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UNCONFORMITY BETWEEN GNEISSIC GRANODIORITE AND OVERLYING
YAVAPAI SERIES (OLDER PRECAMBRIAN), CENTRAL ARIZONA

By P. M. BLACET, Beltsville, Md.

Abstract.— Granodiorite older than isoclinally folded schists
of the Yavapai Series is uniquely exposed in the core of an
upfaulted anticline at Brady Butte southeast of Prescott, Ariz.
A folded unconformity at the base of the Alder Group of the
Yavapai Series is well exposed in an area of about 3 square miles,
providing the only known exposure of the depositional contact
between the older Precambrian Yavapai Series and a still older
basement. The herein named Brady Butte Granodiorite pre-
dates the Mazatzal revolution, during which the overlying Alder
Group was metamorphosed, and represents a plutonic event
older than any previously recognized in Arizona.

Detailed geologic mapping has revealed the occur-
rence of gneissic granodiorite unconformably below the
older Precambrian ! Yavapai Series (Yavapai Schist of
former usage) in the Bradshaw Mountains, Yavapai
County, central Arizona. The granodiorite is exposed
along a high ridge approximately 15 airline miles
southeast of Prescott and 6 miles southwest of Mayer
(fig. 1). This gneissic granodiorite is well exposed at
Brady Butte, the most prominent geographic feature in
the area, and the name Brady Butte Granodiorite is
here introduced for this unit. A continuous section
through the granodiorite is provided by the canyon of
Wolf Creek immediately northeast of Brady Butte;
this area serves as the type locality of the formation.

The unconformity between the gneissic granodiorite
and basal arkosic metasedimentary rocks of the Yavapai
Series represents a major break in the stratigraphic rec-
ord of the older Precambrian in Arizona. This uncon-
formity is marked by a coarse basal conglomerate that
contains large subangular blocks of gneiss indistinguish-
able from the underlying Brady Butte Granodiorite.
The unconformity is exposed in an area of less than
3 square miles, and is the only known exposure of the
depositional contact at the base of the Yavapai Series.

1 The age designation ‘“‘older Precambrian’’ has only local significance, and is used
in Arizona to distinguish older metamorphic and plutonic rocks from the overlying,

unmetamorphosed *‘younger Precambrian’ sedimentary rocks of the Apache Group
and the Grand Canyon Series.

The Brady Butte Granodiorite represents part of an
ancient basement upon which the older Precambrian
schists of central Arizona were deposited.

The Yavapai Series consists of metamorphosed sedi-
mentary, pyroclastic, and other volcanic rocks, which
are largely included within the greenschist facies. In
the Jerome area, Anderson and Creasey (1958, p. 9)
have divided the Yavapai Series into the Ash Creek
Group and the Alder Group, and have recognized about
a dozen formations on the basis of relict textures and
structures. In keeping with their usage, the prefix
“meta’” has been omitted from descriptive terminology
used for these older Precambrian rocks.

STRUCTURAL SETTING

The Brady Butte Granodiorite is exposed in the core
of a major faulted anticline that plunges gently north-
northeast, and that trends approximately parallel to
the strike of foliation in the granodiorite and in the
overlying Alder Group (fig. 1). The surface trace of
the unconformity between the granodiorite and the
Alder Group has a general northwest trend, where it is
well exposed along the northeastern wall of the canyon
of Wolf Creek for a distance of about 2 miles down-
stream from the confluence with Little Wolf Creek.
North of Brady Butte, along Wolf Creek, the uncon-
formity has been tightly folded, with attenuation of the
fold limbs evidenced by flattening and elongation of
cobbles in the basal conglomerate. The Brady Butte
Granodiorite was mylonitized in the area of tight
folding.

Southeastward from locality 46, about 0.8 mile north-
northeast of Brady Butte, the folds rapidly diminish in
amplitude, and relict sedimentary textures and struc-
tures are remarkably preserved in the conglomerate
and arkose above the unconformity; the granodiorite
beneath is only slightly foliated. The intensity of de-
formation increases rapidly northeastward away from

U.S. GEOL. SURVEY PROF. PAPER 550-B, PAGES BI1-B5

B1



STRUCTURAL GEOLOGY

B2

papro} oys suoie Furddns £q poeoIpur ST 93BISWOISUOD [BSBQ PIWIOJED 9y} JO UOHINIISI(T

' £yTaII0JUOdUN
‘UOTIBULIO] YOINE) $BXOJ, BUIL[I9A0 9} PURB 9}LIOIpOURIY) 930y

Aperig o1ss1OUT oY} weamteq Ajlwiiojuosun Sy} FunwIsnl ‘euoziry Jenued ‘Ajuno)) redearxy ‘woiw ajmng Apwvlg oY) jo dew o180[008 pezlrIoOUL)—'] TUADIL

£9-1961 199815 "W 'd 4q £50|039

I
S3TNW ¢ 1 o]

sis[eue [epow JI0J pasn
apdures Jo JoquNyu pue U0\ BI0]

mwﬁ®

sis[eue [2dIWIaYD 0] pasn
ordures 30 IPqUINU pue UOI3e0

]
oy

aanyonns mofd jo
doy pue eyLns aewixoiddy

s

uoneloy jo dip pue SIS
~or

spaq peuanjasao jo dip pue oqLIIg

Ko

spaq yo dip pue 9qIg
59

Eliiplali]
Burdunid jo sixe arwixorddy

<+
oz

2p1s umoLyuMop ‘qQ [9prs
WOLYIEN ‘(1 UMOUY IAIYN UMOYS
JUAWBAOPY  PIJDIIUOD 3AIYM POFIOP
! payvooy Aparpwrrosdd aLaym paysvq
| ned

N

Papoo] Apapwrrosddn a49ym PayYsnq
10B3U0))

VNOZIGV

uaznmcmmo

ji0dos g
30 vAJY

NVIYENYO3dd

(D A¥VYELYTL

/\
SoN
899 i~

A
/\\\ A

2

smory

ﬁ

SMO[J }[BSB( U0 BWLIOY AdYIH

v > N
> UL »
4 Y A

NOILVNVIIdX3

F T T~—
AN :
RSN
TS
SHEERIN
. 20y N
3050
> .
@WV\\Q
B

Sny augnjofiy.e
Pappaq puv *(830p) 210.L2uUL016U0D
108DQ ‘9)D]8 ‘BU0CIEPUDS IISOYLY
UOIIRULIO YI[NE) SBXI],

DL0BAG USIPUD ‘GUIS

Jfna 1038A40 1320Dp YOWS

0flyL PUD NPISIPUD PIPPRq ‘NUS
SOUEBI[0A UreUnol pndg

oryeseq sdIUed0A 3ury uoay

ﬁ 28010018010 PIZIRIANSENDS PUD
2121009 PIZYISALIDL YRUN DV8S1IUD

sjuolpourLy) Mng Lpeag

Srg

soleg redeae Av_m dnous J9p[y

J

(3) oudo0u g

Yy L

VDSt

t 7739 3n7g
7

@

A

2N o
{'\\mw/&».&%sm 48
78
v
S

ST.C11



BLACET

this segment of the unconformity. The remarkable
preservation of the rocks near this part of the uncon-
formity indicates that this small area was shielded from
the stresses that intensely deformed the adjacent rocks.
This small region of low strain directly overlies the
relatively undeformed interior of the granodiorite core,
which apparently acted as a rigid block deflecting
tectonic stresses during metamorphism.

Except where the unconformity is exposed north and
northeast of Brady Butte, the contacts between the
Brady Butte Granodiorite and the overlying Texas
Gulch Formation of the Alder Group are steeply dip-
ping, north-northeast-trending faults.  The fault
bounding the granodiorite on the west either dies out
northward, west of Brady Butte, or diverges from the
contact and is undetected within the schists of the
Texas Gulch Formation. The fault east of the grano-
diorite has a left-lateral separation of about 1% miles,
where it offsets the shear zone constituting the contact
between the Texas Gulch Formation and the Iron King
Volcanics.

