impossibility of
establishing the truc former extent of eroded R -
stratigraphic units. A chance discovery may es- P

&
D

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

‘Rgad_ 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.

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.

1781
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F16. 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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GEOLOGIC HISTORY OF ROCKY MOUNTAINS

b 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
f major pre-Laramide structural activity of ele-

ments corresponding with Laramide structures.

> CamprIAN
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

f the overlap of Cambrian rocks on basement is

3

representative of most of the region, from north

. to south. In eastern Colorado the Cambrian sea

came from the east (MacLachlan, 1961). It 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-

t 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 COLORADO
TO T0

IDAHO DAKOTAS
L.ORDQVICIAN 4 T =

0=
U.CAMBRIAN

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).
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Fic. 3.—Restored worm's-egye 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 al., 1960; Stevens, 1961; Wheeler, 1947).

ORDOVICIAN

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 Ordavician 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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F16. 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).

SILURIAN

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 sectign 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 Williston 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-
ern Montana uplift (Alberta shelf) are in doubt

primarily because of this unconformity. The pat- .

tern of Devonian erosion also indicates thit 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.

M1§s1SSIPPIAN

In much of the region there apparently is a
disconformity between Devonian and Mississip-
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GEOLOGIC HISTORY OF ROCKY MOUNTAINS

- pian formations. Clastic sediments in basal Mis- , CANADA
B’ sissippian beds indicate uplift of the northern
B part of the ancestral Front Range. Uplift may
k' have occurred also in other elements of the An-
. cestral Rockies (Fig. 6). Some Devonian sedi-
¥ ments probably were removed during this period
" of erosion, and in areas beyond the limits of De-

Nt ey

N

USSR T WL

/_’oo—: -
- vonian deposition, Mississippian rocks rest on / N\ mont. [
K . pre- 1 1 i ent rocks. In
- pre Devonian Paleozoic and basement rocks. 4,“;/:@ » —_

- western Montana and northwestern Wyoming, 1 l /5 St P

f P . transitional Devonian-Mississippian strata (“dark v \ WYOMING o SHELF

- shale unit” of Sandberg, 1965) unconformably Lrocarew / / caees '——‘:74""

: B overlie older Devonian beds. The time repre- \\ \ g /

. sented by pre-Mississippian or Early Mississippian ER \ { ~ {

R~ crosion, however, does not appear to be very long, D\ [~ N\wvortweas

S and the total aspect is one of continued i/ WY JZ2P\

D . . . N7V

[ transgression and completion of the cycle of sedi- . ‘,0010@’\500 - ,1_

M- mentation that began in Devonian time. 7 o N
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; DEVONIAN P N I A
33 NL Fic. 6.—Mississippian isopachous map; isopach in-
terval 500 feet (after Carlson, 1963; Eardley, 1963;
Y Maughan, 1963; McKee, 1951; Rothrock, 1960;
- Sandberg, 1962; Sloss et al., 1960).

%

i The Mississippian deposits are predominantly
P 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

£ 4 have been removed by pre-Pennsylvanian erosion.

- 13 / . e " The dominantly clastic Chesterian Big Snowy

¥ OV . . .

g Group is conformable with the underlying
v Il- Charles Formation in the Williston basin (Sand-
$1 S~ berg, 1962), but around the margins of the basin
3 an - coLq and in central Montana the contact is disconform-
q ARz N able (Sloss, 1950, p. 444). Mississippian rocks

probably once covered the entire region, but were
thinpest 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

F

58 Fic. s—Devonian distribution map. Dotted lines

indicate possible maximum extent, vertical lines show
limits of Middle Devonian rocks, and horizontal lines

X show limits of Upper Devonian rocks (after Eardley,

1963; McKee, 1951; Rothrock, 1960; Sandberg and
Hammond, 1958; Sloss et al., 1960).

by post-depositional, largely pre-Pennsylvanian,
erosion. During Late Mississippian time the sea
apparently withdrew from the region and then
began an advance which starfed the fourth cycle
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1786 JOHN D. HAUN AND HARRY C. KENT
SF UTaH SW COLO. 5. CENTAZL COLORADO SE COUL  SWKANSAS Lower and middle Paleczoic correlations and
" positions of unconformities across southern Colo-
: H rado are diagrammed in Figure 7. The strati-
§  graphic diagram illustrates the effects of regional
: ¢ uplifts which were especially pronounced along
i the transcontinental arch.
p = PENNSYLVANIAN
%. § The pre-Pennsylvanian unconformity is one of
é' 3 the most significant in the region. Pennsylvanian
> . Paleoroi strata rest on Precambrian basement along the
T SShematc lowes and, midde Pregisc fanks of the Ancestral Rocky Mountas and
Symbols as on Figure 2. over the crest of the southwestern end of the
transcontinental arch (Levorsen, 1960, p. 118).
of deposition. Faunal evidence in northwestern The pre-Pennsylvanian unconformity is the result ¢
Colorado, western Wyoming, and western Mon- of both orogenic and epeirogenic uplift. The An- }
tana indicates that this next sedimentation cycle cestral Rocky Mountain trend is the continuation
began in latest Mississippian time. of the Wichita-Amarillo system on the southeast
(Hills, 1963). Structural relief developed in Des-
EarLY aNp MippLe PaLeozoric moinesian time alone was at least 5,000 feet .
TecroNIC FRAMEWORK (Mallory, 1960, p. 26). Total structural relief ‘
The isopachous map (Fig. 6) emphasizes the that developed during Pennsylvanian and Per-
lectonic framework of the region, a framework mian deposition along the southwestern flank of o
which was partly revealed in earlier periods and the Uncompahgre uplift was greater than 15,000 :
which continued into late Mesozoic time. On the feet. The tremendous volumes of coarse clastics .
north, extending southward into northern Mon- shed from the narrow, elongate Front Range and "

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 Dakola) 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.

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 of 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.

PeErMiIAN

The Pennsylvanian-Permian bo{Jndary 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

@ (o time seas covered the western and southeast-

ern parts of the region. The Ancestral Rocky
Mountains were still positive and shed variable
amounts of arkesic clastics 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

CaANADA
ALBERTA SHELF uU.S. — -0~
- N~
~ / T m\\
\_——- / .
~_ 0T P s

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 Eardley, 1963 ; Mallory,
1960; McKee, 1951; Sloss, 1950; Sloss e al., 1960).

Significant thicknesses of
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FRONT RANGE KE COLORADO

UPLIFT

UNCOMPARGRE
UPLIFT

SE UTAH

PARADOX

Fic. 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 clastics than the Uncompahgre uplift.
evaporites formed,
especially in western Nebraska and northeastern

Colorado.

Cyclic deposiis 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

CANADA
u.s.

L el T
. srLegstare {\04?"'/ :..__.\\.._wouuou:
(RN NN

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 (p€), 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.
PaLE0z0IC-MES0Z0IC 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-

JOHN D. HAUN AND HARRY C. KENT

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 Permian through earliest
Triassic time. In the southwestern part of the re-
gion successively younger Triassic rocks onlap
progressively older rocks from west“to 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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.
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M. central Colorado. Cretaceous rocks finally cov-
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ered remnants of the Ancestral Rockies and other

P arcas on the east.

~ TRIAssIC

Durihg Early Triassic time the miogeosyncline
extended into’ eastern Idabo, 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-
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F1c. 13 —Triassic isopachous map; isopachous inter-
val S00 and 1,000 feet (modified from McKee et al.,
1959). Alcova Limestone present only in western
and central Wyoming.
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Fic. 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).

TFigure 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 conformable 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-Late 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 eguivalent) sedimentation is the last

significant carbonate deposition in the Rocky
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1790 JOHN D. HAUN AND HARRY C. KENT

Mountain region. A Middle Jurassic paleogeo-
graphic map (Fig. 16) shows the regional north-

east trend of depaositional environments: normal

marine (Sawtooth Formation) at 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 clastics was on the west, along a north-

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

. clastics 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 Early Cretaceous the Arctic sea again
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F1c. 15.—Stratigraphic diagram showing thick sedimentary section in central Colorado trough thinning

toward Uncompahgre uplift (from Haun, 1962).




e e ron

e aa e

e e e ke g

ToT

' invaded the Rock;} Mountain region. The Dakota

Group, Cloverly, 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

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

GEOLOGIC HISTORY OF ROCKY MOUNTAINS

CANADA

(/ us. {
N Ty T
Voo \ //’ \
. -

. ) NG ! .
LJourTe N N.DAK, ﬂ&g
JLLINGS S: DAK!

«COLO, SPRINGS

i ‘ mk}\\ §
uTan | coioX S £
ARIZ. | N.MEX
~ - \ OKLA.
2000 il
i 1Y N K
— Loy -
-P—_\\ a.\f:o\‘-sf / -2
-'LAGSYW\ '—'\_107704 v
N L ALBUGUEROUL J
N\ \-500/,__ — N

Fic. 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

WESTERN EASTERN
wYO. WYO.
¥ CRETACEQUS ¥
EPHRAIM MORRISON
(LowER PanY SUNDANCE
STUMP SS.

NO SCALE

Fic. 18.—Stratigraphic diagram of Jurassic rocks
across Wyoming (modified from Thomas, 1949).
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1794 ‘JOHN D. HAUN AND HARRY C. KENT

‘across south-central Wyoming and western Ne-

braska.

The wesl-to-east regression of the. Late Creta-
ceous sea -was periodically interrupted by
transgressicns that resulted in intertonguing ‘of
marine and nonemarine sediments, (Weimer,
1960). The thick non-marine and transitional de-
posits of the Mesaverde Formation accumulated
in coastal-plain and deltaic énvifonments alobg
the western margin of the séa. The eastern ma-
rine shales and carbonates, 3,000 to 7,000 feet
thick (Figs. 21, 22); were deposited ‘contempora-
neously with nén-marine sediments on the. west;
more than 15,000 feet thitk (Weimer and Haun,
1960). Thé Source area was in the former posi-
tiof -of thick Paleozoic and early Mesozoic mio-
geosynclinal deposition and is the area on the
‘map (Fig. 21) where Upper Cretaceous is absent.
Areas'of thin sediments in Flgure 21 reflect pre-
Tertiary -erosion. Areas of thickest deposition
(Fig. 22) changed ‘with time, becoming located
progressively farther eastward.

During the Cretaceous, and especially during

latest Cretaceous, early phases of Laramide tee-

tonic activity bLgan Growth 6f Laramide moun-
tains and basins; as well as minor tectonic fea-
lures? influenced depositional patterns; In some
parts. of the region ignecus activity ‘accompanied
Late Cretaceous deposition.

Cenozoic
The Laramide orogeny began in Jatest Creta-
ceous (mid- Maestnchhan) time and lasted until

‘the end of the Eocene. ThlS is an arbitrary

definition, because the writers recognize the fact
that ihere was orogenic activity in the Cordiller-
an ‘area at various ‘times begmnmg with the.Ju-
rassic Nevadan orogeny and continuing, with sev-
eral maxima, until the: Laramide. Each succeeding
omgemc pulse was in @ more eastward position.
An early Late Cretaceous, uplift in south-central
Utah, and probably on the north, has been named
the Cedar Hills orogeny (Eardley, 1962, p. 203).
In the major part of the. region -under considera-
tien, the Laramide, as defined here, has specific
meaning. During the Laramide there developed
vertical. uplifts and basins, folds, reverse; and'
thrust faults, -and tremendous thicknesses of non-

marine sediments. Thrust faulting was dominant
in the western area of thick: mmgensynchnal de~
position, During the Laramide orngeny 15,000 to

45,000 feét of structural relief developed. Post-
Laramidé tectonic activity was' of a different
character d4ng involved regional uphft and normal
faulting,

Figure:23 shows the present thickness.of Pale-
oeéne and Eocene sedimentary rocks within the
different ‘structural and depositional basins and
outlines the present tectgnic framework of the
region. In the wesiernmpst basing more than
10,000 feet of ‘sediments were deposited. "The
western basins, of Wyoming, Colorado, and Utah
gontain the valuable oil-shale deposits of the
Green River lake beds: Lake beds are also pres-
ent in the Wind River, Big’ Horn, and possibly
other basins. Oligocene, Mioceng, and Pliccene
sediments almost completely buried ‘the mountain
ranges of Wyoming afnd adjacent. areas (Love et
al., 1963) and -were largély removed by later ero-
sion. Ignecus aciivity, both intrusive and extru-
sive, i3 confined mainly to the southern and
notthwestern parts of the region (Fig. 24), Most
of the Wyoming shelf, with the exception of the
Yellowstone region of northwestern Wyoming,
‘was not involved in igneous activity, but volcanic
ash made a large contribution to the tate Tertiary
sediments. Normal faulting, regional uplift,

mountain glaciation, -and development of the pres-

ent dramage system .chardcterize the late Ter-
tiary-to-Recent history of the region.

) SuMMarRY

The depositional histofy of the region js sum-
marized in Figure 25. The vertical scale repre-
sents geologic time as determined by Kulp
{1961). The horizontal scale represents the part-
of the. Rocky Mountain region in which sedi-
ments were deposited. The farther toward the
right that the line exi:ends, the greater i the.area
covered by sediments at any given timé. Con-
versely, the leftward projections indicate ‘major
uaconformities. The part containing limestone
symbols représents marine déposits, and the part
containing the détted pattern represents non-ma-
cine’ deposits. The sequences listed on the: right
side of the diagram are those of Sloss (1963). A
question mark has been added t¢ Tejas because
there is general lack of definition of the Tejas-
Zuni boundary. Perhaps Tejas should be removed
from the list of sequence names. It should be em-
phasized ‘that the sequence-names are rock units,
not time units, and refer only to those rocks de-
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_ posited - within the wedges .of sediments dia-
grammed &t the left. The sequences are bounded by

" guence_concept simplifies visualization of the po-
" sition of major Unconférmities and periods of
- magimum deposition. .

The most sighificint events, since’ the Precam-
brian, in the geologic histary of the Rocky
Mountain region are the following,

.- 1. Transgression of the sea in Cambrian-Early
[ ©Ordovician.

.
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Fis. 23.—Early Tertlary tectonic framework em-
phasized by Paleocené and Eocene sedimentary rocks.
Isopachéus -centour interval 5,000 and 10,000 feef.
Eocene.oil-shale areas outlined by dashed lmes high-
grade oil shale shawn by: diagonal lmes Early Ter-
tiary structural and ‘depositional basins: Williston.
(WI), Bull Mountains (B), Crazy Mbuntains (CM), .
Powder Rivéer (PR), Big Horn {BH), Wind River:
(WR), Great Divide (GD}, Green River (GR),
Washakie. (WA), Hanna (H), Laramie (L}, Uinta
(U}, Piceance (P) North Park-Middle Park (NP),
Denver (D}, R_aton (R}, and San Juan (ST}
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unconformities which differ, frem place to place, -
$5: in the length of the erosional interval. The -se-
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F1c. 24 —Cenozoic igneous rocks: major intrusions
(s0lid black}, dikes (lines), and: extrusives (Vi).
Some of these areas became active during Late
Cretaceous.

2. Transgression of the sea in Middle to Late
Ordovician and Silurian. This is. poorly docu-

mented.

3. Regression and -transgression of the sea in
Late Devonian fo Mississippian, with a minor
withdrawal in Late Devonian.

4. Upiift -of sofne of the elements-.of the An-
cestral Rockiés; espedidlly the northern ancestral
Front Range, in Eatly Mississippian,

5. Ancestral Rocky Mountain orogeny in
Penngylvanian and .Pérmian, accompanied by in-
vasions of the sea into trough and basin ateas,
and deposition of first major non-marine sedi-
ments.

6. Shlft fmm more westerly séas of the Ttias-
sic .tg the Amtlc seas of the: Jurdssic and Creta-

ceous, influenced by the Nevadan orogeny on the
west.
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Fm 2:: —Summary diagram. Vertical scalé in 100 mﬂhon years (Rulp; 1961), horizontal scale represents
percentage {0 to 100 per tent from left. to nght) of reglon in which marine. (liinestone pattérn) and non-
marine {dots) defosits originally accumulated sequence nameés are; from Sloss {1963}..

7. Marked eastward shift of upliffed clastic

source areas in Utah and Tdaho during the Creta-
ceous,

8. Extensive invasion of Cretaceobus seas from
Arctic and Gulf, with constructibn of mijor de}-
tas in -eastern and western areas.

-9, Laramide orogeny, with wvertical upllfts
compressive: folds and faults, thick. contmental
deposits, and voleanism.

10. Late Tertiary basin filling and re-excava-
tion, normal faulting, volcanism, and establish-
mient of present drainage patiern and geomorphic
features: ' '
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RESUME OF DEPOSITIONAL AND STRUCTURAL HISTORY OF
| WESTERN MONTANA?

III : ' WILLIAM 7. M_(’:I\IAI"H\HSg
Bozeman, Montana

ABSTRACT

The western part of Montana is not a. dep051tmna.I basin in the sense used in this symposium,
but :itg dep051tmna] and structural history is" related to gvents of nearby areas. The area discussed
lies partly in the shel région and partly in the. marginal area af- the’ Cordilleran geosyncline, The
decipherable part of its: history begind with late Precamlridn (Belt) sediméntation, -during which
the fundamental structural framework of western Montana evblved. Thick Belt strata ate, present
in the westsrn extremities and in an eastward-projecting embaymént. -Subsequent depositional
pitterns and present -structural configuration are closely related to distribution of that thick sédi-
mentary wedga. Coarse arkosic’ conglomerate was deposited along the southern fault-controlled
margin of the Belt embayment. Cambrian through MlSSlSStpplan formations. and parts of the

Cretacéous section are typically thicker. in east-west zonés, essentially coincident with the gld Belt.

émbaymént; than they are nosth.or south of the embayment.
i Along the southwestern Montana and Idaho -border . a- p051t1ve arch existed against whith :Cam-
brian through Devonian formations thin or disappear. This positive element becameé strongly ‘nega-
tive during MlsSlsSlppta.n and later depositional intervals :as geosynclinal subsidence encroa;::hed on
the cratonic margin.