The anticlinal block, consisting of the granodiorite
and overlying sedimentary rocks, has apparently been
squeezed upward along two shear zones which bound
the Texas Gulch Formation on the east and west. The
displacements on these two major faults are unknown,
but the minimum stratigraphic throw along the eastern
fault probably exceeds 10,000 feet. Structural and
stratigraphic relationships within the isoclinally folded
Alder Group suggest that the upfaulted anticline has
been elevated several miles with respect to the adjacent
volcanic rocks. FErosion has breached the anticlinal
core at Brady Butte, providing a unique exposure of the
ancient basement beneath schists of the Yavapai Series.

South of the map area (fig. 1), the Brady Butte
Granodiorite is truncated by large plutons which are
intrusive into the Alder Group. Northward, the Texas
Gulch Formation, crudely defining the anticlinal axis,
narrows to form a schistose belt several hundred feet
wide and disappears beneath Tertiary sedimentary
rocks about 10 miles north of Brady Butte (C. A.
Anderson and Blacet, unpub. data).

The summit of Brady Butte lies approximately along
the axis of the anticline, and a thin cover of arkosic
sandstone and the basal conglomerate is draped over
the northern shoulder of the butte, between the summit
and locality 46 (fig. 1). The unconformity near the
summit of Brady Butte is 1,100 feet above its altitude
in the canyon of Wolf Creek, indicating that here the
anticline plunges approximately 28° north-northeast.
Axes of the minor folds in the overlying Texas Gulch
Formation generally plunge approximately parallel to
the main anticlinal axis.

B3

BASAL CONGLOMERATE

A remarkable exposure of boulder conglomerate lying
directly on the Brady Butte Granodiorite is found
1,000 feet east of the summit of Brady Butte, at an
elevation of 6,000 feet. In most places the conglomer-
ate above the unconformity is less than 10 feet thick,
but here its thickness is more than 30 feet. Well-
rounded cobbles and boulders of leucocratic granophyre
as much as 18 inches in diameter are abundant and are
mixed with even larger subangular gneissic blocks in-
distinguishable from the underlying granodiorite (fig. 2).
Clasts of chert, argillite, siltstone, and quartzite are
also abundant and are commonly flattened or elongated,
contrasting with the tough nearly spherical granophyre
clasts, which have apparently escaped shear deforma-
tion by rotation within the schistose matrix. In the
attenuated limbs of the tight folds, north of Brady
Butte, the length-to-width ratios of the deformed
clasts are commonly as high as 8:1, with the granophyre
clasts retaining their original sphericity.

The matrix of the basal conglomerate is poorly sorted
arkosic sandstone with angular to subrounded relict
grains of quartz, plagioclase, and microcline. Musco-
vite is the predominant metamorphic mineral, but
green biotite is abundant. Foliation is generally ap-
parent and is nearly paralle] to the long dimension of
deformed clasts, to the foliation in the gneissic blocks,
and to the foliation in the Brady Butte Granodiorite.

The basal conglomerate, although widespread, is not
evenly distributed along the unconformity, and may
have been deposited in channels and depressions on the

F1GurE 2.—Boulder conglomerate at the base of the Texas Gulch
Formation exposed on a high spur 1,000 feet east of Brady

Butte. The compass rests about 5 feet stratigraphically above
the Brady Butte Granodiorite. Light-colored, well-rounded
granophyre and felsite clasts are in a schistose matrix of poorly
sorted arkose. The compass points to a large angular block
of gneissic granodiorite indistinguishable from the Brady
Butte Granodiorite.
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ancient erosion surface beneath the Alder Group.
Southeastward along the main trace of the uncon-
formity, north of Wolf Creek, the basal conglomerate
gradually diminishes in thickness and clast size. North
of locality 50 (fig. 1) it is a pebble conglomerate 3 feet
thick, which grades southeastward into coarse-grained
arkose. East-southeast of locality 50 there are a few
probable remnants of a Precambrian weathered zone
several feet thick at the top of the Brady Butte
Granodiorite.

BRADY BUTTE GRANODIORITE

The granitoid basement beneath the Yavapai Series
in the vicinity of Brady Butte has undergone varying
degrees of alteration and deformation. On the west
flank and north of Brady Butte, the granodiorite has
been mylonitized, with intense granulation of the
altered plagioclase and preferential preservation of
quartz augen. In general, the Brady Butte Grano-
diorite is somewhat gneissic with a medium- to coarse-
grained hypidiomorphic-granular texture. In the field
it is characterized by the fine-grained granular biotite,
which occurs in crudely oriented patches, and by turbid
plagioclase, which is sometimes difficult to distinguish
from granulated quartz. The freshest and least de-
formed rocks are found along watercourses in the in-
terior of the anticlinal core. Recrystallization of the
original plutonic mafic minerals is thorough, so that
ragged crudely lenticular patches of olive-green biotite,
with lesser amounts of epidote, sphene, magnetite, and
muscovite constitute the present mafic and accessory
constituents. Quartz occurs as large, strained or re-
crystallized patches which, like microcline, are inter-
stitial to subhedral plagioclase. The plagioclase is in-
variably altered to a turbid aggregate of clinozoisite
and sericite in an albite base; some calcite is present.
Twinning is largely obscured by saussuritization and it
is impossible to determine the original composition of
the plagioclase. Modal analyses of four relatively
fresh and undeformed samples of the Brady Butte
Granodiorite plot near the center of the granodiorite
field on a triangular diagram (fig. 3). Modal analyses
were made by point counting polished slabs which were
stained for both plagioclase (albite) and potassium
feldspar. The average mode of these 4 rocks is as
follows: quartz, 27.2 percent; microcline, 15.6 percent;
saussuritized plagioclase, 44 percent; and total mafic
and accessory minerals (largely biotite), 13.2 percent.

Chemical analyses of mylonitized and of relatively
undeformed Brady Butte Granodiorite are presented
in table 1. The mylonitized sample (No. 46, fig. 1)
was obtained from a fresh exposure along Wolf Creek,
approximately 200 feet stratigraphically below the
unconformity. Sample 356 represents relatively fresh,

STRUCTURAL
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Figure 3.—Diagram of modal analyses of the Brady Butte
Granodiorite. Length of the inclined lines represents per-
centage of essential constituents (mostly biotite) not otherwise
indicated on the diagram. Numbers refer to sample locations
plotted on figure 1.

TABLE 1.—Chemical analyses and molecular norms of Brady Butte
Granodiorite
[Analyzed by X-ray fluorescence supplemented by methods described by Shapiro

and Brannock (1962). Analysts: Paul Elmore, Sam Botts, Gillison Chloe, Lowell
Artis, and H. Smith]

Sample (field No.)
Constituent or normative mineral
46 356
Chemical analyses

Si0g 70.5 70.8
AlLO, ... 14. 4 15.1
F8203 _______________________________ .84 1.0

1510 2 1.6 1.6
MgO. .. 1.2 .75
CaO_ e eio-- 2.0 1.7
NayO_ e 4.0 3.7
KO .. 3.2 3.3
H, 0 e . 06 .13
H, Ot .- 79 78
Ti0, . e 21 24

90 . .09 31
MnO_ e~ 07 06
COp ... 1.0 12

Molecular norms

Quartz___ . ___ . _____ 29.7 31.6
Orthoelase . . _ . _ . ___ ... 19.1 18. 8
Albite_ - _ o ______ 36.2 34.0
Anorthite___________________________ 3.1 5.3
Corundum__ ________________________ 3.5 4.1
Magnetite_ ____ . _____ . _____________ . 88 1.0
Ferrosilite_______ . __________ 1.6 1.5
Enstatite_ _ ______________ .. _______ 3.3 2.1
Ilmenite_ . ___________ . _____ .30 .34
Apatite. .- _ . l_____._ .18 . 67
Caleite. - _ . ieeoo- 2.5 .50

46. Mylonitized granodiorite, on Wolf Creek 1 mile north of Brady Butte; lab.
No. 163347

356. Undeformed' granodiorite, on Tusecumbia Creek 4 miles south of Brady Butte;
lab. No. 163348.
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undeformed granodiorite collected 5 miles south of
locality 46 (fig. 1). Molecular norms, calculated by
Barth’s (1962) modification of the Niggli method, ac-
company the chemical analyses. The chemical analy-
ses of these two contrasting samples of Brady Butte
Granodiorite are similar, indicating that mylonitization
was not accompanied by significant changes in bulk
composition. Addition of CQ, in the mylonitized
phase is the most apparent chemical variation and
reflects the abundance of calcite, commonly occurring
as granular fringes along the boundaries of albitized
plagioclase augen.

AGE OF THE BRADY BUTTE GRANODIORITE

Geologic mapping demonstrates that the gneissic
granodiorite at Brady Butte lies unconformably below
the Texas Gulch Formation, which is the oldest forma-
tion in the Alder Group of the Yavapai Series. The
bulk of geologic and radiometric data on the older
Precambrian of Arizona suggests a widespread regional
metamorphic and plutonic episode about 1,700 million
years ago. This orogeny, named the Mazatzal revolu-
tion by Wilson (1939), is the most intense and wide-
spread metamorphic event recorded in the geologic
history of Arizona. The type locality of the Alder
Group is in the Mazatzal Mountains about 60 miles
east of Brady Butte (Anderson and Creasey, 1958,
p- 20). Recent U-Pb isotopic work on zircon from the
older Precambrian complex of the Mazatzal Mountains
gives the age of rhyolite in the Yavapai Series as
1,7154+15 m.y., and that of postdeformational granite
as 1,6604+15 m.y. (Silver, 1965). These ages place
the date of the type-Mazatzal orogeny within the
interval 1,660 to 1,715 m.y., which corresponds to the
age of metamorphism of the Pinal Schist in south-
eastern Arizona (Silver and Deutsch, 1963). The
stratigraphic relations, combined with radiometric

R
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dating of the Mazatzal orogeny, indicate that the
Brady Butte Granodiorite is older than 1,700 m.y.
Isotopic lead dating of zircon from the Brady Butte
Granodiorite has confirmed its minimum age as 1,700
m.y. (Anderson, 1963, p. 180).

DISCUSSION

The occurrence of granodiorite unconformably be-
neath older Precambrian schists of the Yavapai Series
has two principal implications: (1) that a crust of
continental character has underlain central Arizona
for more than 1,700 m.y.; and (2) that direct evidence
now exists in Arizona for a plutonic, and probably
orogenic, event predating the Mazatzal revolution.
The existence of large volumes of quartzofeldspathic
sedimentary and silicic igneous rocks within the older
Precambrian of Arizona has leng suggested the presence
of older granitoid rocks, but the granodiorite at Brady
Butte constitutes the first known exposure of this
ancient basement.
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TECTONIC MOVEMENT IN THE GRAPEVINE AREA, KERN COUNTY, CALIFORNIA

By BEN E. LOFGREN, Sacramento, Calif.

Work done in cooperation with the California Department of Water Resources

Abstract.—Tectonic movements during the destructive Arvin-
Tehachapi earthquake of 1952 caused a differential uplift of as
much as 2 feet in the Tehachapi Mountains south of Wheeler
Ridge. Periodic releveling since 1952 indicates an axis of con-
tinuing flexure 2 miles south of Grapevine, at the northern edge
of the Tehachapi Mountains. Differential movement of bench
marks during the period 1953-62 was 0.32 foot, about 7 times
the maximum allowable surveying error. It is not known,
however, whether the axis area is rising or the areas north and
south of the axis are subsiding. In either case, tectonic move-
ment in the mountains evidently is continuing.

Movement along the White Wolf fault south of
Bakersfield, in southern California, on July 21, 1952,
caused one of California’s major earthquakes (magni-
tude 7.7 on the Richter scale). This was the strongest
disturbance in California since the 1906 San Francisco
earthquake (Buwalda, 1954, p. 137), and accounted for
the loss of 14 lives and estimated property damage of
more than $60 million in Kern and Los Angeles Counties
(Oakeshott, 1955a, p. 11).

Figure 1 shows the relation of the area of this study
to the three principal areas of subsidence in the San
Joaquin Valley (Poland and Davis, 1956; Lofgren,
1963). The southern end of the San Joaquin Valley
is bounded on the east by the foothills of the Sierra
Nevada, on the south by the Tehachapi and San
Emigdio Mountains, and on the west by the Temblor
Range.

Along most of the northeastern half of its trace, the
White Wolf fault traverses or borders intrusive rocks
of the Sierra Nevada. Steep mountain slopes facing
the valley mark the fault zone, along which as much
as 10,000 feet of vertical displacement has occurred
since Pliocene time (Dibblee, 1955, p. 30). Along this
reach, surface scarps and ruptures developed throughout
a fault zone a mile wide .and about 17 miles long.
Although the position of the fault along the southeastern
part of its trace is obscured by Recent valley alluvium,
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Ficure 1.—Principal areas of subsidence (shaded) in the San
Joaquin Valley, Calif., and the area of this study.

subsurface evidence (Dibblee, 1955, p. 31) indicates
that the fault trace continues S. 50° W. and that the
fault plane passes at depth under Wheeler Ridge and
the San Emigdio foothills. According to Oakeshott
(1955b, p. 20) the 1952 earthquake centered at a depth
of about 10 miles at lat 35°00’ N. and long 119°02’ W,
near Wheeler Ridge. Following the earthquake a
complex pattern of cracks and flexures gave evidence
of underlying disturbances at a considerable distance
from the fault trace. Although the White Wolf fault
was considered inactive prior to the 1952 earthquake,
movement along it had been recent enough to cause a
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major ground-water barrier to form in the valley
alluvium (Wood and Dale, 1964, fig. 7 and p. 68).

Soon after the destructive 1952 earthquake, triangu-
lation and leveling networks in the affected areas were
resurveyed to determine the direction and amount of
surface movement that had occurred. Between Octo-
ber 1952 and March 1953 the U.S. Coast and Geodetic
Survey reestablished the position of triangulation
stations that had been established the previous winter
and also releveled a network of bench marks which had
been last surveyed in 1947. These surveys indicated
that lateral movement and differential uplift had
occurred south of the White Wolf fault.

Subsequent periodic releveling by the U.S. Coast and
Geodetic Survey indicates that tectonic movement
probably is continuing in the mountainous area south of
the White Wolf fault. The possibility of continuing
tectonic readjustments is of prime concern in the design
and construction of major engineering structures, in-
cluding a 2,000-foot pump-lift system and several miles
of tunnels of the large California Aqueduct.

All the leveling data utilized in the following discus-
sion are from the surveys made by the U.S. Coast and
Geodetic Survey.

TECTONIC MOVEMENT

The displacements attributed by Whitten (1955, fig.
4) to the 1952 earthquake are shown graphically in
figure 2; horizontal displacement is shown by vectors
and vertical movement by lines of equal change of
altitude of the land surface. Although most of the
triangulation stations on the mountain block southeast
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Fieure 2.—Measurements of earth movement, Arvin-Tehachapi
area (after Whitten, 1955, fig. 4).
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of the fault indicated movement of 1 to 2 feet toward
the north-northeast, several stations on the south-
western part of the block indicated movement toward
the northwest. Major upwarping occurred south of
the fault, with maximum uplift of about 2 feet at
Wheeler Ridge near the earthquake epicenter. The
extensive depression of the valley west of Arvin, which
was first attributed to the 1952 earthquake, has since
been shown on the basis of more adequate data to be of
nontectonic origin (Lofgren, 1960).