Important facies? changés take place in stiatigraphic units across ‘the northeast trending Green-

horn fault, in ‘the Greenhorn-Snowctest Range. These changes, which occur in short distances,

suggest faulting .or strong Hexure along this zone during post-Ordovitian to pre-Late Devonian and
. during Mlsstsmppmn times. Pennsylvanian, Permian, and Triassic thicknessés also seem td. be mildly
influenced by relatively negative movements in this area.

Other northeast-&triking thickness trends in several stratigraphic units are apparent in the
Sweetgrass arth .area, where ‘they sgem 1o commcte with known present-day subsurface faults.
Northeast-striking structural trends apparentIy alsa control the thickness of Upper Cretaceous and
"Paleogene strita in the Crazy Mountains Basin_

‘In eneral Triassic, Permian, Pennsylvanian, and Mississippian fnrmatmns successively under-
lie ]umsslc beds from south to horth, a- relationship that has been éxpldined by southward tilt
and beveling during pre-Jurassic . erosion. Irregulantles in the truncational pattern and: general
thinnirg of each formation benéath the next younger unit indicate that much of the northward
pinch-cut is -related to depositional thinming on which southward tilt was superimposed, During
depos1t1mn ‘oft the. marine Jurassic several large “islands” rémainéd above for part or all of that
-nterva

Late in Furassic lime the: western seaway along which ‘earlier seas had transgressed the region
was destroyed by increasing. tectonism in the area west of Montana, -and a flood of débris wds
carried ‘eastward to form the non-marine Morrison Formation. The hasal conglomerate of the
Kootenai Formatian {Lower Cretaccous) indicates a particularly strong uplift in areas that could
not' have been far west of Montada. When the seas returned to this region, they came from the
north and solith ‘and spread we=tward mundatmg western Montina,

In the eastern part of the ares, Crctaceoua and Paledcene rocks are generally separable inte. rock
-and time-rock units; however, on the west the mrrespondmg sequence, is. almost entirely non-
marine, sparsely-fossiliferous, and exceedingly diverse in lithologit.character.

Four major westward advances of .the sea punctuated Cretacecus deposition in.an increasingly
unstab]e tectonic’ setting. Locally, volcanic debris is very abundant in the Colorado Group, and

‘,strong intreage: in thickness westward attests to further- C'lcroachment of geosynclinal downwarping

onto the eratonic, margin.

Ldtamide orogeny began in the Montana area coincident with deposition of the Eagle-Claggettv
-and :corrélative unifs. Local areas of stropg uplift, erosion, -and voltanism, and the large influx
of andesitic. voleanic deébris in thesé stratlgraphlc units, are ewder:ce of the mltmi stages of orogeny.
Accumulation of very thick volcanic sequences in at least two séparate felds durmg ]' udith River
time attests to increasing intensity of orogenic processes: Streng deformation and erosion, followed
by déposition’ of coarse erosional products, and voleanism in the southwestern and central parts of
the drea, intrusion of ‘granitic plutons in the west=central partof the -area, -and thick .accumulation
of coarse gravels in the Crazy Mountama b'lSII], all during Tantian and . Pileocene tirne, ‘roincide
with the. culimination of orégenic. activity, Some intense foldmg and thrustlng post-date those
events just mentioned, but it i$ réasonibly certain thaf Lardmide compressmnal deformatmn had
ceased before middle l"m:ene time in western Montana.

*Read before. the Rocky Mountain Section of the Association at Durango, Co]orado October 1, 1064,
- Manuscript received, May-7, 1965.

* Montana State University.
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InTRODUCTION

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

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

E G
- Ve -

by a column of the chart (Pl. 1). Columns are .y reference numbers at the bottom of each e T
given In P]ate. 1. for 128 areas, arranged by  coluymn. (See References Cited). Abbreviations . i
States, and, within each State, from south to0  ,sed in the chart are as follows: i
north and from west to east. Each column . -
includes the stratigraphic units recognized in :ﬁﬂt‘ Et‘::]tlfmte - .
the area. chy. chalky : E‘: s L
Some 315 stratigraphic names, of various ;.:°“f§!;’ c&“ﬂ' t‘f:r"nglggimte o
ranks, are noted in the chart, and an index of forms. ' formations ! Tt
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gr. group
Is. limestone
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compilers here express their obligation to their
colleagues for this assistance. Special credit is

due T. W. Stanton for information used in
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Ficure 1.—GENERALIZED MAP OF OUTCROP AREAS OF CRETACEOUS SEDIMENTARY ROCKS IN THE WEST-

ErN INTERIOR OF TEHE UNITED STATES

s., 88., sand. sandstone
sdy. sandy
sh shale

t., ton., tong. tongue
up. upper

z. 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 office and by written com-
munications, have supplied unpublished data.
It 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.

BoOUONDARIES AND MAJORr DIvisIiONS OF
THE CRETACEOUS

Muller and Schenck in 1943 discussed the
Cretaceous system of ther 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 unit. 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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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 nonmarine or unfossiliferous or otherwise

1013

places either an arbitrary spearation has to be
made or an interval left unassigned.

The upper boundary of the Cretaceous
system is much less securely established than
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Ficore 2.—INDEX MaP Saownic AREAs REPRESENTED BY NUMBERED COLUMNS OF Prare 1
(Cuarr 108)

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
really Cretaceous. For the Western Interior
the compilers have arbitrarily included the
Danian in the Cretaceous and have placed it
at the level of the Triceratops-bearing beds.
These beds, like the Morrison formation, were
the subject of 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 dificult to apply, and in some regions




TR

e B3 At o Ta ot o a r » . —

A

P
i

. . . . . - . . . R
r Tt s Th ey S Mmec il el § e et el TWV2 WS

1014 COBBAN AND REESIDE—CRETACEOUS FORMATIONS, WESTERN INTERIOR OF U. S.

there are sedimentary units that, 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),
In Europe the boundary between the two

.series is generally placed at the boundary be-

tween the Albian and Cenomanian stages.
The most common departures from this custom
are the usage of many British geologists who
put 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

“Emile Haug's Traité de Géologie, in which work

the Eocretaceous group includes the Valan-
ginian, Hauterivian, Barremian, and Aptian;
the Mesocretaceous includes the Albian,
Cenomanian, and Turonian; and the Neo-
cretaceous includes the Coniacian, Santonian,
Campanian, and Maestrichtian). The com-
pilers believe that, for the Western Interior
of the United States, the more usual practice
of recognizing two series should be adopted
and we should attempt to identify the boundary
between the equivalents of the Albian and
Cenomanian stages.

HisTORICAL BACKGROUND OF
CrassrFrcaTIoN Usep

C. A. White (1891) has sketched the history
of the earlier exploration and interpretation of
the Cretaceous rocks of the Western Interior

- as part of his general account of the Cre-

taceous system in North America. Much detail
concerning the nomenclature up to the end
of 1936 is given by Wilmarth (1938). No in-
clusive discussion of the American Cretaceous
has been published since that work.

The earliest published records of the Cre-
taceous in the Western Interior, dating back
to the first decade of the nineteenth century,
are primarily paleontologic and are little con-
cerned with stratigraphic nomenclature. It
was not until 1856 that 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 mollusca with
a few land plants. 100 to 150 feet.
4. Plastic clays with numerous marine mollusca.
About 350 feet.

3. Grayish and yellowish calcareous marl, con- .

taining Oslrea congesia, fish scales, etc.

100 to 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
substituted for them a series of geographic
terms and gave an extended discussion and a
table that may be quoted in abbreviated form
as follows:

“Upper series
Fox Hills beds. Formation No. § 500 feet
Gray, ferruginous and yellowish sandstone and
arenaceous clays, . . .
700 feet

Fort Pierre group. Formation No. 4.
Dark gray and bluish plastic clays, . . .

Dark bed of very fine unctuous clay, . . . 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 light, yellowish
and whitish limestone. . . ,
Fort Benton group. Formation No. 2. 800 feet
Dark gray laminated clays, 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 Upper Greensand) of British -

geologists (Twronien and Cenomanien? of
D’Orbigny),” and their “Upper series” equiva-
lent to the “Upper or White Chalk and Maes-
tricht beds (Senonien of D’Orbigny).” With
little modification the Meek and Hayden
section is still the basic framework of a stand-
ard reference section for the Western Interior.

The nonmarine rocks immediately overlying
the Fox Hills sandstone, considered Tertiary
by Meek and Hayden, were the subject of a
long controversy that only in recent years
seems to have reached a generally acceptable
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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. o

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 inclusive 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-
clature and correlation, of nearly a century
of geologic study since the beginning of the
Meéek and Hayden. work constitute the classi-
fication shown in Plate 1.

STANDARD REFERENCE 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.” It 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
include 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.” Gilbert 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 shale,
and the Fall River sandstone. The recent
recognition by the compilers (1951) of the
ammonite genera Gastroplites and Neogastro-
plites in the Mowry shale shows that this
formation is very late Early Cretaceous. The
Skull 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
relative remoteness from the remainder of the
reference sequence.

SUGGESTED ZoNAL INDICES AND OTHER Fossiis

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

L
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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 pelecypods
the species of Inoceramus 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 correlation. Some of the
molluscan groups are likewise relatively rare,
such as the rudistids and the belemnoids.

The compilers believe that certain groups of
fossil organisms have not yet been worked out
in the region to the point where they are
widely useful as close indices, and no attempt
has been made to include 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
useful 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 includes
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 OF Protelliptio 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 Protel-
liptio douglassi (Stanton) (1903, p. 195). It is
associated with Unio forri Stanton (1903, p.
194), Stantonogyra silberlingi (Stanton) (1903,
p. 198), Campeloma harlowtonensis Stanton
(1903, p. 196), and Quadrula natosini (Mc-

Learn) (1929, p. 73). Peck (1941, 1951) reports
nonmarine ostracodes from this zone: Pseudo-
cypriding inornate (Peck), Cypridea anomala
Peck, C. compila Peck, and C. wyomingensis
Jones; and charophyte oogonia: Atopockara
irivolvis Peck and Clavalor 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 Skull 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 Oxylropidoceras STIELER AND OF
Inoceramus comancheanus crRAGIN: The Skull
Creck shale and its equivalents are marked by
Inoceramus comancheanus Cragin (Reeside,
1923a, p. 202). It is associated with Inoceramus
bellvuensis Reeside (1923a, p. 203). In the
Kiowa formation of Kansas a large fauna, in-
cluding 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, including such species as Unio
bellaplicalus Meek (White, 1895, p. 34),
Ursirivus  pyriformis (Meek) ([= - Corbula
pyriformis Meek (White, 1895, p. 38)], Pyr-
gulifera humerosa Meek (White, 1895, p. 55),
and Campeloma macrospira Meek (White,
1895, p. 60). Peck (1951) reports in this zone
the nonmarine ostracodes Pseudocypriding
laevicula Peck and Cypridea skeeteri Peck. The
marine facies 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 Gasiropliles MCLEARN: The lower
part of the Mowry shale and its equivalents
are marked by the ammonite genus Gastroplites
McLearn (1933, p. 14). The zone ‘may also
include 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 Melengonoceras Hyatt
(1903, p. 179), Osires 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 Gastroplites
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 McCLEARN: The upper
part of the Mowry shale and its equivalents
contain dmmonites of the genus Neogastropliles
McLearn (1933, p. 21). It is associated with
Inoceramus nahwisi McLearn (1931, p. 7). The
zone contains the upper part of the ranges of
Osirea anomioides Meek, Nemocardium aff. N.
kansasense (Meek), Bicorbula dubiosa (White),
and Metengonoceras Hyatt. This zone is re-
corded particularly”from Wyoming and Mon-
tana.

2ZONE OF Celycoceras BYATT: In eastern 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 species. It is not
known whether Brachydontes mullilinigera
(Meek) Stanton, (1893, p. 86) ranges below
this zone, although similar forms are known at
lower levels.

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

ZONE OF Acanthoceras? 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
Acanthoceras? sp. A. This zone includes the

lowest part of the ranges of Ostrea soleniscus
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Meek (Stanton, 1893, p. 56) and Cardium
pauperculum Meek (Stanton, 1893, p. 99).
This zone is well developed in Wyoming and
Montana.

ZONE OF Dunvegonoceras 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). It is

associated with Mantelliceras canilaurinum
Haas (1949, p. 9), Meloicoceras praecox Haas
(1949, p. 15), and Inoceramus prefragilis -
Stephenson (1952, p. 64). The zone includes
the lower part of 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), Ostrea pru-
dentia White (Stanton, 1893, p. 54), and
Gryphaea 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 species of Dunveganoceras closely -
related to D. albertense (Warren) (1940, p. 149).
The zone includes the higher part of the rangés
of Exogyra columbella Meek and Pseudomelania
hendricksoni Henderson and, farther south, of
Exogyra olisiponensis Sharpe, Ostrea prudentia
White, and Gryphaea newberry: Stanton.

ZONE 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)).
It is associated with Scaphites delicatulus
Warren (1930, p. 66), “Worthoceras” Adkins
(1928, p. 218), and Meioicoceras whiter 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 Acanthoceras? coloradoense Henderson
(1908, p. 259)), and Neocardioceras Spath
[Adkins, 1931, p. 72. See also Acanthoceras?
kanabense 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 labiolus SCHLOTHEIM:
The uppermost member of the Greenhorn
formation, the Pfeifer limestone, and its
equivalents are marked by Inoceramus labiatus
Schlotheim (Stanton, 1893, p. 77). It is as-
sociated with Thomasiles Pervinquiére (1907)
and Vascoceras Choffat (Reeside, 1923b, p. 28).
This zone includes the highest part of the
ranges of Walinoceras Warren and Neocardio-
ceras Spath and the Jowest part of the range of
Inoceramus fragilis Hall and Meeck (1856, p.
388); it is very widely distributed.

zONE OF Collignoniceras woollgari (MANTELL):
The lowest member of the Carlile shale, the
Fairport chalky shale, and its equivalents
are marked by Collignoniceras woollgari (Man-
tell} {= Prionotropis woollgari of Meek (1876,
p. 455)). It is associated with Scaphiles larvae-
formis Meek and Hayden (Meek, 1876, p. 418).
“The zone includes the highest part of the
range of Tragodesmocerss 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 Collignoniceras hyalti (STANTON):
The second member of the Carlile shale, the
Blue Hill shale, and its equivalents are marked
by Collignoniceras hyatti (Stanton) [= Priono-
tropis hyotti Stanton (1893, p. 176)]. It 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 Scaphiles worreni MEEK AND
HAYDEN: The lower part of the third member
of the Carlile shale, the Turner sandy member,
and its equivalents are marked by Scaphiles
warreni Meek and Hayden (Cobban, 1951c, p.
21). 1t is associated with Prionocyclus macombi
Meek (Stanton, 1893, p. 172) and Inoceramus
dimidius White (Stanton, 1893, p. 78). The
zone includes the Jower part of the ranges of
Ostrea lugubris Conrad (Stanton, 1893, p. 58),
O. malachilensis Stanton (1893, p. 57), and
Pholadomya coloradoensis Stanton (1893, p.
116). This zone is known around the Black
Hills,” eastern 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). It is associated with
Scaphiles ferronensis Cobban (1951c, p. 23)
and S. whilfieldi Cobban (1951ic, p. 24). The
zone includes the higher part of the ranges of
Ostrea lugubris Conrad, O. malachitensis Stan-
ton, and Pholadomys coloradoensis Stanton,
and the lower part of the range of Inoceramus
perplexus Whitfield (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
whitfield;.

ZONE OF¥ Scaphites migricollensis COBBAN:
The upper part of the Turner member of the
Carlile shale and its equivalents are marked by
Scaphiles nigricollensis Cobban (1951c, p. 25).
It is associated with Prionocyclus reesides
Sidwell (1932, p. 318). The zone includes the
upper part of the range of Inoceramus perplexus
Whitfield and is widely distributed in the
northern Great Plains. .

2ZONE OF Scaphiles corvensis cosBaN: 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 includes the highest part of
the range of Baculiles cf. B. besaireii Collignon
and the lowest part of the range of Ostrea
congesta Conrad (Meek, 1876, p. 13) Near the
western margin of deposition nonmarine de-
posits of this age contain “Cyreng” carletoni
(Meek) (White, 1883b, p. 436), Neritina
bellatula Meek (White, 1883b, p. 458), and
Physa carleloni Meek (White, 1883b, p 43).
This zone is known only in the northern
Great Plains. '

ZONE OF Imnoceramus deformis MEER: The
lower member of the Niobrara formation, the
Fort Hayes limestone, and its equivalents are
marked by I'noceramus deformis Meek (Stanton,
1893, p. 85). It is associated with Scaphiles
Inoceramus deformis Meek (Stanton, 1893, p.
85). It is associated with Scaphites impendt-
costalus Cobban (1951c, p. 28), S. preventricosus
Cobban (1951c, p. 26), Baculiles mariasensis
Cobban (1951b, p. 818), Barroisiceras Gros-
souvre (Reeside, 1932), /Inoceramus ereclus
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Meek (1877, p. 145), Veniella goniophora
Meek (1876, p. 152), Ostrea sennionis White
(1884, p. 300), and Cardiwm curtum Meek and
Hayden (Meek, 1877, p. 151). It includes the
lowest part of the range of Binneyiles 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 Schaphiles preveniricosus, a zone of
Inoceramus deformis, s.s., can be recognized
above a zone marked by small variants of I.
deformis and I. erectus.

ZONE OF Scaphiles venlricosus MEEK AND
HAYDEN: The lowest part 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). It is
associated with Inoceramus umbonatus Meek
and Hayden (Meek, 1876, p. 44). This zone
includes the lowest part of the ranges of
Baculiles asper Morton (Reeside, 1927a, p. 13)
and Inaceramus grandis (Conrad) (= Haplo-
scapha grandis (Conrad, 1875, p. 23)]. This
zone is widespread. ‘

ZONE OF Scaphites depressus REESIDE: The
second zone in the equivalents of the Smoky
Hill member of the Niobrara formation is
marked by Scaphiles depressus Reeside (1927b,
p. 7). It is associated with Phlycticrioceras
Spath (Reeside, 1927b, p. 2), Texanites shosho-
nensts (Meek) [= Mortoniceras shoshonense
Meek (Reeside, 1927b, p. 9)], and Inoceramus
slanloni Sokolow [= I. acuteplicatus Stanton
(1899, p. 634)]. It includes the lowest part of
the range of Baculites codyensis Reeside (1927b,
p. 4). This zone is widespread.

ZONE OF Clioscaphiles vermiformis (MEEK
AND HAYDEN) : The third zone in the equivalents
of the Smoky Hill member of the Niobrara
formation is marked by Clioscaphites vermifor-
mis (Meek and Hayden) {= Scaphites vermi-
Jormis Meek and Hayden (Meek, 1876, p. 423)].
This zone includes the highest part of the
ranges of * Binneyiles Reeside, Inoceramus
grondis (Conrad), and Ostrea soleniscus Meek
and the lowest part of the range of Uinlacrinus
Grinnell (1876). In the south it includes the
lowest part of the ranges of Texanites omeraensis
(Reeside) [= Mortoniceras omeraense Reeside
(1927a, p. 38)], Placenticeras guadalupe (Roe-
mer) (R;eside, 1927a, p. 36), and Inoceramus

undulaloplicatus Roemer (1852, p. 59). This
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 Desmoscaphiles erdmanni COBBAN:
The uppermost zone in the equivalents of the
Smoky Hill member of the Niobrara forma-
tion is marked by Desmoscaphites erdmanni
Cobban (1951c, p. 38). It is the highest zone
in the Colorado group and includes the highest
part of the ranges of Baculiles codyensis Ree-
side, Osirea congesta Conrad, Cordium pauper-
culum Meek, Turritells whitei Stanton, and
Gyrodes conradi Meek. It includes the lowest
part of the ranges of Baculites thomi Reeside
(1927b, p. 13) and Inoceramus lundbreckensis
McLearn (1929, p. 77). In the south it includes
the highest part of the ranges of Texaniles
omeraensis (Reeside), Placenticeras guadalupe
(Roemer), and Imoceramus undulatoplicatus
Roemer. This zone is best known in Montana
but it is probably widespread.

ZONE OF Desmoscaphiles bassleri REESIDE:
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
Marsupites (Thom, 1933, p. 55) in the Western
Interior; it includes the highest part of the
ranges of Baculites thomi Reeside and Uinta-
crinus Grinnell, and the lowest part of the
ranges of Baculiles aquilaensis Reeside (1927a,
p. 12), B. haresi Reeside (1927a, p. 10), Pla-
centiceras planum Hyatt (Reeside, 1927a, p.
31), P. meeki Boehm [= P. whilfieldi Hyatt
(1903, p. 221)}, Ethmocardium White (1880),
and Cymella montanensis (Henderson) [=
Liopistha undata (Meek and Hayden) (Meek,
1876, p. 236)). Very rarely Scaphiles hippocrepis
(DeKay) (Reeside, 1927a, p. 22) is found in
this zone, mostly in the upper part. No trace
of this zone has been found east of the Black
Hills, but it is widespread to the west.

ZONE OF Scaphites hippocrepis (DEKAY):
The Eagle sandstone and its equivalents are
marked by Scaphites hippocrepis (DeKay) and
its varieties. Associated with it are Scaphites
aquilaensis Reeside (1927a, p. 25) and Haresi-
ceras Reeside (1927a, p. 17). The zone includes
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the highest ranges of Baculiles asper Morton,
Placenticeras planum Hyatt, and Inoceramus
lundbreckensis McLearn and the lowest ranges
of Ostrea 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 Hills, but it is widespread
to the west.

ZONE OF Baculiles 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 perlenuis Meek and
Hayden (Meek, 1876, p. 47). This zone includes
the highest ranges of Baculites aguilaensis
Reeside, B. haresi Reeside, and Ostrea russelli
Landes and the lowest ranges of Placenticeras
intercalore (Meek) (Hyatt, 1903, p. 207) and of
Acanthoscaphiles Nowak, s. 1. This zone is
widespread. . .

ZONE OF Baculiles gregoryensis coBBAN: The -

Gregory and Crow Creek members of the
Pierre shale and their equivalents are marked
by Baculites gregoryensis Cobban (1951b, p.
820). Associated with it are Pechydiscus 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 includes the lower part of the
ranges of Solenoceras Conrad [= Plychoceras
of Meek (1876, p. 410)], Didymoceras Hyatt
(1894, p. 573), Emperoceras Hyatt (1894, p.
575), and Ostrea glabra Meek and Hayden
(Meek, 1876, p. 509), and, among the non-
marine species, Goniobasis? subtoriuosa Meek
and Hayden (Meek, 1876, p. 569), G. judithensis
Stanton (Stanton ¢ al., 1905, p. 117), and
Brachydontes laticostata White (1883b, p. 423).
This zone is widespread; it passes westward
into nonmharine units such as the Judith River
formation. :

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

and Hayden) (Meek, 1876, p 428). In the
lower part is found Pholadomya hodgei (Meek)
(Meek, 1876, p. 219) and Baculiles pseudovatus
Elias (1933, p. 304). The zone includes the
higher part of the ranges of Placenticeras meeki
Boehm, P. intercalare (Meek), Solenoceras
Conrad, Emperoceras Hyatt, Didymoceras
Hyatt, Inoceramus ‘‘barabini Morton” of
Meek, Cymella montanensis (Henderson), and
the nonmarine Goniobastis judithensis Stanton.
The zone includes the lowest part of the
ranges of Inoceramus sagensis Owen (1852, p.
582) and, near the top, of Veniells humilis
(Meek and Hayden) (Meek, 1876, p. 155); it
also contains the only recorded occurrence in
Western Interior of Exogyra costala Say
(Reeside, 1929b, p. 271). This zone is wide-
spread.

ZONE OF Baculiles baculus 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).
It may also contain Acanthoscaphiles plenus
(Meek and Hayden) (Meek, 1876, p. 429).
This zone includes the highest part of the
known range of the genus Ethmocardium White
and the lowest part of the ranges of Inoceramus
Sibrosus (Meek and Hayden) [= Pleria fibrosa
(Meek, 1876, p. 36)] and “Belemnitells 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 Baculites grandis Hall and
Meek (1856, p. 402). The zone includes the
higher part of the ranges of Inoceramus fibrosus
(Meek and Hayden) and Imoceramus sagensis
Owen and to the west, where sandstones appear,
the lowest occurrences of Sphenodiscus Meek
(Hyatt, 1903, p. 58). This zone is widespread.

UNDETERMINED ZONE: The Elk Butte member
of the Pierre shale in the lower Missouri Valley
is pearly 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 Discoscaphiles nicolletii (MORTON):
The lower part of the Trail City member of
the Fox Hills sandstone is marked by Dis-
coscaphiles nicolletii (Morton) (1842). It is
associated with D. abyssinus (Morton) (1842).
This zone passes westward into ngnmarine




o

',‘ &.‘, z,

N % v

"t

beds,that contain the highest occurrence of
. Gonigbasis? sublortuosa (Meek and Hayden).
Th;s .zone_ is present chiefly in the Great
Plams .

,'ZONE OF Dtscoscaphﬂes ncbmscensu {owEN):
The two upper members of the Fox Hills
sandstone have not yielded distinctive marine
ils but the Timber Lake member and the
] upper ‘part of the Trail City member are
marked by Discoscaphites nebrascensis (Owen)
(1852 p..577) [= D. conredi (Meek, not
Morton) (Meek, 1876, p. 430)]. Associated with
'_llt are D. cheyennensis (Owen) (1852, p. 578),
¢ D. mandanensis (Morton) (Meek, 1876, p. 443),
“fand a small unnamed Baculites, the latest
RN species of the genus in the region. This zone
includes the highest part of the ranges of
W4 Sphenodiscus Meek, “Belemnitella bulboss Meek
k. and Hayden,” and Vendells humilis (Meek and
% . Hayden). The zone is known only in the Great
~;~Plams and passes westward into nonmarine
%y, beds.
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j '_ t.he genus Triceratops Marsh (Lull, 1933) are
{",.‘fwidely 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 inclusive
+ term for the deposits. These nonmarine strata
. also contain a flora, various -reptiles, a few
* mammals, and such fresh-water mollusks as
-« Viviparus trochiformis (Meek and Hayden)
. (Meck, 1876, p. 580), Tulotoma thompsoni
" - White (1883a, p. 100), Proparreysia holmesiana
(White) (1883a, p. 67), and_ P. letsoni (Whit-
, field) (1906), and the brackish-water forms
* Ostrea glabra Meek and Hayden and Brachy-
dontes laticostata 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
¥ earlier.

OTHER ZONES: There are indications of a
K nu.mb.er of additional zones or subzones, which
: are ‘either too poorly known or known from
too few localities to be included among the
zonal indices. Future work may reveal that
many of these are good zones of widespread

distribution.

In the Frontier formation in central and
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south-céntral Wyoming, a form of Dunvega-
noceras is known that differs from D. pondi
Haas in its flexuous costae. It is associated
with a Meloicoceras that is closely 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) descnbed a new
ammonite—Dunveganoceras conditum—irom
the Frontier formation of central Wyoming.
This form is more closely related to the un-
described species 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,
Scaphites ferronensis Cobban (1951c, p. 23), an
ammonite intermediate between S. warreni
Meek and Hayden and S. whitfieldi Cobban,
seems to be confined to the lower part of the
Prionocyclus wyomingensis zone.

In south-central Wyoming and northwestern
Montapa a fauna that seems to be post-Sage
Breaks and pre-Fort Hays is characterized by
small variants of both Inoceramus deformis
Meek and I. erectus Meek. Associated fossils
include Scaphites preveniricosus Cobban, which
is more common in the overlying beds containing
Inoceramus deformis, s. s. However, certain
other associated f{ossils—Scaphiles mariasensis
Cobban (1951c, p. 28) and Scaphites pre-
venlricosus var. artilobus Cobban (1951c, p. 27)
—have not been found in the typical I. deformas
beds. In general the fauna appears more
closely 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 includes Baculites horesi 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 Baculites compressus Say, s. .,
can be divided into five subzones. The lowest is
marked by Baculites pseudovatus Elias (1933, p.
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304), the second has as its guide B. compressus
var. corrugatus Elias (1933, p. 303), the third
has Baculiles 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.

Broap 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 .eastern
Mexico into the Arctic region. In the United
States these deposits extend from -eastern
Arizona, New Mexico, and western Texas
northward across the eastern 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 enclosing 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 eastern 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
(Imiay, 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 nonmarine

invertebrate fauna is not known to have a
close 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,w 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 Columbia and
Alberta and the lower part of the Blairmore
formation in southern British Columbia and
Alberta contain a nonmarine fauna and a flora
like those of the Kootenai formation of Mon-
tana and equivalent deposits (McLearn
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 Western 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 (McLearn, 1945)
of northern British Columbia and Alberta and
nonmarine deposits in part of the Blairmore
formation of southern British Columbia and
Alberta. The marine faunas north and south
are in general unlike, though the ammonite
genus Beudanticeras is reported in both areas.
Probably at this time the boreal waters and the
southern waters were still widely 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
eastern 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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sha.le jc:uf Mont:ma The fauna of these forma-
" ‘tions is' abundant and varied in the south
(Twel:lhofel 1924) and progressively scarcer and
‘less vaded northwestward {Reeside, 19233.)
“The nonmarineé beds. of the lewer part of the
. " Thermopolis shile. of central Wyoming and
> . .the mnonmarine Bear River formation of
B southern Wyoming, with its varied fauna
(White, 1895}, are of this age. To the'south, in
Texas, the upper part-of the marine Fredericks-
“burg group is of this age, and to the noith,
i in Canada, prabably part .of the marine Fort:
. §t,; John group (McLearn, 1945} and part of
i the ponmarine Blairmore formation. Whether
I the boreal and southern marine waters were
. connected.is not knewn; if a connection existed,
1 gr‘ % ‘it probably was to the east, in the Swan River
formation of Manitoba (Wickenden, 1932)
and in some of the beds currently included in
i the Dakota group of the Great Plains.
<4 Possibly in part contemporaneous with the
: ﬂ' southern marine invasion, but more lLkely in
later Albian time, volcanic detritus was 1ald
down over a.vast area extending from northérn
I Colorado to central Montana and across the
% entire width of Wyoming (Rubey, 1929).
/% ‘This material, now altered to porcellanite and
_ bentonite, is included in the Mowry and Aspen
% formations, which ate everywhere noted for
their content of scalés 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-
T 'w lites McLéamn have been found at several
' ' localities, and of the genus Neogasirepliles
McLearn at ather localities (Cobban and Ree-
side, 1951). These ammonites provide a cor-
1 relation with the-middle and upper parts of the
.- Fort St. John group and indicate strongly ‘that.
" during Albian time a boreal sea extended as
+ far south as northern Colorade and covered
Wyoming and Montana. The physical evidence
suggests that there was either erosion or non-

marine deposmon across central and southern

. “Utah and Colorado and northern Arizéna and.
i New Mexico, and thé compilers know of no
) evidence suggestmg that this boreal sea :eached
eastward into much of the Great Plains. To
the south, across southern Arizona and New
Mexico into Texas, the later deposits of the
Comanche éeries represent-an entirely separate
southern invasion of this age, with entirely

'‘BEOAD FAUNAL RELATIONS
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difierent faunas. In &he fauna of this time the
only suggestion of a posmble connection is- the.
abundant and w1despread occurrénce of the,
ammonite genus Metengonoceras Hyatt in
association with -Gastroplites and Neéogastrop-
liles. Melengonoceras has béen considered to
to belong to a group characteristic of the
southern faunas, In exposures near the Wyam-
ing-Idaho boundary that may be equivalent
to the Aspen formation, nonmarine fiunas
‘occur that are in part similar to those of the
Bear River formation.

The next higher unit represents the éarliest
part of the Late Cretaceous and corresponds
to the Cenomanian stage. Over much of their
-arez of deposition these beds are. marine
deposits, though to the west and southwest they
become nonmarine or are perhaps absent. The.
lower part of ‘the Graneros shale in eastern
Colorado, the upper part of the Dakotz sand-
stone in western Colorado, and a middle zére
of the Frontier formation in east-central
Wyoming contain a fauna including tlie am-
monite gends Calyéocéras Hyatt. This - fauna
has not beéen recognized elsewhere in the
Western Intérior, though the lower part of the.
Belle Fourche shale is"a barren interval that
could appropriately contain it. To 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 Aconthoceras? amphibolum Morrow
and another with an unnamed speties of
Acanthoceras? Theése are widely distributed
and also have close relatives in the Woodhme
fofmatién and in the European Cenomanian.
The general trend of evidence is that a wide
seaway was open from the south ‘northward
possibly across Canada, and in it was deposited
the part of the Cenomanian represcnted by
these interior deposits. The succeeding beds
with the ammonite genus Dunveganoceras
seem to have a wide distribution in Canada and
southward across Wyoming. The enclosing
beds in the Great Plains-are the lower members
of the Greenhorn formation and their equiv-
alents. The Dunvegonoceras faumas are mot
known in the south, but the presence of species
of Meloicoceras sugpcsts a connection with the
Gulf region. during this part of the Cenomanian.
Possibly thé lower part of the Eagle Ford
shalé (Adkins, 1932, p. 422) would be equiva-




- L itn in m AT ot Bend fa - . -
BT T Ty SR I WL e 2 _ Yy

1024 COBBAN AND REESIDE—CRETACEOUS FORMATIONS, WESTERN INTERIOR OF U. 5.

H
. tae e

scaphites identify the divisions of the unit.

e o R lent to these late Cenomanian deposits, though >
i Their wide distribution in Canada {(McLearn,

faunal similarities with thie Western Interior
are not close. Along the southern and south-

western marging of the Western Interior the.

first marine deposits seem to be widely of post-
Cenomanian age. The immediately preceding
nonmarine deposits are:mostly sandy and in
Arizona, New Mexico, and Utah have com-
monly been called Dakéta sandstone. In
western Wyoming they have been mcluded in
the lower part of the Frontler formation. A
well-charactetized ponmarine fauna has not
"been found in these marginal deposits, unless
some of the unnamed beds at the top of the
exposures-néar the Wyoming-Idaho houndary
in southwestern Wyoming should prove fo be
of thig ape.

‘The next higher unit, exemplified particularly
by ‘the upper membérs of the Greenhorn
formation, corresponds to the lower part of the
Turnni_ag stage  of the . European sequence.
It is widespread and is ¢haracterized by cos-
aopolitan faunas that imply nearly free access
to the Western Interior from both porth and
south, In the.lower parts Sciponocceras gracile
(Shumard), M &leicoceras Hyatt, and Inoceramits
prefragilis Stephenson .are distinétive. In the

uppet parts Inoceramus labiaius Schiotheim,

and various other Species are distinctive.

In Canada a part of the -Alberta shale (Me-.

Learn, 1937;-1945) is equivalent, and in the
Gulf region the middle parts of the Eagle
Ford shale contain ‘thie, lower Turonian faunss

(Adkins, 1932, p. 422). This unit is the.earliest:
marine unit over much of the southém and

southwestern border of the Western Interior
déposits. At some places these beds are missing.

The next unit, exemplified by the Carlile
shale, corresponds to the upper part of the
“Furonian stage of ‘the IEuropean sequence:
In the Western, Interior. of the United States
it iz divisible into a numiber. of faunal units,
which, though widely distributed and in
part cosmopolitan, havé in this region an
irregular distribution matked by absence

of some units over considerable areas. The-

middle part of this unit is widely characterized
by the. presence 6f sandy deposits, but the
lower part-is calcareous shale and lqca]J}f in the
Great Plains is a chalk. The ammonites. ol
lignoniceras Breistofier (Prignotropis Meek)
and Prionocyclus Meek and certain 6f the

1937), the Western Interior; and the Gulf
region implies free accéss frém ‘both north and
south. Parts of thé western marginal deposits
are nonmarine and locally ¢oal-bearing, but no

“well- characterized Tmonmarine fauna has been

recorded from them.