Figure 3 shows the vertical movement of bench mark
G 54 for the period 1926-59, based on adjusted alti-
tudes of the U.S. Coast and Geodetic Survey. This
bench mark is in the Tehachapi Mountains, about 5
miles south-southeast of Grapevine (fig. 8). As shown,
two surveys before and three surveys after the 1952
earthquake indicate that, except for an uplift of 0.45
foot between the 1943 and 1953 levelings, this bench
mark has remained at relatively constant elevation.
It is assumed that the uplift occurred during the
1952 earthquake.

The vertical movement of bench mark M 54, 2 miles
north-northwest of Grapevine, for the period 1926-62,
is shown in figure 4. Graph A is a direct plot of the
published Coast and Geodetic Survey leveling data.
The marked uplift that occurred between the 1947 and
1953 leveling is readily apparent. A subsidence trend
that preceded 1947 and has continued since 1953 also is
clearly shown. Graph B is an interpretation of the
vertical movement at bench mark M 54. As shown,
the movement has been resolved into two components:
(1) a general downward trend that has resulted in
about 0.45 foot of subsidence (relative to an assumed
unchanging datum), and (2) a vertical uplift of 1.77
feet apparently directly related to the 1952 earthquake.
In this graphical analysis, the slope of the interpolated
curve from 1947 to 1953 is constructed as an average
slope between the earlier and later parts of the curve.
Although the slow relative subsidence indicated through
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Ficure 3.—Vertical movement of bench mark G 54, 5 miles
south-southeast of Grapevine, 1926-59.
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Ficure 4.—Vertical movement of bench mark M 54, 2 miles
north-northwest of Grapevine, 1926-62. 4, direct plot of
U.8. Coast and Geodetic Survey data; B, interpretation of
movement.

the period of record probably is real, it is possible that
the reference bench marks to which the various surveys
have been tied are rising at a continuing slow rate.
It is noteworthy that the subsidence trend was not
interrupted by the 1952 earthquake.

Figure 5 shows the interpreted two components of
vertical movement of bench marks P 54 and 370-4-20.10
just south of the White Wolf fault trace. Bench mark
P 54 was last surveyed, and 370+20.10 was first sur-
veyed, in 1953. The data indicate about 0.96 foot of
subsidence from 1926 to 1962, and an uplift of 1.61
feet that is attributed to the 1952 earthquake.

Figure 6 shows the trend of subsidence since 1926 in
an area of intensive ground-water pumping about 7
miles north-northwest of bench mark 3704-20.10 and
14 miles north-northwest of Grapevine. Subsidence at
this location, as determined by the change in elevation
of three closely spaced bench marks, shows a markedly
different trend from that at locations south of the fault.
Because rapid subsidence in this area began about 1940
and maintained a steep downward trend through 1962,
without apparent interruption by the 1952 earthquake
disturbance, it is assumed that no appreciable uplift
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and 7134 39.54 (1959-62).

occurred during the 1952 earthquake. If the leveling
data of 1957, 1959, and 1962 were not available it
would be difficult to analyze the 1947-53 subsidence
without relating it to the 1952 earthquake. These sub-
sequent points on the curve, however, indicate that the
2.1 feet of subsidence that occurred between 1947 and
1953 conformed to the long-term subsidence trend at
the bench mark and apparently is directly related to
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declining ground-water levels in the area and not to
tectonic readjustments.

By means of the method of graphical analysis shown
in figures 4 through 6, the vertical displacement attrib-
uted to the 1952 earthquake was computed for each
bench mark that lies along U.S. Highway 99 from
Mettler to Gorman and was leveled prior to and after
the 1952 earthquake. Figure 7 shows this computed
tectonic uplift. As shown, the up-arching of the moun-
tain block south of the fault between Mettler and
Gorman, resulting in a maximum differential uplift of
2 feet, 2-4 miles south of the fault, is in agreement with
Whitten’s earlier work (fig. 2). A short distance north
of the White Wolf fault, however, the effect of the 1952
earthquake is not discernible in bench-mark plots. As
noted earlier, the subsidence north of the fault, earlier
attributed to tectonic adjustment, is directly related
to the accelerated decline of ground-water levels which
began in the late 1930’s (Lofgren, 1963). It is signifi-
cant that the maximum computed tectonic uplift along
U.S. 99 occurred at bench marks nearest the earthquake
epicenter, 2—4 miles south of the White Wolf fault trace;
also, that the amount of uplift decreased abruptly to the
north and to the south.

Figure 8 shows the measured vertical displacement
in the Grapevine area since 1953. The map (4), based
on releveling of bench marks along U.S. Highway 99
and throughout the contoured area, shows the amount
of subsidence that occurred from 1953 to 1962.
Changes in altitude of all available bench marks, based
on published 1953 leveling data and tentatively ad-
justed 1962 data, were used in constructing this map.
As shown, the 0.1- and 0.2-foot lines of equal subsidence
pass through the deformed rocks of Wheeler Ridge.
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Also, the 0.5- and 1.0-foot lines of equal subsidence
apparently cross the trace of the White Wolf fault with-
out interruption.

The upper graph (B) in figure 8 shows the measured
subsidence along U.S. Highway 99 during the 6 years
following the 1952 earthquake. As much as 2.5 feet of
subsidence occurred during this period north of the
White Wolf fault owing to water-level decline. Also,
a differential subsidence occurred along the line of
bench marks south of the fault trace. As shown, no
subsidence was indicated at bench mark D 367, in the
mountains 2 miles south of Grapevine, but relative
subsidence occurred both north and south of this axis
of flexure. It is noteworthy that this axis is about
6 miles south of the area of maximum uplift during the
1952 earthquake.

The lower graph (C') in figure 8 shows the vertical
displacement of bench marks along U.S. Highway 99
that occurred during the 3-year period 1959-62. Bench
mark H 537, which was the starting reference bench
mark for the 1962 leveling, was first leveled in 1957 and
for the 1959 and 1962 surveys was considered stable.
Leveling data show no change in altitude of bench mark
D 367 from 1953, when first leveled, to 1962. The
nontectonic subsidence caused by water-level decline
extended south about to the trace of the White Wolf
fault, and possibly beyond it. In the heavily pumped
area north of the White Wolf fault it continued at a
maximum annual rate of about 0.5 foot per year. South
of the fault, subsidence during the 3-year period de-
creased from 0.15 foot near the fault to zero at bench
mark H 537. Although the observed subsidence south
from bench mark 422-+24.04 about to U 824 may in
part be due to water-level decline, the tectonic subsid-
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Fiecure 7.—Tectonic uplift along U.S. Highway 99, between Mettler and Gorman, Calif., that is attributed to the 1952 earth-

quake.
bench marks (location shown on fig. 8).

Uplift determined by graphical analysis of data according to method illustrated by figures 4-6.

Numbers refer to
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ence occurring on the Wheeler Ridge mountain mass to
the west was of the same order of magnitude, suggesting
that the subsidence south of the fault between the cited
bench marks was largely if not wholly tectonic.

ACCURACY OF LEVELING DATA

The maximum allowable error for precision leveling
(first order) by the U.S. Coast and Geodetic Survey is
equal to 0.017 foot times the square root of the distance
of the level line in miles. In bringing absolute altitudes
into the Grapevine area from a distant tidal bench
mark such as San Pedro, 110 miles away, a difference
of a few tenths of a foot in bench-mark altitudes as
determined from successive levelings would be within
first-order limits. The adjusted altitudes of bench
marks in the area, therefore, may depart from absolute
values by that amount. In traversing the 10-mile
distance from the trace of the White Wolf fault to the
axis of flexure south of Grapevine, however, a maximum
error of only 0.05 foot would be allowed. Thus, change
in the difference in altitude of bench marks at these
two locations of 0.32 foot (bench mark 422--24.04),
or by about 7 times the maximum permissible error,
from 1953 to 1962 (fig. 8 B, () is fully consistent with
the suggestion that tectonic movement has occurred.
Instrument error can account for only a small part of
the measured change.