The lowest part of the Niobrara formation
and equivalents are -widely characterized by
Inocéramus deformis Meek and associated
forms, such as the ammonite genus Barroisicergs
Grossouyre: and certain scaphites. The upper
part of. the Nlchrara 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 2 sequénce of scaphites. The

eastern part of thie region shows a chalk facies
with, & relatively restricted fauna that provides.
only a géneral correlation, and in the western |,
marginal part the sequence includes 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-ranging species, especially
of the pelecypods: In the Guli region the Austin
chalk. and ‘its equivdlents provide enough
identicdl spécies to show that these units are
undoubtedly the equivalents of the Niobrara
forfndtion, but there are striking differénces,
notably the absence of the ahundant scaphites
of the Western Interior. These differences

strongly suggest-a chiefly endemic source for
.much of the Nicbrara fauna, though that fauna

could have been in part boreal, There must
have been falrly free communication between
the Western Interior and the Guli region,
howéver. Some of the elements of the fauna are

cosmopolitan and indicate that the Niobrara
forination includes the equivdlents of the
Coniacian stage of the European sequence and

‘the lower part of the Santonian stage:

‘The next higher unit, the Telegraph Creek
formation and its equivalents, marks the

Airst appearinge ‘of a number of species that

extend up into much higher levels. This change |

‘and the disappearance of older-speéies noted

above were observed long ago by Meek and
others and were in part the basis for recdgnizing
a major dividing line at the top of the Nicbrara. -
formation, between the Colorads and Mon-
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groups Though the number of species
. ¢ that cross the bouudary 15 larger thin was
* J .':ong-mgﬂy thought a major break is present.
.3 The Telegraph Creel formation is chdractérized
« "by Desmoscaphites bassleri Reeside 2nd certain
_ v _associated . species (Reeside, 1927a). It is
' ‘mdesprmd west of the Black Hills but is
.missing along the southwestern margin of the
Western Interior and in the Great Plains east
* ¢ of the Black Hills. To the north, in Canada, its
.. presence has been récorded. To the south it is
o7 probably’ represénted éithér by the uppermost
; "part of the Austin chalk or by a hiatus, for little
' gupgestion of its presence is afforded by the
#;published record {Stephenson, 1937). This unit
o morra;ponds to the upper part of the-Santonian
‘ﬂstage Possibly the Telegraph Creek fauna was

;l.argely endemic; and communication with
. ‘boreal -and southern waters was restricted,
Y :t.hough the deposits contain casmopohta.n

¥

-forms, such. as the free-floating crindid Mar-
- L supites.

- ;. The mext higher unit, the Eaple sandstone
, and its equivalents, is marked widely by sindy
“" beds containing Scephites kigpocrepis (DeKay)
+ ' and certain associated species (Reeside, 1927a}
"Like the Telegraph Creek formation, it is not
known in the Great Plains east of the Black
_Hills and on the southwestern margin. of the
Western Interior, but is widely distributed west
of the Great Plains. To the north; in Canada,
theré is little. record of its presence, but it may
) represented there. To the South, in the Gulf

. Tegion, species characieristic of the umit dre

' found in the Taylor marl (Stephenson and

v 'Ree":ide 1938) and on the Atlantic Coast.in the
' Merchant'nlle clay of New- Jersey {Weller;

- 1907). The suggestion- is strong that the Eagle

., fauna came in from the south. Some of the

species of the unit are: cosmopolitan ard. are
tepresented in Europé by identical or clésaly
telated forms. The wnit corresponds to the
. lower part- of the Carmpanian stagé.

Above the Eagle sandstone and its equiva-
~ lents are 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 aight lithologic 3ub-
1 divisions, all fine-grained and all marine.
‘ Westward sandstones réplace more and more
parts of this sequence, znd eventua]ly non-
maring deposits make up all of jt. In some

BROAD FAUNAL RELATIONS

western marginal areas there are no deposits
for much of tHe intérval. In ¢entral- Montana
the Judith Rivér formation and farther west the
Two Medicine formation dré nonmarine. In

central Wyoming, western Colofado, eastern

Utah, and northwéstern Néw Mexico the
Mesaverde formation is chiefly nmonmarine.
-Along the southwestern margin of the Western
Interior, enly - the latest part of the interval

seemus to be represented, and the sediments are.

nonmarine. In the Great Plains: a2 series of

faunal zones marks.thé. Pierre.shale. Most of

these can be tfaced westward in the. marine

sandy deposits. The zones are particularly

marked By a series: of species of Baculités,
though with each are associated other char-
acteristic species: In general, the faunis are
similar to those found to the. north, in Canada,
and are not matched by closely similar as-
semblages to the south in part-of ‘the Taylor
martl and the Navarro group of the Gulf region,
(Stéphenson, 1941;
1938), though endugh forms are found to

provide a rational -correlation. Seemingly the.

Pierre faunas aré ‘either boreal or largely
endemic. This aspect.is emphasized by the few

levels where southern species- appéar, which.
indicate a temporarily freer access for these.

species. These occurrences aresall in Colorado,
Utah, and southern Wyoming and include such
forms as.Trigonia, Exogyra costala Say, Capulus
spangleri Henderson, and dnchwra haydeni

White. The relation 6f thess interfor faunas to:

those of Europe is rot cléir in detail, though
there seems no doubit that they Gorresporid to
those of the upper Campanidh and lower
Maestrichtian stages.of the Européan sequence,
The nonmarine faunas are not well character-
1zed.

Above the Pierre shale in the Great Plains
area lies 2 sandy formation, the Fox Hills

sandstone, divisible into four members in the.
type area. The two upper members, though-

maring, have ngt yielded 4 satisfactory fauna.
The two lower members, however, have yielded
faunas in part cosmopolitan, in part apparently
endemic. Westward these marine members of
the Fox Hills sandstone pass rapidly into
overlying nonmariné: units; 'such as the Hell
Creek z2hd Lance formations. Sandy marine
deposits appear at progressively Jower levels
westward .and have generally been designated

1025
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Fox Hills, though many of them contain
faupas older than those of the typical Fox
Hills sandstone, Some. forms, particilarly the
arhmonite Sphenodiscus Meek, seem to be
associated with the sandstone deposits and
appear at lower-levels westward than in the
typical Fox Hill area. Fhe similarities of the

faunas of the Western Interior to those of the-

Guli region (Stephenson, 1941; Stephenson

and Reeside; 1938) suggest relatively .freé.
access to the Westérn Interior from the Gulf

region. Further similarities to European faunas
suggest that much of the Fox Hills fauna is

«cosmopélitan and. that there may have been
free access across the Arctic regions; The Fox

Hills fauna corregponds to the upper Maestrich-
tian fauna of the European seguence. The
nonmarine fanna of the liter Cretaecous de-
posits is well charicterized by a4 pumber of
species.

At the top of the sequence in the Western
Interior are widespread nonmarine déposits
particularly characterized by a reptilian fiuna,

of which the genus Tricefolops Marsh was one,

of the earliest described-and is perhiaps the best
known. This zone is exemplified by the Hell
Creek formation in Montana and the Dakotas;
but equivalents under Various names are wide-
spread. No eqaivalent of the “Tricerafops

‘beds” is recognized in the Gulf region, and

putside of North Arrerica it may be represented
in the matine deposits of the latest Maestrich-
tian or in the still later Danian stage, if that
is:Cretaceous.

Above the Hell Creék formation in a small
area in North Dakota and South Dakota lie
marine deposits, ‘with a considerable fauna 6f
larger invertebrates. (Stanton, 1920) and of
Foraminifera (Fox, 1942), constituting the
Cannonball formation, When first recognized
as a Separate assemblage, it was noted that
there were -no ammonités, that some of the
mollusks - were- close to species of the Fox
Hills fauna, but that'others were close to.species
of the Paleodene faunas. The formation was
assigned to. the Cretaceous, because of the
Cretaceous:like species and because this seem-
ingly isolated fauna is more readily explained
as a relic of the Cretacedus than as a result of 2
Paléctene invasion. ‘The Foraminifera, how-
ever, show very close. rélations ‘to those of the
Paleacene Midway fermation of the Gulf

region and even closer to those of the Paleccene
of northern Europe, and it is now generally
agreed that the Cannonball formation is a
marine Paleocene unit. Probably the marine
waters entered from the Arciic at-the close of
Helt 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 ndrthwest has
béen noted, and it seems not unreasonable to
postilate a connection farther north.

ANNOTATIONS

These annotations supplement or exzplain
items in the chart (Pl 1), and the application
of each anrotation is indicated by the position
of its number within one'or more-columns of the
ichart.

1, The placement of the boundary between
the equivalents of the Campanian and Mae-
strichtian stages.in the Western Interior has
long been very undértain, though most authors

have put it at about the hase of the zone of

_Baculi.czs compréssiss Say. The compilers have
little-basis for judgment in the matter,and the
placement shown ‘follows the advieé of Dr.
J. A. Jeletzky, of the Geological Survey of
Canada, who has given special consideration to
this problem in western Europe and'in. Canada.
The following statement kindly furnished by
D1, Jeletzky summarizés, his hitherto un-
published views on the subject:

The uncertainty with respect to the Campanian-
Maestrichtian boundary in the Western Interior of
North America is essentially a reflection of the
similar state of affairs in western Europe, where the
type-localities of these stages are situated. The

-writer (195ia, b} has endeavored to settle this un-

certainity with regard to wesitern Europe. He feels
that it is now possible to recognize ‘st least the
approximate position 6f Campanian-Maestrichtian
boundary, as proposed by him for western Eunrope;
in thie Western- Interior of North Anserica.

Valuable stratigraphical and palaeéntological in-
formation concerning the younger Upper Cretaceous
of the. Western Interior of the United Stafes freely
given to the writer by Messts. W. A. Cobban and
J. B. Reeside; Jr., hias greatly facilitated the con-
clusions advanced in the following pages.

The Campanian-Maestrichtian boundary. in the
Western Interior of North America should, in the
writer’s opinion, be placed provisionally at about
‘the bottom of the zoge of Boculifes bocudus. Meek

‘and Hayden, subject, to the qualification made be-

low. Thiz zone €arries in Canada, and apparently in
the United States as well, Scaphites forms indistin-
guishable from Scophifes {Hoploscaphiles) pungens



b j3
<.31’;ihck‘ht‘:|rs't, 1861, which in Western Europe (Bel-

. gium, Holland) is known only from the. rocks of
iy .Eal.rly’ Maestrichtian age, where it occurs together
o %\ with Seaphites (Hoploscaphiles) constrictus Sowerby,
l; rjé;_P'-lBl?, and Pechydiscus neubergicus Hauer [? = P,
i

“egerioni {Forbes}]. The uppermost part-of-the-under-
-, lying zone of Beculifes compressus Say carries ap-
i .. 3" parently throughout the Western Interior of North
% America o densely ribbed ally of Scaphifes (Sca-
ich, in the writer's

Viviy- phites) ‘quadrangularis Meek which

.31 philes) elegans Tate, 1865 {p. 37), from the Antom
-%."Chalk of Northern Ireland. The Antrim Chalk is
“"kngwn to be of latest Campanian age (Jeletzky,
11951b}; which agrees well with the assumed earliest
Maestrichtian age of the immediately overlying zone
vrof Baculiles boculus Meek and Hayden, which there-
> fore is here considered as’provisionally correlative

‘with the lower. part of the Eurasian zone of Belem-
tiella lanicealglg {Schlotheim); typical form {Jeletzky;

«

51a; 19510).
11t should be stressed, however, that there is not
early enough reliable irformation about the strati-
) g::glh;cal ranges of the Scaphiles and Bdediles forms
iscussed above to-admit of a pesitive decision o
the subject: While it would seem rather unlikély to
-the present writer that the Campanian-Maestrich-
R ;...;‘tia.n boundary in the Western Interior of North
E ‘nvumerica could be situated below the ‘zone of B.

V14 Baeudus, it appears possible that this latter zoné

i .could be of latest Campanian age.in part or even

i 1y totally. Indeed the stratigraphical ranges of Bacu-
oy files. compressus Say and of B. baculus Meek -and
*4* Hayden ‘dre uncertain for the Canadidn part of the
v 7, Western Intedior. At the same time such $pecies of
i 4 the B. compressus zone as Scaphites (Scophites)
v it quadranguloric Meek, Scaphites (Scaphiles) brévis
¢+ Meek and apparently Scaphites (Seaphites) elegans
*.».Tate appear to ascend into the zone of B. baculus
“and to occur there together with S. (S5.) plenus
IMOPJ{ and 5. (H.} pungens Binckhorst through .an

"t uncertain part of this zone. This appears to-be true

v+ of the middle part of Bearpaw formation in Canada,

i including -the Belanger member, of the upper part

v ., of the Lake Creek member of Pietre shale in Kansas
¢, (Elias, 1933, p. 292); and of the upper 50 feet of

+ Pierre shale on Cedar Créek (Baker-Glendive anti-

- cline} in southéastern Montana (personal communi-
—calion of W. A. Cobban). Further conflicting evi-
dence is supplied by the first appearance of forms,

in the writer’s .opinion, indistinguishable from Sed-
phites (Hoploscaphiles) constricius Sowerby some-
what above the beds referable -to the zone of B.
boculus both in Capada and in the United States

[e.g. " Discoscaphites” abysvinus ‘of Elias (Elias,

1933, pl. 39, figs. 3, 6, not figs. 2, 4); “ Discascaplhites”
abyssinuy of Landes (1640, p. 179-180); and unpub-
, Specimens from the upper Bearpaw in collec-
Yous of the Gedlogical Survey of Canada), Also the
. more or less typical forms of Scaphiles (Hoplosca-
Philesy nicolletii. Morton, probably partly synony-

. ‘mous with nodate variants of Seaphites (Hoplosea-

+ Philes) tenuistrictus Kner, seem to make their first
appearance in -the heds overlying those with 5, (5.)
us Meek and correlative cither with the aupper
part of the B. baeulus zone or with thé averlying

zone of Baculites grapdis Hall and Meek (i.c., upper:

, Bearpaw of Canada; upper part of Mobridge mem-
ber in Montana, Beecher Islandshale member, of
Kansas, efc.). Both 3, (H.) constrictus and §. (H.)

tenuisiriatus are commonly accepted as inder fassils .

ANNOTATIONS'
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of the Maestrichtian stage, which do not descend
‘even’ into the nppefmost. Campanian (zoneé of
Baustrychoceras polyplocum Roemer) with'the possible
‘exception of a thin transitional bed between these
stages. Therefore, one might feet inclined to draw
the Campanian-Maestrichtian boundary in the
Western Interior of North Amerca at the first
appearance of these forrs rather than use the other
evidence favored by the presént writer (occurrence
of §. {H.) pungens Binckhorst; and of 5. (5.} elegans
Tate), This wids doné aspecially because,thé down-
ward extension of the stratigraphical ranges of 5.
(H) constrictus and S: (H.) nicolletii into the zone
of B: baculus and 5. (S.) plenus appears to be quite
likely, to judge from some. fragmentary material in
the writer's possessian, '

A typical specimen :of 5. (H.) nicolletii Morton,
indistinguishable from thke one figured by Meek
(1876, pl. 34, fig. 2}, was collected by the writér in
porthwestérn Germany, (Hemmoor), togéthet with
S. (H.) constrictus Sowerby, in the upper part of
Lower Maestrichtian {zone of Belemnetlla lanceslala
(Schlotheim) mut. sumensis Jeletzky, 1949]. This
gives further support to the above conclusions of the
writer and agrees well with the. well stablishied fact
that, whatever its lowermost occurence might be,
the typical S\(H.) nicollelic Morton, as well as the
numerouys,; so far striétly North Américan, forms
of Scaphites (Discoscaphiles) of the group of conradi
Mortton and Scaphiles (Discoscaphiles) of the.group
of cheyennensis {Qwen) are-essentially charactéristic
of rocks younger than the zone of B. baculus and 5.

{S.) plenas. Whether these latter {i.e, so-called Fox.

Hill fauna) represent only the higher part of Lower
Maestrichtizn or embrace some part of Upper
Maestrichtian [zonés of Belemnitelle junior Nowak,
1913, and Belemnellz castmirovénsis (Skolozdrowna,.
1932, in coll}] s well is still uncertain: Considering.
that Sphenodiscus spp.; which are rather character-
istic of the Fox Hills' fauna and occur much less

commenly-in the older Maestrichtian zones of the-
Western Interior, are éssentially characteristic of

the Upper, Maestrichtian in Europe, it seems by no
means unlikely that at. least the highest-zore: with
the: Foxr Hills fauna might be of Late Maestrichtian
age.

It may be added in passing that “Belemmilella.

ameriteng (Morton, 1829, not .Arkhangelsky, 1912}
and its Western Intecior subspecies B, bulbosa Meck,
1876, are rather close allies: of ‘the Maestrichtian
Belemnitella: junior Nowak, 1913, and seem to be
reliable index fossils of the equivalents of the
Maestrichtian stage, at ledstin the Western Ihterior
of North America. The former species may, how-
ever, range-into Uppermest Campanian rocks'on the
Atlantic coast of Nofth Armerica (z.g.,, New Jersey,
Delaware; ete.) ) ‘

The writer rejects the widely accepted opinion
that Seaphiles of the group of nedosus Owen, in-
cluding. S. plenus Meek, belong to the subgenus
Acanthoscapiitles Nowak, 1913, which he restricts to
the group of Scaphités (Acanthoscaphiles) tridefis
Knper with a median row of tubercles on the ventral
-side of the living chamber. In his épinion, the group
of .5, nodosus Owen .représents immediate Cam-
‘panian (essentially Uppér Campanian) and (F)
‘Lowermost Maestrichtian ancestors of Seaphiles
(Hoplascophites) of the group of constrictus-nicolletii
:and of Scaplites (Discoscaphiles) of the.group .of
conradi-cheyennensis as well. There is 28’ uninter-
rupted series (plexus) of transitional forms.between
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the 'three groups above mentioned in the Campa-

‘nian-Maestrichtian  succession of the Western

Interior of Cariada. Scaphites of the group of
nodosus: Owen mre placed in the typical subgenusof
the genus: Seapirites Pdrkinson 1813, sl, as the
writer is unable tc see any essential morpholognca.l
differences between this. grfoup and | Scaphifes
(Scaphiles). binodosus Roemer, Smphs&es {Scaphites)
hipboerepis Dekay; Scaphités rosmeri ’Orbigny and
other typical representatives of this subgenus.

1a. Regarding thé use_of -the names Disco-
scaphites and Acanthoseiphiles, the compilers
are in esséntial agreement ‘with the views éx-

pressed’in Note 1 by Doctor Jeletzky, but feel

that in deference to past usage it would be less
confusing, for the purposes of the chart, to
coniinue the old usage untll 2 fully documented
and lustrated discussion’ can be presented.

2. Many authors, partidularly the French
writers, include the Coniacian and the
Maestrichtian stagés in the Senomian, Others
exclude the Maestrichtian, and others, par-
ticularly the German writers, exclude the
‘Coniacian (Emscherian),

3. Col. 1, Nonmarine fossils in the Fort
Critténden formation indicate a very late
Cretaceous age for the. Sonoita group, which is
found. in_the Santa Rita Mountsins (Stoy-
anow, 1949 p. 58-60).

4, Col. 1. Scant marine fossils suggest a
Colorado age for the Amole arkose (Brown,
1939, 58 697]

5. Col. ‘1. In the Patagonia Mountains.

(Stoyanow, 1938; 1949, P 30).

6 Col. 1. In the Nmety-One Hills (Stoy-
anow;, 1938, p. 4—27}

7. Col. 2. Assigned to @n early Colorado-age
on comparison with rocks near Silver C}ty,
New Mexico.

8. Cols. 3 and 4. Assigmed on the basis of
fossils the compilers' consider early Colorado.

9. Col. 5, etc: The relations of the sandstone
désignated “Dakota” in this and many other

areas to the typical Dakota sandstone on the-
stsoun River near Sioux City, Jowa, are not.

well understood. Such usage of the name may
cover beds of both Eatly and Late Cretaceous
.ages, though it was apparently tbe irtent
originally te include in the Dakota beds nd
older than the European Cenomanian. There is
much doubt that any part of the typical
EXPOSUTES ATe Late Cretaceous.

10. Col. 7. In "Luna County

‘11. Col. 7. In the Little Hatchet Mountains.

12, Col. 10. Lee (19068, p. 240; 1906b, p.
57) reports the presence of Tricerofops, in-
dicating that at least .part of this unit is very
Jate Cretaceous.

13, Col. 10. Paleontologic data indicate the
presence ‘of beds of Greenhorn later Carhle
and Niobrara ages.

14. Col. 10. etc. Presence 6f béds of early
Carlile. age here-and in several other areas is
dubicus. The Calhgnonwcra.r wopllgari fauna
has not been found; and an interruption in
sequence is inferred.

15. Col. 15. Includes the Punta de la Mesa
sandstone member of Herrick, as recognized. by
Lee (Lee and Knowlton, 1917, p. 172, 179).

16. Cols. 16 and 17. On ‘the basis of the
dinosaurian faunas, some vertcbrate paleon-
tologists assign the interval from the Ojo
Aldmo sandstone to the Fruitland formation to
Horizons older than here shown (Gilmore, 1916,
1919).

17. Col. 18. W. T. Lee {1906b, p. 57) at
first Ttegarded the Galisteo -sandstone as
equivalent: to' the Late Cretaceous deposits of
the: Engel district (sée Note 12), because’ of
similarity of litholegic constitution and strati-
graphic position, but he later {1917, p. 184)
régatded it as Tertiary. Stearns (1943} reports
late Eocene or early Oligocené mammals in the
uppérmost part. The -age of the Jower part is
still undetermined.

18. Col. 26. In the Muddy Mountains,

19. Col. 26. In the Eureka district.

20: Cols. 27 and 28. Paleontological evidence
is:scant for dssignment 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 & dubious. The; Prienocyclus
wyomingensis 1auna has. not been found, and a
hiatus is inférred.

22, Cols: 31, 32, and 38. The lower part of
the North Horn formation has yieldéd Cre-
taceots reéptiles, and the middle part has

yielded [Paleocene mammals. No sharp

boundary between these parts has been noted.
Some: vertebrate paleontologists assign the
reptile; bearing part to horizons older than
here shown (Gilmore; 1947). (Seg alsa 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 designated
“Currant Creek” formation. is dubious; by
anglagy with regions to- the south they seem
% likely to be équivalents of the North Horn and
a} Price River formations and at the top may
r- mclude beds as high as lower Eocene. Adequate
_;‘-i; paleontologic dats are not available,
g " 125. Cals. 34 and 35. Stokes (1944, p. 970)
e correlates the Kelvin conglomerate with the
_E-_,'.‘.{ Buckhorn conglomerate and Cedar Mountain
2 shale {Col 38) Eardley {1944, p. 838) cor-
@ re,[ates the type Keélvin conglomerate with the
?li lower part of his Kelvin (?) formation of the
e Coalvﬂle district, Utah (Col. 35), which part
*?’, appears to be equivalent to the Ephraim
" * formation (Early Cretaceous and possibly Late
. Jurassic). Ses also Note 42. Adequate paléon-
tologlc data are not available.
'-' - +4 26. Col. 35. The age of the beds.long called
" “Wasatch™is dubious; it seéms likely that they
" may include equivalents of the Price River
.. dnd Nerth Homn formations and may extend up

VR e o
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into the lower Eocene. Adequate paleontologic .

data are not available.
+.27. Cel. 35, “Unit W-2,” etc.,
measured section -at Coalville published. by
Wegemann (1915, p. 163), aud “Unit R:1;7
Btl: 'to a measured section at:Rockport pub-
hshed by Stanton (1893, p. 44).
28. Cols. 39 and 43. The relations of the
' Tuscher. formation to the North Homn forma-
tﬁm and to the “unnamed sandstone” {Col.
: 43} are not fully determined. Spieker (1946,
P- 140} considers- the Tuscher a coarsé basal
unit of the North Horn formation.
© 29 Col. 40, The relations. of thé Mesaverde
formation of the. Rangely region to that of
adjacent areas is not well known. The cor-
relations shown are somewhdt arhitrary.
. 30..Col. 40,-etc. The Bélle Fourche, Green-
‘born, ‘2nd. lower Carlile faurias have, not been
“found here ang i several other aréas, and a
‘hiatus is inferred.
31. Col. 40, etc. The stratigraphic relations
. 1of the strata included in theé Dakota sandstone
in the areas tepresented by these columns are
-not well krown. The assignments shown are
somewhat arbitrary.
32. Col. 44. The age of the Ohio Creek
conglomerate is.uncertain, and so is.its relation

Frae L ANNOTATIONS
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to the “unnamed sandsténe” of Col. 43, with
which Lee (1912, p. 48). correfated it.

32a. Col. 45. The Collignoniceras hyatti
and C. woollpari zones have not been found

‘here, and an interruption is inferred.’

33. Cal. 48, etc. No evidence of the Eagle
and Telegraph Creek faunds has beén found in

this or in several othér aréas, 2nd a hiatus is

inferred.

34. Col. 48, etc. Evidence for a disconformity
at the base of the Timpas limestone is given by
Johnson (1930). In addition, the -absence of
equivalents of part ‘of the Tumer member and
of the Sage Breaks member of the. Carhle shale
may be cited,

34a. Col. 48. The “Pugnellus sandstone”
of the literature (see Stanton, 1893, p. 28)
locally occupies the -ifterval between -the
Codell and Fairport members of the Carh]e

shale.

35. Col. 48, The Gréenhom, and Graneros
formations of Gilbert were .described in this

tegion {Gilbert; 1896), but, as these names were
‘subsequently applied in the'Great Plains to the

east, the boundary was moved down to include
équivalents of the upper, calcareous part of the
original Graneros in the Greenhorn. This re-
vision seems more widely useful.

36, Col. 52. Correlation of the five parts of
the Dakota 6f this région is in dispute: Stanton
(1922, p. 266-269) considered all of the Dakota
equivalent to ‘the typical Dakata—that is,
Late Cretacesus; Reeside (19232) correlated
the marine dark shale with the Glencairn
shale, of Kiamichi age; Lee (1927) considered
the three lowest parts of the Dakota équiva-
lent to the Cloverly formation of Wyéming and
to the Lakota sandstone, Fuson shale, and what
is now called the Fall River sandstone of the
Black Hills. Thé compilers believe. that Lee’s
corrélation is probably correct, but present
evidence is not conclusive:

37. Col. 53, etc.. All formations below the
level indicated in each culumn aré interpreted
from well logs.

38. Col. 54. Corrélation of the lower members
of the Dakota is arbitrary,

39. Col. 61. The Mentor formation. is taken
to include alt the beds between the Dakotd
sandstone of . common usage “and the Permian
rocks. Twenhoiel (1924 p. 31), who in central
Kansas applied the name Mentor to a part of

4+
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the interval, adopted the term Belvideré for
these strata. For southern Kansas Twenhofel
{1924, p. 20) applied the name Belvidere ta the
beds between the Cheyenne sandstone’ and
the *Dakota’ sandstone,

40. Cals. 62, 63, and 65. The ‘Bear River

formation -of this region has in the lower part
{ossils related to those of the Cloverly and
Kootenai formations and in the upper part-

fossils mere péculiar to the formation—the
*Bear River fauna” ‘of the literature. The
sandstone called “Tygee” by Mansfield -and
Roundy (1916, p. 83) and placed by inadvert-
encewat the top of the Gannett group is actually
a unit in the Bear River formation. Theé highest
unit of the Ganpett group is a discontinuous

unpamed red shale (W. W. Rubey, oral com-

munication),’

41, Cals. 62 and 63. The Peterson and
Draney limestones coritdin faunas like those of
the Kootenai and Cloverly formations,

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

424, 'Col. 64. The lower part of the ty'plcal
Adaville formation contains marine fossils of
Colerado age. The-upper partiis hot well dated.

43. Col. 64. The lower part of the Beckwith
formation has yielded Uppet Jurassic fossils;
the upper part in this: region has not yielded
significant fossils and is placed by comparison
of lithologic features,

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

45, Col. 66, No .fossils identifying the
equivalents of the Greenhorn and Belle Fourche
formations "have been reported from this
region, and the thickness of beds that dould
contain thém 95 small. A hiatus is inferred.

46, Col. 67, Post-Bacon Ridge strata- are
datéed only as later Cretaceouss: The correlanons‘
‘shown are'arbitrary. '

47. Col. 67, etc: In much of the hterature
the name Thermopelis has been apphed to
dark shales that.lie above the Cloverly forma-
tion and below the Mowry shale and that con-
tain -2 brfown sandstonpe member (Muddy).
Many geolagists now prefer to restrict the.name
to the lower part of the dark shales, to designate

the sandstone the “Muddy: sandstone™ and.
view‘it as a formation, and-to-include theupper

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 (se¢ alse Note-52),
but in deference to ‘the literature the older
usage is shown in the chart.

48, Col. 67. In this region the boundary
between the lower ‘member of the Cloverly
formation and the Jurassic is in debate. It is
not determined whether beds. of Morrison age
are présent or whether all the rocks above the

'marine Jurassic deposits.aré part of the early

Cretaceous Cloverly formation.

48a. Col. 68. Nomenclatire and correlation
in this calumn are largely arbitrary. Paleon-
tologlc evidencé is scant, and some of the
names have been ¢arried. far from their original
areas: . )

49, Col. 70. The age of the beds designated
“Lewis” and “Lance™ is mot well known.

, The assignment. shown seems probable but is

arhitrary.

~ 50. Col. 70. At many places the Cloverly
formation of this region does not present the
common threefold sequence. The separation of
these beds from the underlymg Jurassic is
dﬁcult and at places only a.:fbxttjary division
is possible.

. 51 -Col. 71. Some authors include this shale
and the underlying conglomerate vin the Jurassi¢
Morrison formation,

52, Col. -72. The: Thermopohs shale, as

originally deseribed by Lupton (1916a, p.
168), included the “Rusty beds” usually con-
sidered part of thé Cloverly formation,
. 53- Col. 72. The Cloverly formation at its
type locality (Darton, 1904) consists chiefly
of soft beds and does not show the three di-
visions—basal conglomerate, middlé varie-
gated shale, and upper sandy beds—that at
other places led Darton to correlate the forma-
tion with thé-Lakota sindstone, Fuson shale,
and Fall River sandstone: of the Black Hills.
Because the divisions are widely present they
are here indicated.

54. Col. 73. Fossils indicate that the equiva-
lents of much of the Greenhorn formation and
lowest” part of the. Caslile are very thin 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 formation, and
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N equwalents of the lower. parts may have been
: ﬁ erroneously induded i in the Jurassic Morrison

-, formation., -
< 56, Col. 81. The fauna. of the Sage Breaks

: Nlobmra age (Rubey, 1931, p. 4] It7is now

better known- and indicates that.the unit is of

. late Carlile age.

the Agate well, on which this section is based.
. 759, Col. 86. The age of the lower part of the
Da.kota here is mot determined.
o6l Col. 87, The compﬂers believe that the
"marine fauna of the type Dakota sandstone—
' Omadi sandstone of Condra and Reed (1943)—
is part of the general assemblage of marine
‘organisms represented +in the Kiowa shale,

2 ’; ‘Mentor formation, and the Purgatoire forma-
"»ff# -tion and therefore of about Kiamichi (late

Early Cretaceous) -age. No evidence of the

“ ‘f
‘44> presence in the type Dakota of eguivalents
.+ of the Lakota sandstone and Fuson shale is

+ known to the compilers. The age of the lower
¥ part of the Graneros shale h’ére" is not deter-
“minéd;

- 6L Col. 90. This Was previously calted
- “Middle Creek limestone member” by Wing
- (1940) and “Bull Creek limestone” by Moore
(1949) In a diagram fer this region, Moore has
.used, within the the Greenhorn formation the
pames “Willow Creek,” “Stoneville Flats,”
and “Crow Creek” for limestone members.

62. Col. ‘94. The Carlile and Greenhorn
formations are reportéd to contain distinctive
fossils, but the age of the Graneros shale is not
well determined. Possibly the Dakota sand-
stone contains no Late Cretaceous déposits.

63. Col. 97. The relations of thesé beds fo
the coal- bearing roéks called the Frontier
formation in centril eastern Idahe {Col. 63)
is not known, though they may be equivalent:

64. Col. 100. Very little.evidence is available
as to the age of these volcanic rocks.

65. Col. 100. Sediments representing the time
of the Belle Fourche, Greenhorn, and Carlile
formations and the lower part of the Niobrara
formation are thin or missing in the central
Part of Jefflerson County (M. R. Klepper,

ANNOTATIONS

shale was formerly thought to ‘indicate a

57. Col. 82, only the Greenhom limestone s

- . 58 qu_ 83. The PlEl’l’E, Nlobra,ra v ‘and Carllle.
. formations are-not- distinguishable in the log of.
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unpublished data). AFarﬂner north these strata
are present. .

66. Col. 102. The limits of the typical
Blackleaf sandy member of Stebinger (1918,
p. 158) are as shown, but.petroleum geologists;
for convenience in subsurface studies, carry
'the name up to include the calcareous member.

66a. Col. 102, The names Cosmos and
Vanalta are applied to sands that are local
equivalents of the Cut Bank sandstone. (Erd-
mann and Schwibraw, 1941). The names
Lander 2nd Moultdn are applied to local sands
in the Kooténai “forma.,tioﬁ (Blixt, 1941). -

67. Col. 104 and 105. The relations. of the
sandstones-in the lower part of the Colorado
shale, and in the upper part of the “Kootenai

- forrnation are not.determined. Probably equiv-

alents of the Muddy sandstone and of the
Greybull sandstone of Wyeming are ‘widely
present, and the intervening shales aré to be
correlated with parts of the Thebmopolis shale
of Wyoming,

68. Col. 128. The age:of the Windrow forma-
tion is conjéctural: Stauffer and Thiel (1941,
p. 102) note that the upper part resembles
the Ostrander member ofithe Dakata formation
and that the lower part is of residual material
that may be much older than Cretaceous.

InpEx BY CoLuMNS OF STRATIGRATHIC NAMES

Numbers refer to numbered columns in
Plate 1. Where one column only is cited, it
contains the type oceurrence of thé name;

where two or more ¢olumns are cited, an.

asterisk (*) indicatés the column &entaining the
type. dccurrence.

The followiog umts have type occurrences
in Canada: Ashville, Assiniboine, Boissevain,
Boyne, Keld, Kootena:, Morden Odanah,
Pembina, Riding Mountain, .St. Mary River,
Swan River, and Vermilion River.