CONCLUSIONS

The evidence appears conclusive that tectonic warp-
ing is occurring in the Tehachapi Mountains south of
the White Wolf fault. Observed differential subsidence
of bench marks between the fault and the axis of flexure,
from 1953 to 1962, is 0.32 foot, or about 7 times the
order of accuracy of first-order leveling. The long-term
trend (figs. 4 and 5) is convincing evidence of continuing
relative subsidence. Although adjusted leveling data

797-218 0—66——2
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indicate differential subsidence of bench marks north
and south of the axis of flexure, the reference bench
marks along the axis actually may have been rising
progressively at a slow rate. The Coast and Geodetic
Survey recently (1964 and 1965) has releveled lines
from this area to a tide gage at San Pedro for the
purpose of resolving this problem.
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CATTLE CREEK ANTICLINE, A SALT DIAPIR
NEAR GLENWOOD SPRINGS, COLORADO

By W. W. MALLORY, Denver, Colo.

Abstract.—The Cattle Creek anticline, 7 miles south of
Glenwood Springs, Garfield County, Colo., is determined by
vertical dip in gypsum of the Eagle Valley Evaporite on the
west side of the Roaring Fork Valley and by gentle dip in the
Maroon Formation on the east side. A well 3,060 feet deep
near the axis of the structure penetrates a thick section of
gypsum, anhydrite, and halite probably older than beds exposed
at the surface. Presence of an isolated arch of halite only 2,100
feet below the surface in a strongly expressed anticline indicates
diapiric structure. Potash and oil or gas may be present at
depth.

REGIONAL SETTING

The Cattle Creek anticline, a salt diapir near Glen-
wood Springs in western Colorado, is in the northeast
corner of the Colorado Plateaus physiographic province,
near the western edge of the Southern Rocky Mountains
province. It is in a generally synclinal area between
the White River Plateau on the northwest and the
Sawatch Range on the southeast (fig. 1), and is flanked
on the southwest by a prominent hogback of Penn-
sylvanian to Cretaceous rocks that forms the eastern
rim of the Piceance Creek basin. The principal stream
is the Roaring Fork River which flows northwesterly
from the vicinity of Aspen to Glenwood Springs. Dips
are low except locally where faulting or monoclinal
flexure is present. In terms of Pennsylvanian paleo-
geography the region lay in an evaporite pan in the
west-central part of the Eagle basin (fig. 2).

The Maroon is the most conspicuous and widespread
formation exposed in the valley of the Roaring Fork and
vicinity. Tt consists in general of several thousand feet
of brilliant red coarse clastic rocks of Pennsylvanian
and Permian age. Below the Maroon is the yellow
and gray KEagle Valley Evaporite (Lovering and
Mallory, 1962), a sequence of halite-gypsum-anhydrite
and of siltstone of similar age.

The contact between the Eagle Valley and the over-
lying Maroon Formation is gradational at most places.
In general the rugged interfluvial areas are developed
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Ficure 1.—Map of part of western Colorado, showing principal
geographic features and location of figure 3. The Sawatch
Range is part of the Southern Rocky Mountains physio-
graphic province; the remainder of the area is in the Colorado
Plateaus province. Line of hachures marks a southeast-
ward continuation of the hogback which forms the western
and southwestern margins of the White River Plateau.

on the Maroon Formation; in the major valleys the
Maroon has been removed by erosion and the Eagle
Valley Evaporite is exposed where it is not covered by
glacial gravels and alluvium. It typically appears as
grotesquely contorted and eroded beds and chaotic
masses, especially where it is uncontaminated with
mudstone or interbedded clastic strata.

STRUCTURE AT CATTLE CREEK STATION

At Cattle Creek Station, on the Aspen spur of the
Denver and Rio Grande Railroad 7 miles south of
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Ficure 2.—Location of Cattle Creek anticline (circled point)
and major paleogeographic features of Middle Pennsylvanian
time in Colorado and adjacent States.

Glenwood Springs, the Roaring Fork flows northwest in
a valley about a mile wide which is floored by Pleistocene
and Recent river terraces. The valley walls, which
rise abruptly on either side, are composed of Eagle
Valley Evaporite overlain by the Maroon Formation
(fig. 3). On the west side of the valley, vertical beds
of gypsum form a prominent scarp. About half a mile
west of the valley margin the gypsum grades upward
into light-colored micaceous siltstone which in turn
grades upward into typical Maroon Formation. In the
vicinity of the lithologic transition zones, the westward
dip becomes progressively more gentle. On the east
side of the valley, soft complexly contorted gypsum
beds underlie competent strata of the Maroon Forma-
tion, which dips gently eastward away from the valley.

Observation of surface features indicates that the
Roaring Fork River has breached an asymmetrical
anticline whose steep limb is on the west, adjacent to
a prominent hogback. Northward the anticline plunges
gently to structural closure just south of Glenwood
Springs townsite (Bass and Northrop, 1963, pl. 1,
SW); its southern terminus is masked by a cover of
alluvial gravel. The visible structure is about 8 miles
long and 1% miles wide.

In 1960 the Shannon Qil Co. drilled its No. 1 Rose
well in the central part of the anticline (center NW-
SEY4, sec. 12, T. 7 S., R. 89 W.) (American Stratigraphic
Co., 1960). The well passed through 60 feet of alluvial
gravel, and 2,065 feet of gypsum, anhydrite, and
micaceous siltstone of the Eagle Valley Evaporite. At
a depth of 2,125 feet the drill entered halite with minor
interbeds of anhydrite and siltstone, and it remained
in halite to the total depth at 3,060 feet. The total
thickness of the halite at the wellsite is therefore un-
known but is at least 935 feet. 'The presence of halite
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Figure 3.—Generalized bedrock geology of the Glenwood
Springs—Cattle Creek Station area, Colorado. Line pattern,
Pennsylvanian and Permian Maroon Formation and scattered
Tertiary and Quaternary voleanic rocks; stipple, Pennsyl-
vanian and Permian Eagle Valley Evaporite (extensively
covered by Quaternary alluvium in the Roaring Fork valley).
Dry-hole symbol is location of Shannon 1 Rose well. Geology
in northern part after Bass and Northrop (1963, pl. 1).

at relatively shallow depth calls to mind the diapirs of
the Paradox basin, in southwestern Colorado and east-
central Utah (fig. 2), a basin whose origin and history
resemble those of the Eagle basin in many ways.

The conclusion that the Cattle Creek anticline is also
a salt diapir seems unavoidable. Evidence for diapir
structure is provided by: (1) the steep dip on the west
side of the anticline a few tenths of a mile from the well-
site, (2) the absence of halite or any indication of its
former presence in the gypsum section in the valley
walls, or at other exposures in the vicinity, (3) the
shallow depth to the top of the halite body in the anti-
cline, and (4) local intrusive relations on the east side
of the valley.

Regional dip of the hogback near Glenwood Springs
is in the neighborhood of 56° (Bass and Northrop,
1963, pl. 1, SW¥%). Thelocal 90° dip in the Cattle Creek
area is attributed to vertical movement and horizontal
stress exerted by upwelling and expanding evaporites
in the Cattle Creek anticline. The lack of chaotic
crumpling in the thick gypsum sections which forms the
vertical west limb of the anticline is an unusual occur-
rence in the Eagle basin. It may be that high con-
fining pressure exerted by the rising mass of evaporitic
rocks in the anticlinal core prevented these beds from
becoming distorted. On the east side of the valley,
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adjacent to State highway 82 about a mile southeast of
the bridge over Cattle Creek, the Eagle Valley Evapo-
rite can be observed locally in intrusive contact with
the Maroon Formation.

CORRELATION OF SURFACE AND SUBSURFACE STRATA

The 2,000 feet of gypsum exposed in vertical section
west of the wellsite contains thin but conspicuous beds
of calcareous, fine-grained sandstone and a few beds of
black shale and shaly carbonate rock. The 2,125 feet
of gypsum, anhydrite, and siltstone beds which overlie
the halite section in the Rose well contain several thin
carbonate beds. The carbonate markers in the well
cannot be identified in the surface section, and the
calcareous sandstone beds on the surface do not seem
to be present in the well. Hence the stratigraphic and
structural relations of the highest gypsum beds in the
well to those of the base of the surface section west of
the wellsite are unknown. Furthermore, the attitude
of the gypsum beds in the well is not known, but it is
probable that they are contorted like the gypsum beds
on the east side of the valley and in most other outcrops
in the area. Moreover, the sulfate-and-clastic section
lying above the halite in the Rose well may have con-
tained halite which has since been removed by solution.
Hence a sequence of evaporite strata of unknown
thickness between the lowermost bed on the surface
and the highest bed in the well may have been removed
by erosion and solution. Additional removal may have
occurred by solution of salt at depth (Omer B. Raup,
U.S. Geol. Survey, oral commun., 1964).

TIME AND MECHANICS OF DEFORMATION

It is difficult to establish the time of initial movement
of the Cattle Creek anticline. An obvious possibility
is that it originated in the Laramide orogeny when
major structural features of the Western United States
were developed. Recent work (Elston and Landis,
1960) has shown, however, that the Paradox basin
diapirs began to form soon after deposition of the salt
and that movement continued for a long time. It may
therefore be that upward movement at Cattle Creek
Station began in late Paleozoic time. If so, renewal or
intensification of movement in Laramide time is also
probable.

Whether the structure is of ancient or more recent
origin, it is likely that as arching progressed, erosion
removed surficial strata, streams breached the structure,
the Eagle Valley Evaporite was exposed to meteoric
water, and anhydrite was hydrated to gypsum. The
degree of expansion which accompanies the hydration
of anhydrite to gypsum is not accurately known, but
it seems to range from 30 to 58 percent, and the pressure
exerted by hydration has been estimated at 300 to
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10,000 pounds per square inch (Brune, 1965, p. 30).
Three significant factors, therefore, favored flowage of
halite at depth from marginal into crestal areas: (1) re-
moval of overburden from the crest of the anticline,
(2) weight of thousands of feet of Maroon Formation
on the flanks of the structure, and (3) the high hydration
pressure of anhydrite.

Depth of folding is not known. If regional tectonic
movements caused initial arching it seems probable that
the entire sedimentary column and basement rocks
were involved. If the structure is due only to evaporite-
tectonic factors, arching could have been limited only
to Pennsylvanian and younger strata. A combination
of both circumstances seems probable. High gravel
terraces of probable Pleistocene age on the west side of
the valley of the Roaring Fork near the town of Car-
bondale slope gently west, away from the Roaring
Fork, instead of gently east, toward the river, as would
be expected. This observation implies that upwelling
of halite at depth has tilted the terraces in post-
Pleistocene time, and that movement may therefore
still be taking place.

The Cattle Creek anticline may be only one of
several examples of the occurrence of salt arching in the
Glenwood Springs area. Benson and Bass (1955)
reported that in the valley of the Eagle River, between
Dotsero and Gypsum (fig. 1), an anticlinal axis roughly
coincides with the course of the river. Moreover, at
the town of Eagle, halite was logged by the American
Stratigraphic Co. (1965) in the Champlin 1 Black Well
(NE4XNEYNEY sec. 4, T. 5 S.,, R. 8¢ W.). These
circumstances suggest the possible presence in the
Eagle Valley of salt movement. Also, at Reudi on the
Fryingpan River (fig. 1), solution sinks of very recent
origin apparently in gypsum, and blebs of halite in
shallow drill cores nearby suggest the presence of salt
intrusion.

ECONOMIC POTENTIAL

The presence of more than 935 feet of halite in the
core of the Cattle Creek anticline suggests by analogy
with potash-halite associations in the Paradox basin
(Hite, 1961), that potash salts may also be present in
the Cattle Creek anticline. If adequate structural
closure is present at depth on the northern and southern
termini of the Cattle Creek anticline, oil and gas may
be present in strata of Cambrian, Ordovician, Devonian,
or Mississippian age beneath the salt.
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DOMES IN THE ATLANTIC COASTAL PLAIN
EAST OF TRENTON, NEW JERSEY

By JAMES P. MINARD and JAMES P. OWENS,
Washington, D.C.

Abstract.—The presence of two elongate domes in the coastal-
plain formations east of Trenton, N.J., has been established by
detailed mapping. They were delineated by plotting the tops
of 2 formations of Late Cretaceous age as determined in 85 out-
crops and auger holes. Formations as young as Miocene seem
to be involved in the folding. Other similar structures or folds
may be present along the inner edge of the coastal plain in this
area. Such structures may be suitable for underground gas
storage.

Detailed geologic mapping recently completed in the
Roosevelt and Allentown 7%-minute quadrangles, in the
Coastal Plain province east of Trenton, N.J. (fig. 1),
has shown the presence of two small domes in forma-
tions of Cretaceous and Tertiary age. The authors
began geologic-quadrangle mapping in the coastal
plain of New Jersey in 1957 at a larger scale (1:24,000)
than any mapping previously undertaken over a
comparable area in the coastal-plain area. Twelve
74%-minute quadrangles have been completed to date,
ten of which are in the vicinity of Trenton. As
mapping progressed it showed that the formations are
folded locally and do not trend uniformly northeast-
southwest (about N. 45° E.) nor dip toward the south-
east within the range of about 10 to 65 feet per mile as
reported by earlier workers. This was particularly
evident in the southwest part of the Roosevelt quad-
rangle (Minard, 1964) and in the southeast part of the
Allentown quadrangle (Owens and Minard, unpub.
data). Upon completion of mapping in the two
quadrangles it was possible to delineate the domes.

Two other workers have referred to similar warps in
the general area. Woollard (1941, p. 65~67) shows a
minor anticlinal fold in the vicinity of Lakewood (fig. 1)
and a syncline near Jacksons Mills, about 7 miles
northwest of Lakewood. Olsson! noted a structural

t Fox, 8. K., and Olsson, R. K., 1960, Stratigraphic problems of the latest Creta-
ceous and earliest Tertiary sediments in New Jersey: Atlantic Coastal Plain Geol.
Assoc. Guidebook, 1st Ann. Field Conf.: [Duplicated report} 31 p.
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Figure 1.—Index map showing location
of the Allentown (A) and Roosevelt (R)
quadrangles, in the northern part of the
coastal plain in New Jersey. Dashed
line extending northeast from Trenton
indicates inner boundary of coastal
plain.

anomaly in the vicinity of Emleys Hill and postulated
the existence of a northeast-southwest trending anti-
cline, but did not present a map of the structure.

U.S. GEOL. SURVEY PROF. PAPER 556-B, PAGES B16-B19

B16



MINARD

STRATIGRAPHIC SUMMARY

The sedimentary formations underlying the surface
at and in the vicinity of the domes are an alternating
sequence of sands and clays of Upper Cretaceous and
Tertiary age (fig. 2). Other than the Raritan Forma-
tion, which is 200 to 300 feet thick, and the English-
town Formation, which is about 90 feet thick, the
formations range between 10 and 50 feet in thickness.
The Merchantville, Marshalltown, and Navesink
Formations, the basal part of the Red Bank Sand, and
the Hornerstown Sand each has a high glauconite
content (the Marshalltown, Navesink, and Horners-
town are mostly or nearly all glauconite), and forms
a conspicuous marker bed in an otherwise largely quartz-
sand sequence. The two horizons which are structure
contoured, the tops of the Englishtown Formation and
Mount Laurel Sand, are distinct and easily discerned in
the field. The Englishtown is a quartz sand containing
clay interbeds, overlain by the quartz-glauconite sand
of the Marshalltown. The Mount Laurel is a quartz
sand overlain by the glauconite sand of the Navesink.