Aberdeen 38
Adiville 64

Ade! Mountain 100
Agency 87, 92*
Allen Valley 31
Allison 14,* 17
Aimond 69

Amgole 1

Anchor Ming 43
Animas 19, 41*
Apishapa 20 21,.48;* 49, 52,79
Arapahoe 52
Ardmore 82
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Ashyille 116 )

Aspen 33, 35, 40, 4663 64" 66

Asphalt Rldge 40

Assiniboiné 116

Atarque 6

Bacon Ridge 67

Bartiett 14

Baxter 69 ,

Bcarpaw 78, 102, 103, 104, 105, 106,107, 108, 108,
111

Bear River '35, 62, 63, 64“"‘ 66
Beartooth 9
Beaver Creck. 81
Bechler 62 63,65
Beckwith 64
‘Beecher Island 54,* 57
Belle Fourche 78, 8[} 81,* 83, 89, 90 103, 110
Bell Mountain 11
‘Belvidere'61 (Note 39) )
Benton 21, 50, 51, 53, 54, §7, 76, 79, 106,* 112, 113,
115, 117 118 123
Bzg Cottonwosd 120
g Elk 105
Berhead 103
Bisbee 1,* 7 .
Blackha.wk 38 *33
Blackleaf 102
Blair 69
Bluscastle 39
Blue Gate 36
Blue Hill $5, 59*
Daissevain 116
Bowie 44
Boyne 116
Breien 113
Bridge Creek 48, 55°
Broken Jug 7
Buck 39
Puckhoern 38
Buda §
Bull Creel 60 (Note .6) :
Burro: Canyon 42,43 .. )
Carlile 19, 20, 21, 48,* 49 5 , 55, 59; 60,
77,78, 80 81 82 83 .85, 86, 87, 89,90, 9
93 o4, 103 110 114
Castlegate 38 * 39
Cat Creek- lOS 106, 107 108:*
Cedar Mountam 38
Chacra 17
Chamiso- ¥l -
Cheyenne 24, 56, 58; * 59
Cholla 1
Cintura 1
Claggett 68 1102,7103, 104, 105, 106,* 107, 108, 109,
ill
‘Cliff House 16, 41%
Cloverly 67, 63 0, 71, 72,* 73, 14,75, 76, 77, 78, 19;
103
Coalmont. 51
Cockrurd 36
Codell 48; 49, 52, 53, 55, 59,* 79, 80
Cody 67, ?0 71“‘72 78 103
Colera.me 127
Colgate 110
Colorado 7, 8, 9, 49,* 52, 78, $7,98, 99, 100; 101, 102;
104, 105 106 107 108 109 !10 111
Corbett 7
Cosmos 102 (Note 66)
Crow Créck 87,.92*
Crow Creek (2d) 90 (Notehﬁl)
Currant Creek” 33

, 73, 74,
01, 92,

Cut Bagk, 102

Dakota 5, 6, 8, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 24293033 363738394041424344
4546474849505152535455575961
69, 8485 86 8?"‘88 91 92 93 94 95, 9699
11% 113 114, 115 118 119 121 122, 124 125
12

Dalton 135

Dawson 49

DeGrey 87, 91, 92

‘Del Rio 8

Denver.52

Dilco 11, 14,* 15

Drangy 6?.”’ 63, 65, 66

Eagle 68; 100 102 103, 104 105, 106:* 107, 108,
109, 110 11

Eagle Ford:8

Edwards 8

Elk Basin 103

"Elk Butte 87, 92+

Emery 36, 38 *

Ephraim 35, 62;* 64, 65, 66

Erjcson 69

Fairport 48, 49,52, 55, 59*

Fall River.60, 80, 81, 84 39:* 90, 110

Farmington ‘16 Y4

Farrer 39

TFavel 116

Ferris 74

Ferron, 36, 38*

Finlay '8

Fort Bénton 106

Fort Buchanan 1

Fori Crittenden1

‘Fort Hays 48; 53, 54, 55, 57, 59,¥84

Fox Hills 49, 50, 52 53 79, 80 81, 82, 90, 91, 92,*
11g, 111, 112 113 114

Fronher33 35, 40 63 64 66 67, 68, 69, 70, 71, 72,
73, 74, 75 ?6 77 78

letland 16 17 19, 41

Funk Valley 31

Fuson 60, 80, 81, 84, 85, 89‘90 110 .

Galisteo 18 '

Gallego 11

Gallupﬁ 11, 14,* 15

Garimon, 81 90 110

Gannett 35, 62 63 4, 65, 66

Garley’ Canyan 38

‘Gastropod 97, 100

Georgetown 8

besou 11, 14;% 15, 17, 19

(lance 1

Glencairn 48,* 49

Graneros, 19, 20 21,22, 24, 48,% 49, 52, 55, 59, 60, 80,
81, 828384858687899091 929394 1]0
114 122, 124

Greenhnm 19, 20, 21, 24, 48.* 49, 52, 55, 59,60, 78,
80, 81, 82, 83 84 85 86 87 89.90 91 92, 93 o4,
103, 310, 114" v

Gregory 87 91, 92*

Greybull 68 71 72 103

Groat 81 |

Hartland 48, 55, 59*

Haybro 47

Hayden Guich 47

Hell Creek 82, 90, 92, 103, 104, 105, 106, 107, 108,
109, 110, 111 112 113, 114

Henefer 35

Hn]demcés 47




' Mobridge 87, 91, G2* Ringbone 7
; Moily Gibson 1 Rock Springs 69
l Montana 99, 108* Rocktown 59
. 3 Mooument Hll! 81 Rocky Ridge 52
. l Morapos 47 Rollins 44
8 1 Morden 116 Rusty 67, 70
| Morita 1 Sdavedra 1
Mosby 108,* 109 Sage Breaks 75,76, 80, 81,*:89, 90
! Moulton 102 {Nate 66) Sage Hen 108
] Mount Garfield 43 St. Mary River 102
- Mournt Harris 47 Salt Grass 57
-5__,15"“_ AR e e o ot R e R ST S

Horsehead 6
Horsethief 102

.- Hosta 11, 15* 17 19
- Howells Ri

Hunter Canyon 43

: Hygiene 52

Tles*45; 46, 474

. Ind,lauola 31 32

", Interior 87, 91"‘ -

" Inyan Kara 80, 81" 89, 90, 110

Tron Springs 28 |
[anssen 59 i
. Jetmore 3%
Joserita 1
juana Lopex 16, 17, 18,* 19
[adith Rwerﬁ& 102 104 105, 106,% 107, 108, 109,
110, 1
' Ka.ipzi.r@wits 29,30*
+Keld 116
" Kelvin 34,% 35
O 'EKemmerer 64
Kiamichi 8
Kiows 24, 56 58,* 59
Kirttand 16 17, 19,41
Kogtenmg'f 98, 99 100 101 102 104, 105 106 107,
108, 109, 111
« Lake Creek 57
- Lakota .60, 80,.81, 84, 85, 89, 90,* 110

Ay gy

. Lance 47, 69, 70, 71, 72, 73, 77, 78, 79, 80,% 81
" Lander. 102 (Note 66)

Laramie 49, 50, 52 53,92

Larimer 52

. La Ventana 17,* 19

Lazeart 64

Lennep 104, 105*

Lewis 16, 1?' 19, 41;* 47, 60, 70, 73, T4, 15, 77

\v%, Lincoln 48 55 So*
ol %tcn Canyun 45
5 o Li

ton 99, 101*
v Lowell 1
- Lytle 48; * 40

MeDermott 16, 41*

. Maocos 5, 6, l]. 12, 14, 15 16 17 1§, 19, 33 36 37
38,39, 40, 41,% 43, 43, 44, 45, 46, 47
. Masuk 6
i Medicme Bow T4
7. Meeteetse 71,* 72
+ Menefee 16, 41"

. Mentor 61

Mesa Rica 22
. Mesaverdes 6, 11, 12, 14, 15, 16, 17, 18, 19, 33, 36,
3 38, 39, 40, 41 42 43 44 ‘45, 46, 47, 67,'6‘2 70,71

72 73 74 75 76, 77
Middle Creek 90 {Note 61)
Middle Park 51
Miguel 11
Miiliken 52
Milner 47
Misinewaste $9
Mitten 81

OREET " INDEX BY COLUMNS OF STRATIGRAPHIC NAMES.
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Mowry 67, 68 69, 70, 71, 72 73,74, 75,76, 17, 78,*

79 80, 81, 83

Muddy 67, 10, 71, 72 *73, 75, 76,777, 108, 109

Mulatto 15

Mural 1

Nefsy-81

Neslen 39

Newcastle 60, 78, 80, 81,* 3, 84, 89, 90, 11.0

Niobrara 19, 21 48 49 50 51 52,53, ,
60637374757677787980818233,
85, 86, 87,* 89, 90, 91,.92, 93, 103, 110, 112, 113
114 1!.5

North Horn 31, 32,'38*

Qacoma 87, 92"

(Odanah 116

Ohio Creck 44

Ojo Alamo 16 17

Omwadi 84, 86 87 88

Orman Lake 90

QOstrander 121

Qverton 26

Oyster Rjdge 35, 64*

Pacheta 1

Pajarito 22

Panther 38

Paoma 44

Parkrnan 68, 77, 78.*103

Patagoma 1

Peay 72

Pedregosa 1

Pedro 81

Pembina 116

Perilla 1

Pescado 6;* 11

Peterson 62,* 63, 63, 66

FPfeifer 59

Pictured Clifis16,*:17, 19, 41

Pierre 20 21, 48, 49 50 51 52, 53, 54, 57,78, 79, 80,
81, B2, 33 86 87 89 90 91 92*93 110 112 1].3
114 115 117

Pine Ridge 75

Piney 78

Pinkard 3

Pinto 28

Playas Peak 7

Point Lookout 16, 41*

Frice River 31, 32 38

Pryor 68, 103“‘

Pugnellus 48 (Note.43a)

Punta de ln Mesa 15 (Note IS)

Purgateire 20; 21, 22,'24, 48 * 49 55, 57

Quajote 1

Rail Canyon 21

Raton 21,* 48

Recreatmn 1

Red Speck 102

Richards 52

Riding Mountain 116

Rim Rock 40,* .45

O ) S

89 90 103 1.04 106 108 109 110

54, 35, 57, 59,
84

¥

'
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Sanpete 31
Sarten 7
Satan 11, 15%
Sego 39, * 43
Shannon T1* 18, %0
Sharon Sprmgs 48 52, 57;* 87, 89, 90; 91, .92
Shoshéne 50
Sixmile Canyén 31
Skull Creek 78,.80, 81,7 83, 84, 89, 90, 110
Skunk Ranch 7
Sracky Hil 48, 53, 54, 55, 57, 59,* 84
Senoita 1
‘Spring, Canyon 38
Star Point 38
Steele 73,* 74, 75, 76, 17, 78
Stonevzl}e Flats 90 (Note 61)
Storrs 38
Straight Cliffs 29, 30*
Sully 87, 92* .
Sulphur Ca.nyon 39
Sunburst 102
‘Siissex 78
Swan River 116
Téncredia 106
Teapot 73, 77*-
Telegraph "Creek 68, 100, 101, 102, 103*
Tepee Buttes 48, 49 53
Terra Cotta 59
erry 52
Thatcher 48
T}.:}cgrui%pohs 67,68, 69,70, 71, 72,273, 74, 75,76, 77,
Thﬂmpson Canyon 39
Timber Lake 92
Timpas 20, 21, 48, 49,* 32, 79
Tocita 16
Torchlight 72
Torrington 79 Y
Trail City 92 - oo
Trég Hermanos 11, 15,* 18
Trinidad 21, 48*
Tropic 29, 30*
Trout Creek 40, 45, 47*
Tueumeard 22
Tununk 36
Turner 81,* 89, 90
Tuscher 39
'I‘wentymﬂe 47 . ,
Two. Medicine, 100 101, 102*
Twowells 6
Tygee 62
Vanaita 102 (Note 66)
Verendrye 87, 91, 92*
Vermejo 21,* 48
Vermiﬁou—Ri\_ref 116

Virgelle 68, 100, 101,.102; 103, 104, 105, 106;* 108,

149
Virgin Creek 87, 91, 92*

Wahwesp.29, 30" .
Wall Creek 73 74,75, 76, TT,¥ 80
Warm Creek 109 .
Wasaich 35 : :
Wayan 62 ,
Weskan 57 :
Williams Fork 40, 45, 46; 47* -
Willow. Creek 90 (Note 61}
Windrow 128
Woodbing 8

"12. Bass, N,
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Fluorite solubility equilibria in
selected geothermal waters
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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, CaF,,
provides an equilibrium control on dissolved fluoride activity. Waters that are undersaturated have
undergone dilution 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 (1096), AG? (—280.08 kcal/mole), AH, (—292.59 kcal/mole), S° (16.39
cal/deg/mole) and C? (16.16 cal/deg/mole) for CaF, at 25°C and | atm. Association constants and
reaction enthalpies for fluoride complexes with boron, calcium and iron are included in this review.
The excellent agreement between the computer-based activity products and the revised pK suggests
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where major discrepancies are evident.

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/l) 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
mineral fluorite, CaF,, in several geothermal regions
of the western United States. With the use of high-
Speed computers, it is now possible to make a quanti-
Qative analysis of a possible solubility-controlled reac-
tion without laborious and time-consuming manual
Galeulations. The success of this approach is very
€ncouraging and should provide useful information
Or other geochemical surveys.

*Present address: Department of Environmental
Usefll\ces, University of Virginia, Charlottesville, VA 22903,
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that the chemlstry of geothermal waters may also be a gulde to evaluating mineral solubility data

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 rarely sur-
passes 1.6 mg/l, the maximum recommended conceir-
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
critena for dissolved fluoride. Although fluoride con-
centrations are generally below 20 mg/l 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 Eruis (1973) and
Ozawa et al. (1973). Under these acid conditions
fluorine would be present largely as aqueous HF,
HF; and SiFZ~, which would partially escape into
the air as HF and SiF, gases at atmospheric pres-
sures. Low and stable levels (0.5-1.7 mg/l) 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 al.,, 1973), as well as hot springs in
Nevada (MARINER et al., 1974a), Oregon (MARINER
et al., 1974b) and California (WILLEY et al., 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 (5) specific
conductance were tested. Acid 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 100-350°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 solubility
data with thermal water analyses can only be con-
sidered a qualitative indication that an equilibrium
solubility control exists.

- The solubility of fluorite as shown by the followmg
reaction:

Can(,) 7—": Ca(zaz) +2 F(-aq) . (l)

can be affected by temperature, pressure, ionic_

strength, particle size, polymorphism, complexing
capacity of the solution, and kinetic barriers. In order
to simplify the problem, we have assumed equilibrium
conditions with no particle size effects. The negative
log of the equilibrium constant, K, for reaction (1)
is: -

pK = —log K = —log(ac,2-)(ar-)?, ¥3]

which expresses the equilibrium concentrations in
terms of the activities of dissolved calcium (ac,».) and
dissolved fluoride (ar-). Since activities are used in-
stead of concentrations, 1omc strength effects are
taken into account.

Polymorphism is not a major difficulty because the

-crystalline alpha phase (x) of fiuorite is stable up to

1424°K (NAYLOR, 1945). Temperature effects are cal-

culated from the van t'Hoff equation:
dlogK _ AH,
d(/T) = 2303R’

()

where AH, is the partial molal reaction enthalpy, g
is the gas constant, and Tis the Kelvin temperature.
Pressure eﬁects.are determined from the rclationship;

dlogK A.V, :
dP T 2303RT’ @)

where AV, is the pai'tial"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 3
monofluoride complex:

Cajyy + Fig = CaF ) ©)

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

Mg(zn;) + F(:q) = MgF&q) . . (6)

Fejy + nFiq = FeFRlin = 123 )
AR} + nFay = AIFS M n = 123456, (8)

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

Another species which complexes with Fi,, is boric
acid and since the boron content of geothermal
waters occasionally reaches concentrations of 150

.mg/l (ELLis, 1967), these complexing reactions need

to be considered:

B(OH);(,Q) + YIF(:Q) _ BF,,(OH):—,,(nq)
. +(1—1)OHgy: n=1234.0)

Caicium ion also complexes significantly with car-
bonate and sulfate ions which can increase the solubi-
lity of fluorite. Complexing has the effect of reducing
free calcium and fluoride activities, thereby increasing
the tendency for fluorite to dissolve. The dissociation
constants for some of the above reactions as well as
enthalpy and heat capacity considerations are given
below in the discussion on thermodynamic data.
When complexing is accounted for, ‘the activity

product, AP = (ac,:-) (ag-)?, 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 i

a free energy difference, AG,, we have:
AG, = AG? + 2.303 RTlog (ac,:+)(ag-)? (10)

= —2303 RTlog K + 2.303 RTlog AP~ (11)

- 2.303 RT log (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 AG, = 0. . 4
The computations involving activity corrections,
temperature dependence, effect of complexing, and
degree of saturation can be easily made with available
computer programs. We employed the PL/I programs

WATEQ (TruespeLL and Jongs, 1974) for our com:

putations and EQPRINT and EQPLOT (J. W. Ball,
US. Geological Survey, unpublished programs) to
evaluate our results graphically. In brief, 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 unassociated 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
ionicstrength and activity coefficients are also corrected
on each iteration. Iteration is stopped when the sum
of the weak acids, 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 of the 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 activities 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
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Fig. 1. Log of the activity product for fluorite plotted as
a function of on-site temperatures for geothermal waters
of the western U.S. Letter symbols (see Appendix 2) rep-
resent different basins or regions. The solid line represents
the equilibrium solubility of fluorite from HELGESON (1969).

in Fig. 1 is the well-defined upper boundary to the
log AP values. This defines a limit proportional to
log (ac,:+) (ag-)* 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 AP 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, Cal,;, and Fg,, 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?*, AIF7, AIF and AIF; to which we
have added the values for BF(OH);, BF,(OH);,
BF,(OH)~, BF;, FeF*, FeF}, 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 sufficient
difference in the association constants makes it im-
possible to obtain any enthalpy information except

-for n = 4. We have estimated the reaction enthalpies

in the following manner, WAGMAN et al. (1968) give
free eriergies of formation for BF,(OH);, BF,(OH)~
and BF¢ 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 BF;(OH)™ and BF;.
A linear free energy relationship holds between the

" free energies of BF,(OH);7, BF4(OH)™ and BF; as

a function of the number of complexed fluoride ions.
Since the entropy difference between BF,; and
BF3(OH)™ is quite small, it should be safe to assume
that a linear relationship holds for the enthalpies as
well. By extrapolation, AG} [BF(OH);] = —303.05
kcal/mole, AHY [BF(OH);] = —342.20 kcal/mole,
and AH} [BF,(OH);] = —353.60 kcal/mole. Reac-

 tion enthalpies were then computed using the AHY

(F~] from this study and AHY [OH "] from WAGMAN
et al. (1968). In order to incorporate the distribution
of boron species 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.