MAPPING
Method

Altitudes of the tops of the Englishtown Formation
and Mount Laurel Sand in outcrop were plotted on
parts of the Allentown and Roosevelt 7%-minute
topographic maps (10-foot contour interval). The
contacts between the Marshalltown and Englishtown
Formations (top of the Englishtown) and Navesink
Formation and Mount Laurel Sand (top of the Mount
Laurel) can be seen at about 25 to 30 places in the area
shown in figure 3. In addition, about 60 auger holes
were put down through these contacts in this area or
near it. Most of these holes were shallow and pene-
trated the contacts within 30 feet below the surface.
The outerops and auger holes provided 85 to 90 control
points from which to plot the structure contours
outlining the domes, Two horizons instead of one (the
tops of the Englishtown and Mount Laurel) were
chosen because the Navesink Formation and Mount
Laurel Sand are present over only part of the dome near
Davis Station, and the top of the Englishtown Forma-
tion is too deep to provide adequate control for the
dome near Emleys Hill.

Results

The results of the detailed mapping have been the
discovery of two domes. Deviations from the regional
attitude, noticed in the early stages of mapping, became
more evident as a larger area was completed, as better
outcrops were found, and as auger techniques were per-
fected. The first firm evidence of folding was found in
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F1GURE 2.—Sedimentary marine and continen-
tal formations which underlie the ground
surface over or near the domes. The
Raritan Formation rests on the basement
complex of Precambrian age. The total
thickness of the sedimentary sequence is
about 750 feet in the vicinity of the domes.

the southwest part of the Roosevelt quadrangle in 1962;
there, dips are locally reversed from southeast to north-
west, and steepen toward the southeast to as much as
120 feet per mile. This folding was particularly evident
from altitudes of points on the top of the Mount Laurel
Sand.

When the Allentown quadrangle was mapped in 1964,
the formational attitudes in the southern part of the
quadrangle were found to diverge markedly from the
regional trends. For example, the Marshalltown For-
mation, a unit only 10 to 15 feet thick, could be traced
nearly horizontally along Crosswicks Creek (which flows
nearly due west) for a distance of 2 miles. The strike of
this unit and of the other formations exposed here shif ts
markedly from the regional northeast-southwest trend.
The Marshalltown-Englishtown contact was traced
northeastward from Walnford to just northwest of
Davis Station (fig. 3), and was found at progressively
higher elevations. Near Davis Station this contact was
20 feet higher than at Walnford. Traced farther north-
eastward from Davis Station to Imlaystown, the con-
tact descended to the same elevation as that at Waln-
ford. This traverse had nearly paralleled the long axis
of the western dome.

An even more noticeable deviation from the general
trend is found in the eastern dome where the contact
between the Navesink Formation and the underlying
Mount Laurel Sand is outlined in the southeast corner



B18

STRUCTURAL GEOLOGY

[N
)

L=
- Crosswicks / \
\\Q
Walnford

EXPLANATION

Structure contour on top of the
Englishtown Formation
Dashed where projected above the

ground surface. Contour interval
10 feet

Structure contour on top of the
Mount Laurel Sand
Dotted where projected above the
ground surface. Contour interval
10 feet

2 MILES
-l

F1aUrE 3.—Structure-contour map of the southeast part of the Allentown quadrangle and the southwest part of the Roosevelt
quadrangle. Lat 40°0730”’ N. is the southern boundary of both quadrangles; long 74°30” E. is the boundary between them.

of the Allentown quadrangle. This contact can be seen
at an altitude of about 105 feet in the south bank of
Miry Run, just east of the road north to Imlaystown.
Traced due east in the bank of Miry Run—that is,
diagonally down the direction of the normal regional
dip—the contact rises progressively upstream, instead
of descending. About a quarter of a mile to the east
the contact is 15 feet higher (altitude 120 feet), and this
rise continues eastward into the Roosevelt quadrangle
(fig. 3). This conforms to the pattern previously
established (largely by augering) in the southwest part
of the Roosevelt quadrangle (Minard, 1964).

DESCRIPTION OF THE DOMES

The domes are elliptical in surface plan, and the long
axes are oriented northeast-southwest (fig. 3). One,
shown by the structure contours on the top of the
Englishtown Formation, lies in the southeast part of the
Allentown quadrangle (fig. 3). It has a maximum
vertical closure of slightly more than 20 feet and
maximum horizontal closures of about 1.6 and 4.5 miles.

The long axis trends along a slightly curved line extend -
ing from Walnford northeast through Imlaystown.
The other dome, outlined by structure contours on top
of the Mount Laurel Sand, lies mostly in the southwest
part of the Roosevelt quadrangle but extends into the
southeast corner of the Allentown quadrangle (fig. 3).
It has a maximum vertical closure of slightly more than
40 feet and maximum horizontal closures of about 1.8
and 4 miles. The long axis trends along a line extend-
ing from Cream Ridge northeast, passing between
Emleys Hill and Red Valley.

The youngest formation on the crest of the western
dome is the Wenonah ; erosion has breached both it and
the Marshalltown on the southwest nose, and exposed
the upper part of the Englishtown. The Navesink
Formation and Red Bank Sand flank the southeast
side. The youngest formation on the crest of the
eastern dome is the Navesink; it is breached by erosion
at the west end, exposing the upper part of the Mount
Laurel Sand. The Red Bank, Hornerstown, Vincen-
town, Kirkwood, and Cohansey Formations flank the
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sides. Thus, units as young as Miocene seem to be
involved in the folding.

Investigation into the mechanism of folding (gravity
gliding, basement warping, or other causes) would
necessitate detailed knowledge of the distribution and
thicknesses of formations at depth. That information
was not obtained because of the limited capacity of the
power auger used in the routine mapping.

POTENTIAL ECONOMIC SIGNIFICANCE OF THE DOMES

In recent years there has been an extensive search
in the subsurface of the New Jersey coastal plain for
sites suitable for storage of natural gas. As far as the
authors know, these efforts to date have been unsuccess-
ful.

At a typical underground-storage site in unconsoli-
dated deposits, an impervious layer (composed largely
of very clayey sediments) overlies a bed of more porous
sediment (largely well-sorted sands), and the beds have
been folded into an anticline of sufficient storage capac-
ity. The coastal plain in New Jersey is underlain by
an alternating sequence of clayey formations and sandy
formations which, if folded, could form many possible
traps. In the Allentown area the lower part of the
stratigraphic section appears to offer the best potential
for storage sites. Here the very clayey Woodbury
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and Merchantville Formations (fig. 2) are about 100
feet thick, and they overlie several hundred feet of the
much more sandy Magothy and Raritan Formations.
The presence of the domes at Allentown would involve
these sediments if the structures mapped on the surface
persist to basement.

A search for similar folds is currently being conducted
west and south of Trenton. Preliminary indications
are that many other folds exist. These warps, however,
are less obvious than the Allentown domes, mainly
because they are masked by a widespread alluvial
cover along the Delaware River drainage system. A
much more extensive drilling program is needed to
delineate these structures. An interesting feature of
some of these folds is that they are downdip from the
Allentown domes and involve a thicker section of
sediment. These folds may ultimately prove to be
larger and perhaps better traps than the Allentown
domes, and therefore to have even greater economic

potential.
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REGIONAL UNCONFORMITY IN LATE CRETACEOUS, WYOMING

By JAMES R. GILL and WILLIAM A. COBBAN, Denver, Colo.

Abstract.—An important unconformity, present throughout
much of Wyoming at the base of the Teapot Sandstone Member of
the Mesaverde Formation and its lateral equivalents—the Pine
Ridge Sandstone Member of the Mesaverde Formation and the
upper part of the Ericson Sandstone, is the result of erosion that
took place about 72 million years ago following broad regional
uplift. The Teapot equivalents rest on progressively older
rocks from east to west. Possibly as much as 3,600 feet of
strata was eroded from the western part of the State.