Association constants for the iron fluoride com-
plexes [reaction (7)] were taken from unpublished
selected values.* Although enthalpies for reaction (7)
calculated from WaAGMAN et al. (1969) agree with
those listed in ASHCROFT and MORTIMER (1970) for
n =1 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 al. (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 different
investigations of reaction (5) both as a function of
temperature (up to 40°C) and ionic strength (TANNER
et al, 1968; Aziz and LyLE, 1969; ErLquist, 1970;
Bonp and HEerTER, 1971). All of the pK values at
25°C were plotted as a function of \/T and extrapo-
lated to zero-ionic strength to obtain a corrected pK.
Then the pK values for the same ionic strength were
plotted as a function of 1/7T 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 listed here in Table 1. ELLIs (1967) has sug-
gested that fluorosilicate complexing may be impor-
tant in geothermal waters. CADEK and MALKOVSKY
(1966) have shown that silicon fluoride complexes can
form in acid solutions, but under the neutra! condi-
tions we have selected, fluoride is not affected by silica
complexing.

Fluorite, CaF,(a)

Thermodynamic parameters for the heat content,.

heat capacity, entropy, enthalpy and free energy of
fluorite are available 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 reliability of the method
used. This task was greatly facilitated by the use of
the computer program made available by Haas
(1974). This program, PHAS20, carries out a simul-
taneous multiple 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. Sillén (1966) which
was made available to us by the courtesy of Dr. J. J. Mor-
gan. The values in the Hogfeldt and Sillén compilation
were selected from SILLEN and MARTELL (1964).

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

Cpi=a+26T+cT ™+ f;T + g, JT (13)

for a solid species, i, and

TH(T
Cpi=a,+20,T+¢;T" %+ f;T? - g‘—?—)

(14)
for an aqueous species, i, where

f(T)= o exp? (B + aT) + a exp(f + aT) (15)
20 1
+ 7exp(ﬁ +aT)+ il

a, by, ¢;, f; and g; are power series coefficients for
the heat capacity function, Cp;, T is the Kelvin tem-
perature, € is the dielectric constant of the solution
and o, B and 8 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. NauMov et al. (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 na experimental measurements,

_only a final AH? for CaF ,, which assumes that the

entropy change for their solid-state reaction:

CaO + MgF, = CaF, + MgO (16) §

is zero at 1200°K and which utilizes unevaluated
enthalpies for the other species. The high free energy

value reported by. SKELTON and PATTERSON (1973) was -

not used because of an internal inconsistency as
pointed out by CHATTOPADHYAY et al. (1975). Fur-

thermore, the latter authors report a AGY for NiF, :

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

Resction log K

BLOW3+F T BR(OW) -0.30 -6.11
BF(OH)  + F™2 BF, (0H); + ou” ~5.97 13.83
BF,(0H); + F~ 2 BF (GH)™ + OH" -7.96 13.43
BFy (GH)™ + P~ 2 BF; + OH” -7.39 13.43
Fo* 4+ F 2 Fer?t 6.20 2.70
FeF? + F- T For} 6.60 2.10
FeF§ + F~ 2 FeF} 3.20 0.60
ca®* + P 2 caF” 0.94 a1z

t See text for sources of data.

AN} (kcal/mole) 3
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Fluorite solubility equilibria in selected geothermal waters

. Table 2. Thermodynamic data compilation

62 H; s°
Species (keal wnle’l) (kcal mle“l) {ca) deg.l mle-l) Method Source
FI(B) [} [} 48,44 revised data Wagman, et al. (1968)
0 0 48.61 spectroscopy Moore {1972)
[} 0 48.45 calorimatric Noumov, et al. (1976)
0 0 48.438 calorivecric Hultgren (1973); chis study
c‘(a) [} 0 9.97 culorlm:rl.c Naumov, et al. (1974)
0 ] 9.902 calorimetric Hultgren (1973);this study
Cg‘(':q) -132.3 - - analytic fic Stull and Prophet (1971)
-132.1 -129.7 -13.2 calortmacric Naumov, et al. (1974)
-132.30 -129.74 -12.7 revised data Porker, et al. (1971)
-132.30 -129.72 -12.7 regresaion This study
snal.
Fz“) -66.64 -79.50 -3.3 revised data Wagman, et al. (1968)
-66.95% -_— —_ analytic fit Stull and Propher (1971)
. to H’(S)
=66.92 -79.79 -3.35 calorizetric Naumov, et al. (1974)
72“) (cont'd)— . -80.2 - calorimetric and Finch, et al. (1968)
eastimate
~66.62 -79.08 =2.7 regresaion anal. This study
Ca?z(n) - 16.46 calorimacric Todd (1949)
-280.48 =293 16.389 analytic fic Stull and Prophet (197%1)
-281.07 -293.58 16.46 analytic fit Naumov, et al. (1974)
- ~291.9 -~ calorimerric Finch, et al. (1968)
~-280.35 -292.5(cale.) 17.36(calc.) emf at high T Rezukhina, et al. (1974)
-279.00 -291.50 16.46 cvevised data Parker, et al. (1971)
-— -294.3 - enf at high T Vacher and Vecher (1967)
-278.85 - -— enf at high T Skelton and Patteraon (1973)
-280.08 ~292,59 16.39 regression enal. This scudy

Since NiF; is used as a reference electrode, it is clear
that its thermodynamic properties 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 precision
reported by the investigator except: (1) Topp (1949),
where the reported absolute error of +0.3% was used,
(2) Navior (1945), whose absolute error was esti-
mated at +19 (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 STRUBEL (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 of about 4 x 10~*M there should be
no significant changes in solubility from these effects.
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 yc,:» =
yr- = 1 except for the measurements of STRUBEL
(1965) for which activity coefficients were interpolated
from the data of KiELLAND (1937) and the values of
RoOBERSON and SCHOEN (1973) which were obtained
from ion-selective electrodes. By assuming stoichio-
metric dissolution and given the solubility of fluorite
as x mg/l of dissolved CaF,, then x = xc,2+ + Xxg-.
Since 2 moles of fluoride ion are produced for every
mole of calcium ion, then

x = (40)(Mc,:+)(1073) + (2)(19)(Mc,:+)(1077)
= (18)(Mc,2. )(107?)
and
Me,2- = x/[(78)(10"%)] and
Me- = 2x/[(78)(10"%)]. )
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Table 3. Fluorite solubility data at 0-350°C

1 (0 -log X_(pX} Marhod Befarenca
[} 10.72 conductivity Soblrausch (1908)
[ 10.01 colorinetyic (F7) Kasshov and Eokolova (1930)
10 9.78 colorimetric (F7) Rezskav and Sokolove (1930)
10 10.40 colorimetric Thrami, at.sl. (1971)

16 10.36 conductivity Rohlrausch (1908)

17 10.33 conduttivity oblrauech .(1908)

17.3 10.44 cooductivity Kohlrsusch (1908)

18 20.46 conductivicy Kchirausch {1504)

18 10.55 Hougnard (1931)

0 9.60 colorimetric (F} Katakov and Sokolove (1950)
20 10.31 colorinetric threns, et.ab (1971}

23 10,37 Swyshlyssv and Rdeleva (1962)
2% 8.27 titration Lingsne (1967)

23 .1 fon-aslective electrodes Robersen and Schoen (1973)
26 0.3 conductivity Kohlrsssch (1908)

25.6 10.46 conductivity Kohlrauech (1908)

10 0.3 colorimetric Tkrest, et.al. (1971)

40 10.41 conductivity Kohlrsusch (1908)

100 . 8.70 colarinetric (F~) Kazakov snd Sokolova (1950)
23 11.28 weight loss Strubsl (1963)

3 n.2 wvaight loss Strubed (196%)

26.% 1nn weight loss . Strubel (1963)

» 10,94 weseht loss Strubel (1983
50 10.70 weight loss Strubel (1963)
[} 10.54 veight loss Strubal (1963)
76,3 10.44 weight loss Strube) (1963)
86.3 10.43 weighy loss Strube) {1963)
98.3 10.44 weight lose Strubel (1983)

150 10.36 weight loss Srrubel (1963}

200 10.75 waight loss Strubal (1963)

230 10.95 veight loss Strubel (1963)

300 11.43 weight loss Strubel (1985)

50 11.67 walight losa Strubel (1963)

Thus

K = (M )M~ (reare )= )2
_ (4)(x)*(1072)?(0.905)(0.975)*
Bl (78)

= (x*(0.72)(107'%),

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

pK = 14.14 — 3log (x). (18)

The ionic strength has been assumed to be 0.0005.
These calculations are in agreement with the pK
values which KHODAKOVSKIY et al. (1968) calculated
from Striibel’s data without explanation of their
mode of calculation. '
The only determination of fluorite solubility. as a
function of temperature and pressure has been the
work of STRUBEL (1965) who approached equilibria
from undersaturation. These data were used in the
regression analysis and found to be consistent with
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-EDELEVA (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 characterize their solid phase, and IKRAMI
et al. (1971) titrated for calcium complexometrically
and titrated for HF in the CaF,-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 with those of STRUBEL
(1965).

The only available determination of fluorite solubi-
lity determined by titration or by supersaturation are
those of LINGANE (1967) and ROBERSON and SCHOEN
(1973), respectively. These values are among the high-
est recorded and are not in agreement. Particle size
effects 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 thermometric titrations of calcium
and fluonde solutions. ROBERSON and SCHOEN (1973)
found precipitates of fluorite (by X-ray diffraction)
when they supersaturated four natural thermal waters
with excess fluoride, but the precipitation 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 equilibrium 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.

Héat capacities

Accurate heat capacity data on crystalline, hom-
ogenous, puré solids are usually available over a wide
temperature range. Ionic heat capacities are not well
known, if at all. Values for the heat capacity of Caly,
Faq» and CaF,, at 25°C are compiled in Table 4
based on the following conventions (see CRiss and
CoBBLE, 1964): :

—g.u' = (19

Co.i(conv) = CY, (abs) — z,CY,. (abs) - (20) . §

Comp = JComv”*

"+ kC3 v~ atinfinite dilution, (21)

where 62'; is the standard partial molal heat capacity
for species i, (conv) and (abs) denote conventional and
absolute values, H* denotes the aqueous hydrogen
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Table 4. Heat capacity data (298°K, 1 atm)

%.1(“’“"
Specien (cat deg”! mole”h) Soarce
(N L Levis and Randall (1961}
-6 Gregory, ec. al. {1970)
-2 Criss and Cobble (1964)
[ERILE Misheheoko and Ponomacev (1952)
(+0.2) 5 Khodekovskly, ect.al. (1968);
Haumow, et. sl. (1974)
T ’ s Levis and Readall (19613
-23.3 Parker (1965): Vagmen, et al.(1968)
-29 Criss and Cobdle (1964)
(+4.8) Mtshchenko and Ponomarev (1932)
(=25.1) Dhodakovekiy, et. al. (1968);
Mawov, er. al. (1974)
ey 25.02 Todd (1949)
16.393 Stull and Prophec (1971)
17.0 Naylor (1945)
16.16 This Study
B ! Values in parentheses are discounted for reasons given
in the text,

ion, myx, is an electrolyte with v* and v~ denoting
the valence states of the dissociated ions, z; is the

absolute value of the charge on i, and j as well as

k are stoichiometric coefficients.

Certain published heat capacity values may be dis-
counted. MisCHENKO and PONOMAREYV (1952) based all
of their values on the erroneous assumption that
Contie- = Cla1- = 4C0m,cr- 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).
KHopakovskiy et al. (1968) have used Mischenko
and Ponamarev’s values for their reference state. At
present, we prefer to use the values of GREGORY et
al. (1970) for calcium and PARKER (1965) for fluoride.

The heat capacity 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 CoBsLE (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 will improve
its reliability and needs to be done.

* It should be noted, however, that from the data of
ELuis and Mawnon (1964) fluorite solubility is only valid
to 230°C..Above this temperature non-stoichiometric 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:

log K = 109.25 + 0.0024 T— 312098 T~!
—37631og T— 208847 T2 — 49
x (077 T2~ 2984 T2

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 thermodyna-
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 (4P/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-
pling technique, analytical procedures, complexes not
considered, and errors in the thermodynamic data,

o
-

N
g N
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x NN ”' U
g N N x
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4 =3 e 100

Temperature

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.
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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 Firchole River in Yellow-
stone National Park (Fig. 4). The log (4P/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.

(=)
-

tog AP/K flyorite

Q
7 1
1.0 1.6 £.2 g.8 3 ¥.0
log conductivity

Fig. 3. Variation in the disequilibrium index with the log

of the conductivity. The arrow cmphasizes 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. 1

hole River in Yellowstone National Park as a functioy

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 3
(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 Qld
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 more
contribution from hot springs and consequently §
higher log (4P/K) and conductance readings. In fact,
the lowest two ‘F” symbols have the highest discharge
of that group and the discharge decreases fairly con-’
sistently as one moves up the dashed line. The dilu-J
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 solubility;
Using conductivity as a guide to separate dilute sur
face waters from hot springs we examined a plot of]
log (AP/K) vs conductivity and found that at 800
#O/cm a break occurs which conveniently divides
the waters into two major groups. We then replotted
all of the log AP -values with conductivities greater
than 800 pU vs temperature in Fig. 5a along with
the revised log K which is shown by a solid line;
By plotting these same values in terms of the disequiy
tlibrium index (Fig. 5b) we find that 70%, of the geo
thermal water samples analyzed fall within the equi
librium boundaries (dashed lines) Most of the
remaining 30% lie in the undersaturated region and
may indicate hot springs which have mixed with
dilute ground waters while still maintaining their high
temperatures due to heating by rising steam. Th
may also indicate a low availability of fluorine %
of calcium. If saturation with respect to calcite E
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-}2.0

-j4.0

-16.0

(a)

1.0

€0  -1.0 0.0

g AP/K tluorite

-3.0

{b)

Fig. 5. (a

greater t

temperat

calculatec

plotted as
analys

reached .
centratio
suppress
Unfortur
solubility
AP value
ent time 1
resent ne
represent
alogic ar
available
tion of fi
sociated
One of
sented he
subsurfac
tely, only
able. Bor
fotherma



v
N N N N NN N“
N ]
N
.0
g ub & C) “100
“ire- Temperature
aon
the “
dis-
——
1 v 5 Nv ot '“MNN
A o
log k. _______N_:._D.__Nhﬁ'__%
ire- 4 a N N Nm N
old e " b
lize S © N
sin,” &1 H
dex 'z
vith Q
ole’ ™
ore
iy °.J
act, T
o ) ub 60 & 100
rge
on- L (b) Temperature
ilu- Fig. 5. (@) Log AP values for waters with conductivities
ot , Breater than 800 u(f plotted as a function of on-site
her ¥ temperature. The sohq line represents thg revised .log_ K
* calculated from equation (22). (b) Disequilibrium indices
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vity V-
ity. ¥ eached as a result of high dissolved carbonate con-
ur- . CeNtrations then calcium concentrations would be
:of E Suppressed and fluorite undersaturation could result.
800 F- Unfortunately, the temperature effect on the fuorite
des . Solubility curve is less than the variation among log
ted - AP values and therefore, it is not possible at the pres-
iter j St time to distinguish between values which may rep-
ith g Tesent near-surface equilibrium and those which may
ne. B CPresent deep, subsurface equilibrium. Direct miner-
jurr E alogic analysis of core samples is perhaps the best
€o  available method of determining the spatial distribu-
ui- Yon of fluorite which will affect its saturation in as-
the " Sociated water.
lpd One of the implications from the log AP data pre-
ith : Sented here is that fluorite must be present in the
igl:l Subsurface in these geothermal regions. Unfortuna-
ey - tely, only very limited drill core information is avail-
of able. BARGAR et al. (1973) have described several hyd-

fothermal minerals including fluorite from a drill core

located near QOjo 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 +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 western United States.

ELLis (1967) points out the common occurrence of
calcite at depth in hydrothermal regions and the im-
portance of this mineral in controlling calcium con-
centrations. By plotting log (4P/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
limits for fluorite and calcite provide a natural coatrol
on water composition, such that calcium, fluoride and
carbonate activities are interdependent. In Fig. 6b we
removed all of the low conductivity values (<800
pmhos/cm) from Fig. 6a and the remaining waters
plot in a group which clusters close to the intersection
of fluorite and calcite solubility. 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 calcite 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 (709%) which are in equilibrium
[for example, log (AP/K)pyome = 0.00 + 0.5] suggests
that either: (1) 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);

183




-

NN

ROR, 0P Ser xu- of

- —

<
v
g 6 ! é ™
g'r
e O )
£ - F gﬁ.; h" 'N,'J
g 1 PY “J".J‘?TTX’T ) i’f'ﬁhJN l
R AR A A
< g A s® Jg"%a’ Kl
5 L BP % dg Ty
) oI [ EOBJQ}?D * |T
! ° & ‘ b€ R WK
e d e |1
1
Q
o |
4o -3.0 *.0 1.0 0.0 @ 1.0
(a) 109 AP/K colcite
e
|
W N
______ I
o W NC N
o o UﬁN NJ VN
& Cz_ T T T l ‘
< | o |
33 N
g ] | ]
o ]
™ ‘ I
]
?
.0 3.0 -2.0 -1.0 0 0.0 1.0
(b) log AP/K calcite

Fig. 6. (a) The disequilibrium indices of fluorite vs calcite
show definite bounding conditions (6r the geothermal
waters of the western 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 intersection of
fluorite with calcite saturation which suggests that both
of these mmerals are equally nmportam in hydrothermally
active regions.

or (3) fluorite precipitation with steam loss and disso-
lution with dilution from ground waters are equilib-
rium processes as long as the temperature remains
sufficiently high for the reacuon 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 1096 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 effects of mixing geothermal
water with 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 |. PHVSICAL AND CHEMICAL CHARACTERISTICS gf M THE SAM
o
DATA PLOT NDISCHG TEMP SPEC TOT DISS Ko
' SET# CHAR DATE CUM/S DEG C PH COND  SOLIDS Ca MG § K
854 N 5/1/74 0,0 BR,0 7.4 2430 040 464,00 0,60 N 2640
856 N 5/1/74 0,0 96,0 7.6 631D 0.0 108,00 1.70 N 4240
asa N s5/1/74 0,0 58,0 7,2 908 0.0 60,00 15.50 &8 19,01
a6t N 571774 0.0 ®1.0 7,3 1450 0.0 75.0n  37.00 ‘BN 41 . O
4 869 N 571774 0.0 5640 6,3 1730 0.0 S3.0n0 35,00 4N 58,00
4 B7T0 N 5/1/74 - 0,0 98.0 9,0 1020 D0 1a00 E | 16400
e 1125 0 S/19/72 0.0 94.0 9,2 1920 1420.0 0490 g 45,0(
L 1126 O S/24/72 0e0 60,0 7.2  1R00 1300.0 3,30 25, 0%
" 1128 O 5z22/72 0.0 S56.0 6.5 1790 126040 25.00 47.,0¢
“ 1129 O 57/22/72 0.0 49,0 6,6 1900 1340,0 22.00 563,00
X 11163 N 5/1/74 0.0 52.0 6.8 1168 0.0 18,00 10.80
iR , 1166 N 571/T4 0,0 36.0 7.3 2410 0,0 16,00 31,00
A 1165 N 5/1/74 0.0 96 0 7,3 2020 0.0 14,00 28.00
i’ 1166 N 571774 0.0 76,0 6,7 4590 0.0 13.00 69,00
; 1167 N 5/1/7% D0 73,0 B.0 2490 0.0 0.90 0,10 35,00
@ ' 1168 N 5/1/74 0,0 68,0 7,3 2970 0.0 12.00 1,80 13.00
p . ' 1169 N S/1/7a 0.0 T78.0 8.1 810 0.0 3,70 0.10 3,90
B 1206 VvV S5/23/68 L 0.0 20.0 7.8 1430 985.0 139,00 48,00 34,00
3 , 1207 ¥V S5/11467° 0.5 92,0 7,7 1740 1240.0 156400 59,00 51,00
B . 1233 X 9/13/68 .« 0.0 2B,0 7.3 9R8' 6£99.0 21,00 2480 22,00
i 1132 N 5/1/74 0.0 74,0 6.5 810 0.0 33,00 6,80 22,00
i ; 1135 W S/1/74 0.0 92.0 7.6 1520 0.0 4460 g.10 25,00
5 1136 N S/1/74 0.0 93.0 7,1 1540 0.0 14,00 0,40 23,00
v 1138 N 571774 0.0 80,0 7,5 934 0,0 10,00 0.10 8.20
B : 113% N 5/1/74 0.0 BD,0 8,0 947 0.0 Betn B,70
i 1143 N 5/1/74 0.0 49.0 6,5 1530 0,0 45,00 4.90 N 34,00
1151 N S/A1/74 0.0 29.0 7,1 1040 0,0 36,00 .40 3% 20,00
i 1152 N S/1/74 0.0 77.0  B,5 3220 0.0 95,00 25,50 §1 80,00
1 . 1154 N 5/1/74 0.0 56,0 B.4 6200 0.0 260,00 0410 3 160.00
- ¢ 1155 N S/1/74 0.0 B6.0 7.1 7610 0.0 68,00 1,20 A 130,00 .
| 1156 N S/1/74 0.0 80,0 7.9 1800 6,0 31,00 4,20 4N 17,00
i 1 1157 N 5/1/74 0.0 94,0 . 7,2 3340 0.0 16,00 0,70 B 66,00
e 1160 N S5/1/74 040 qa 0 6,5 2570 0,0 38,00 7,80 8 36,00
- 1170 N S5/1/74 g0 74,0  T.7 1140 0,0 40,00 0.20 N 7.20
E 1172 N 5/1/74 0.0 78,9 7.3 1490 0.0 16,00 0.2¢ 3 11.00
. 1173 N 5/1/74 0.0 8A.,0 7.8 1376 0.0 8,80  0.10 S 9.00
" , 1176 N S/1/74 0s0 96.0 7,8 1i20 0.0 -13,00 g | “B,50
k' 1175 N S/1/74 0.0 43,0 8,4 1790 0.0 2.10 0.10 4,60
G 1176 N 5/177% 0,0 T71.0 7,6 4300 0.0 210,00 0.20 15.00
EA 1177 N 5/1/74 0.0 44.0 7,8 2830 0,0 225.00 0,10 6,30
N 1180 ~ N 5/1/74 0.0 63.0 7.4 1330 0.0 234,00 0.50 9.70
s E 1181 N S/1/74 0.0 60,0 7.6 1090 0.0 24,00 0.20 6,00
h 1182 N S/1/74 0.0 8740 7.3 1010 0,0 8.80 0,20 4 16,00
1 . 185 N 5/1/74 00 92.0 7.3 4030 0.0 100,00 1.30 . 31,00
' . 1183 N 5/1/74 0.0 52,0 8.3 1370 0.0  3.20 | 3.40
v 850 X 9/17/68 0.0 37.0 T.6 1330 949,0 18,00 1.90 31,00
| 851 V 5/26/67 0.0 4,0 8,0 1320 933.0 133,00 62.00 29.00
1130 O 5/20/72 0.0 58,0 7.5 1500 1000.0 15,00 0,490 22400
1131 0 ss23772 0.0 41,0 6,6 1630 1130,0 23,00 1.20 28,00
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THE SAMPLES PLOTTED IN FIGS: § AND 6b

- - - - - - HG/L - - - - - - - - - - - - - - f

K NA HCO3 cL S04 $102 F 8

30,00 416,00 735,00 200,00 96.00 110.00 B.40 10,60 :
26,00 450,00 114,00 380,00 470.00 180400 7.90 2,40 y:
6.50 190,00 111,00 126.00 111.00 115.00 16430 0.89 - |8
42,00 1480,00 90,00 2200,00 190.00 170.00  S.00 15,00 L

39,00 120.00 488,00 16,00 72.00 65.00 1.9¢0 0,70 i
31,00 300,00 1135,00 27.00  32.00 105.00 7420 0,89 i
22.00 130n00 432090 lh.OO R0.0D h0.00 5‘20 0.6? ) . .
41,00 390,00 1180,00 40,00 18,00 84,00 7,20 0,77 ‘
58,00 230,00 913,00 1.00 7,00 67.00 6.60 2.10 ;
16,00 230,00 321,00 69.00 130,00 320.00 17.00 2,10
45,00 390,00 450,00 280,00 130,00 340,00 12,00 15,00 3
B

25.00 380,00 4p6,00 250,00 120,00 300.00 11.00 13.00
37,00 310,00 828,00 150.00 68,00 250.00 4460 Te70 . 1

43.00 400-00 8&5100 1?0.0“ b9.00 240.0" “.BD 3.80 “}

10,80 270,00 439.00 24,00 204.00 105.00 12.80 0489 14
31,00 500.00 420,00 300,00 350,00 190.00 9.00 16,60 1
28.00 450,00 374,00 250,00 434.00 160.00 T.20 15,00

69,00 960,00 1196.00 780,00 220,00 120.00 10.20 30,00 P
35.00 550400 774,00 260,00 230,00 200,00 16.0¢ 10.50 . _F

3.90 170,00 202,00 79,00 86,00 83,00 9.00 7.90 . it
36,00 B2.,00 243,00 107.00 411,00 40,00 1.80 2.10 ‘ .
51400 117.00 208,00 149.00 547.00 48,00  2.40 3.20 c#
22,00 201.00 S28,00 57,060 15,00 113.00 6.20 0,90 -8
22,00 130.00 429,00 18,00 56400 66,00 1.80 1,10 s

4,50 180,00 281.00 59,00 120,00 105,00 10,00 1.80 EE;
25.00 320,00 436,00 160,00 130,00 160.00 14,00 6490

23,00 330,00 495,00 160,00 120,00 150400 12.00 7.50
B.20 180,00 156,00 47,00 230,00 150,00 6,80 2,10
8+70 1R0,00 139.00 4B,00 220,00 160.00 Te10 2.50

36,00 200.00 &72,00 22,00 S1.00 77.00 4,70 2,60

36,00 250,00 813,00 29,00 110.00 80,00 4,80 2,30 ¥0,
16,00 305,00 1312.00 A7.00 597,00 46,00 Ta40 2,30

20,00 180,00 374,00 40,00 150,00 110,00 7.80 1,90 =
80,00 S40,00 S44,00 770.00 51,00 150,00 5,70 1,80 b
13,00 160,00 366,00 29,00 53,00 135,00 7.80 1.20 - 4
160,00 1100,00 24,00 1900.00 340,00 110.00 3.00 6,10 =2
130,00 1400,00 B3,00 2200,00 400,00 165,00 %450 9,90 ¢
17.00 340,00 458,00 240,00 46,00 A2.00 7.00 1,90 N o

66400 680,00 364,00 837,00 73,00 270,00 210 47.00
7410 300.00 56400 430,00 140,00 81,00 1e40 2,60
36.00 610,00 1710,00 S0.00 13.00 B82.00 3.98 15,00
T+20 190,00 53,00 S59.00 600,00 98,00 1.20 1.00 i
11,00 280.0¢ 153.00 240.00 200,00 180,00 4.90 13,60 :
9.00 280,00 232,00 170,00 240,00 130400 .40 11,20 i
“B450 210,00 79,00 120,00 260,00 140,00 4ok 6.90 ;
4,60 139,00 406,00 280,00 120,00 . 94400 2.20 6,90 i
15,00 690,00 17,00 1300.00 170,00 96,00 1.20 6.40

6,30 392,00 19.00 788.00 260,00 50,00 0:80 S.10

9.70 240,00 160,00 140,00 290,00 110,00  4.80 6,60

6,00 200,00 161,00 55,00 290,00 170,00 4,70 4,70 -
16,00 190,00 198,00 120,00 120,00 180,00  G.60 4,10 et
31,00 720,00 142,00 1300,00° 140.00 83,00 3440 4410

7400 190.00 26,00 77.00 400,00 80,00 1.20 2,20

3,40 325,00 493,00 155,00 34400 104,00 21.00 2,60 - {‘ i
3,00 293,00 748,00 67,00 14,00 148,00  6.80  1.00 N
29,00 58,00 333.00 60,00 393,00 31,00 220 0,87 [

2,00 310,00 516400 170,00 81,00 150,00 7.50 7.90 PR

28,00 320,00 685,00 1Y50.00 59,00 205.00 4,60 8,10 ' B
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APPENDIX 2. DESCRIPTION AND SOURCE OF SAMPLES PLOTTED IN FIGS. 5§ AND 6b b
K
DATA SET Eg; SAMPLE SOURCE REFERENCE
1124 [} CA, Long Valley, Hot Spring, Litrle Hot Creek, 3S/28E-13ES3 Willey, et al., 1974
854 N NV, Churchill Co., Lee Hot Springs Mariner, et al.,1974s
85% R RV, Churchill Co., Dixte Valley Hot Sprimgs . "
856 N NV, Churchil}l Co., Flowing wvell in Stillvater "
858 N NV, Elko Co., Hot Hole "
B64 ] NV, Elko Co., Unnamed hot apring near Wells "
865 ] NV, Elko Co., Unnamed hot spring (Wild Horae Reserveir) ". 3
867 N NV, Elko Co., Hot Sulfur Springs " :
869 N NV, Eureka Co., Hot Springs Point -
870 N NV, Eureks Co., Beovawe Hot Spring " “'
1125 0 CA, Long Valley, Geothermal Well Hagm-kgchle 5, 35/2BE-32ES5 Willey, et al., 1974 o
1126 0 CA, Long Valley, Hot Bubbling Pool, 35/2BE-33ES1 " ', '
1128 0 CA, Long Valley, Hot Spring, 35/29E-21KSl "
1129 0 CA, Long Valley, Hot Spring, 38/29E-2BHSI " _
1163 N ‘OR, Horney Co., Unnamed hot npring' (Trout Creek) Mariner, et al., 1974b
1164 N OR, Harney Co., Hot Lake " b (!
1165 N OR, Harney Co., Unnamed hot spring (near Hot Lake) ° o
1166 N OR, Harney Co., Alvord Spring (Indian Spr) " !
1167 N OR, Harney Co., Mickey Springs ” :
1168 R OR, Harney Co., Unnamed hot spring (near Harmey Lake) " 4
1169 N OR, Harney Co., Crane Hot Springs " ‘
1206 v WY, Yellowstone Rat'l Park, discharge from Jupiter Terrace, Cox, 1973 ."
Mammoth Hot Springs 3
1207 v WY, Yellowstone Nat'l Park, Hot River, near Mammoth " . )i
1233 X WY, Yellowsrone Nat'l Park, Madison Junction } " .
1132 ] NV, Humbolde Co., Unnamed hot spring, near Golconda Hariner, et al., 1974 -
1133 N NV, Humboldt Co., Double Hot Springs ' “ = ;
1135 [ NV, Humboldt Co., West Pinto Hot Spring (well) " AN
136 N NV, Hucboldt Ce., Esst Pinto Hot Spring " 4 |
1138 ] NV, Humboldt Co., Flowing well near Balcazar Hot Sprimg " :
1139 L} NV, Humbolde Co., Baltsrzar Hot Spring " " s
1141 ] NV, Lander Co., Spencer Hot Springs " 1
1143 N KV, Lander Co., Buffalo Valley Hot Springs "
1145 N NV, Miperal Co., Sods Springs "
11851 R RV, Pershing Co., Unnamed hot epring (Jerpey Valley) "
1152 N NV, Pershing Co., Kyle Hot Springs " ?
1153 L} RV, Pershing Co., Leach Rot Springa " 2
1154 N NV, Vashoe Co., Stean Ceyser (Needle Rocks) " !
1155 ] NV, Washoe Co., Great Boiling Spring " b
1156 N NV, Washoe Co., Flowing well near Gerlach " .
1157 N * NV, Weshoe Co., Stesmbost Springs "
1159 R OR, Clacksmas Co., Austin Hot Springs Mariner, et al., 1974b
1160 ¥ OR, Grant Co., Weberg Hot Spring " .
1170 N OR, Klamath Co., Olene Gap ‘Hot Springs " s
1172 N OR, Lake Co., Crump (Charles Crump's Spring) "
1173 N OR, Lake Co,, Berry Ranch Hot Springs "
1178 N OR, Lake Co., Bunters Hot Springs -
1175 R OR, Lake Co., Surmer Lake Hot Spring "
1176 N OR, Lane Co., Belkap Hot Springs "
1177 ] OR, Lane Co., Cougar Reservoir Hot Spring "
1180 N OR, Malheur Co., Unnamed hot spring (near Riverecide) Mariner, er al.,1974b
1181 1] OR, Malheur Co., Beulah Hot Springs " 4
1182 N OR, Malheur Co., Naal Hot Sprimgs " \
1185 ] OR, Marion Co., Breitenbush Hor Spring "
1187 N OR, Union Co., Medical Hot Springs . " !
1189 ¥ OR, Wasco Co., Kahnseta Hot Springs (Kah-Ne-Tah) " -
850 X WY, Yellowstone Rat'l Park, Madison Junction 3 Cox, 1973 '
851 v WY, Yellowvstone Nat'l Park, Mammoth 1 "
1130 ] CA, Long Valley, Hot Spring, 3S/29E-31AS1 Willey, et al., 1974
1131 0 CA, Long Valley, Hot Spring, 35/29E-34KS1 "
[
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FIG. 1-Geologic and geomorphic provinces of
western U.S. High lava 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
I 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
East Pacific Rise extends toward the continent
and the Gulf of California. It continues northwes-
terly up the gulf, offset at intervals by northwest-
ending transform fracture zones. Exploratory
Work on the floor of the gulf indicates that the
fise is hot. Elders et al (1972) projected the rise
Onshore through the Cerro Pricto field and
through some boiling mud pots across the border
Into California, where it is offset by continental

transform” faults such as the San Jacinto. It
continues to the Salton Sea and is the source of
heat for the Niland geothermal brine field. Just
Rorth of this field the rise intersects the San An-
dreas fault. Menard (1964), Wilson (1970), and
AtWatgr (1970) have made further postulations
reg«'grdmg the northerly continuation of the East
acific Rise.

A trench is believed to exist along the edge of

¢ continental shelf north of the Mendocino
i;aCture zone parallel with the Oregon and Wash-
08!0n coastline (Silver, 1971). This trench is pro-
Posed as an active current subduction zone. The

cade Range, with its numerous recently active

Geothermal Potential of Western United States
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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,

BN QUATERNARY volcaNics
3 TERTIARY VOLCANICS

MESOZ0IC GRANITE AND
ASSOCIATED METAMORPHICS

B FRANCISCAN FM(IURASSIC)/
.

CALDERAS AND RECENTLY
ACTIVE VOLCANOES

FIG. 2-Distribution of volca..
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L MEXICO

o HOT SPRINGS
o EXPLORATORY WELLS ORILLED
O COMMERCIAL FIELD
— FAULTS
FIG. 3-Hot springs and faults. Most springs with
temperatures over 50°C are shown. In places several
springs arc combined becausc 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) southern Nevada and southern 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. This 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 I) represent areas where phe-
nomena such as boiling hot springs, shallow test
holes, or hydrothermal alteration indicate that the
chances for geothermal 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 /

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—The 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 world’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-
leurn Co. The objective was oil and gas believed
to be trapped in the Rio Grande graben in Paleo-
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&

AREAS VALUABLE PROSPECTIVELY
FIG. 5-Promising geothermal areas of western U.S.
(after Godwin et al, 1971). '

zoic beds truncated updip by the core of the
Valles rhyolite plug, but drilling encountered hot
water and steam. Union Qil 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 drilted below 1,500 m and only
4 have been drilled below 3,000 m. Several deep
Wwells have been drilled for oil and gas in areas of
interbedded sedimentary and volcanic rocks with
2 high heat flow. In addition, hundreds of shallow
(less than 100 m deep) water wells, mainly in Ida-
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ho, Oregon, and California, 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 exploraiion 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
(150-225°C) fluids with heat-exchanger tech-
niques.
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