A widespread unconformity at the base of the Teapot
Sandstone Member of the Mesaverde Formation and of
its lateral equivalents has recently been proved by
stratigraphic and faunal data at several localities in
Wyoming. This unconformity increases in magnitude
from east to west. It has been recognized in the Powder
River, Bighorn, Great Divide, and Hanna basins; it
seems to be present in the Wind River and Washakie
basins and along the margins of the Rock Springs uplift
also, although confirming data are sparse. A minimum
of 2,000 feet of nonmarine and marine beds of Late
Cretaceous age was eroded from the western part of
the Bighorn basin following this uplift and prior to
deposition of the Teapot Sandstone Member. Uplift
and erosion also seem to have occurred in south-central
Wyoming, where as much as 3,600 feet of strata may
have been removed from the western part of the Rock
Springs uplift prior to deposition of the Ericson Sand-
stone. Areas of stronger local uplift which the authors
relate at least in part to pre-Teapot uplift have been
described on the northeast margin of the Great Divide
basin in the Lost Soldier oil field by Fath and Moulton
(1924, p. 27), Zapp and Cobban (1962, p. D52), and
Reynolds (1966, p. B69-B76, this chapter).

This report describes recent results of investigation
of the depositional history, position of strandlines, and
intertonguing relations of marine and nonmarine rocks
deposited during the Santonian, Campanian, and early
Maestrichtian Stages of the Upper Cretaceous in
Wyoming and adjacent States. This work is a con-
tinuation of investigations initiated by Zapp (Zapp
and Cobban, 1960, 1962), and incorporates data ob-
tained during a study of the Pierre Shale and equivalent

rocks in North and South Dakota, Montana, and
eastern Wyoming (Tourtelot, 1962; Tourtelot and others,
1960; Gill and Cobban, 1961, 1962, 1965).

Acknowledgments.—L. G. Schultz assisted in measur-
ing the Salt Creek-Teapot dome section (loc. 3, fig. 1)
in 1961, and R. E. Burkholder aided in measuring the
North Fork section (loc. 4, fig. 1) in 1963. C. R.
Givens was of material aid in making collections of
fossils and measuring sections in the Bighorn basin dur-
ing the 1964 field season. James R. Davis, of the
University of Wyoming, provided unpublished data on
the Mesaverde Formation in central Wyoming.

GENERAL SETTING

In the western interior region of the United States,
great thicknesses of rocks accumulated in a north-
trending epicontinental sea during the Cretaceous. In
Wyoming as much as 19,000 feet of beds accumulated
in and along the margin of this sea during the Upper
Cretaceous (Reeside, 1944). The stratigraphic se-
quence is preserved in the form of westward-thickening
wedges of nonmarine rocks intercalated with eastward-
thickening bodies of marine sediments. The geologic
record is more completely preserved in the eastern
areas of offshore marine deposition, and the authors
believe that the depositional history can be best under-
stood by relating the faunal and stratigraphic record
of the totally marine depositional environment to that
of the western areas of mixed marine and nonmarine
accumulation.

The Pierre Shale and its marine equivalents through-
out the western interior region of the United States and
Canada are abundantly fossiliferous and contain large
numbers of distinctive groups of ammonites, many of
which have broad geographic distribution and limited
stratigraphic range. Index ammonites are invaluable
aids in locating the positions of ancient shorelines,
determining the sequence of depositional events, and
recognizing depositional or erosional breaks in thick
sections of marine shale. The ammonite zones used
to document the observations presented in this paper
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are shown on the right-hand side of figure 1, adjacent
to the Red Bird Section (loe. 1, fig. 1), and are the
same as those presented by Zapp and Cobban (1962,
p. D54) except for the addition of two younger zones,
Baculites clinolobatus and Sphenodiscus cf. lenticularis.

In Wyoming, the base of littoral marine and associ-
ated nonmarine deposits that form the Mesaverde
Formation or equivalent rocks rises stratigraphically
from west to east. The interfingering relation of trans-
gressive and regressive deposits that accounts for this
eastward change has been illustrated by Weimer
(1961, p. 24), Zapp and Cobban (1962, p. Db54),
Weichman (1961, p. 30-31), Rich (1958), Severn (1961,
p. 196), Barwin (1961, p. 177), and others. In the
western part of the Powder River basin the Mesaverde
Formation consists of three members. The Parkman
Sandstone Member, which is at the base, consists of a
thick regressive marine sandstone overlain by non-
marine beds. The middle or unnamed marine member
represents a westward-pointing tongue of the Pierre
Shale. It consists of marine sandy shales in its lower
and middle parts and a thick marine sandstone of
shallow-water origin at the top. The upper member
is the Teapot Sandstone Member, which most workers,
including the authors, regard as nonmarine. The Park-
man Member has been related to a period of regression
(R3 Parkman regression of Zapp and Cobban, 1962,
p. D53-D54); the unnamed middle member of the
Mesaverde is considered to be a transgressive unit
(T3 pre-Teapot transgression of Zapp and Cobban,
1962, p. D53-D54; middle Mesaverde transgression of
Rich, 1958, p. 2440); the nonmarine Teapot Sandstone
Member, although somewhat anomalous in physical
appearance and in its regional stratigraphic relations
with enclosing strata, is commonly considered to have
been deposited during the final regression of the
Mesaverde (R4 Teapot regression of Zapp and Cobban,
1962, p. D53-D54).

THE UNCONFORMITY

An angular unconformity has not been observed at
the base of the Teapot Sandstone Member, nor has
conglomeratic material other than clay or shale pebbles
been recognized in the lower part of the Teapot. The
unconformity is known to be present however, because
faunal zones in the upper part of the Pierre and in the
Lewis are parallel with the top of the Teapot, whereas
those in the Cody and lower part of the Pierre lie at an
angle to it. In the distance of 230 miles from Red Bird
to Cottonwood Creek, the Teapot cuts across possibly
as many as 11 faunal zones (Baculites sp. (smooth) to
Euiteloceras jenneyi). The authors thus believe that a
considerable part of the stratigraphic record for the
upper part of the Mesaverde is missing at many locali-
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ties in Wyoming. It appears likely that uplift and
erosion throughout much of the State prior to deposition
of the Teapot Sandstone Member of the Mesaverde
Formation obliterated evidence of additional regressive
and transgressive phases of deposition during the latter
part of the Upper Cretaceous.

Figure 1 shows an east-west transect formed by a lien
of sections extending 230 miles from Red Bird, Wyo.
(fig. 1, loc. 1), in the southeastern part of the Powder
River basin, to Cottonwood Creek (fig. 1, loc. 9) on the
southwest margin of the Bighorn basin. Figure 2 shows
the locations of the sections. The top of the Teapot
Sandstone Member, used for a datum, is very nearly
parallel to the index ammonite zones in the overlying
Lewis and Pierre Shales. The Teapot unconformably
overlies regressive marine sandstones in the upper part
of the middle member of the Mesaverde in the Powder
River basin, and unconformably truncates older and
older beds of the lower part of the Mesaverde as it is
traced westward across the Bighorn basin. In the
vicinity of Zimmerman Butte and No Water Creek
(locs. 6 and 5, fig. 1), rocks that are recognized as Mesa-
verde in the Powder River basin have been removed by
pre-Teapot erosion, and the Teapot rests unconformably
on parts of the Mesaverde Formation that are repre-
sented by marine shale in the Powder River basin.
Diagnostic ammonites have not been found in the thin
marine sandstones (locs. 5, 6, fig. 1); but these sand-
stones seem, on the basis of fossils in the underlying
units, to lie somewhere within the range span of Baculites
asperiformis. In the Power River basin B. asperiformis
is found in the Cody Shale 1,100 to 1,300 feet below the
base of the Teapot.

AGE OF THE UNCONFORMITY

Stratigraphic and faunal studies of the Pierre Shale
outcrops along the southern and eastern margins of
the Powder River basin indicate that, although the
Teapot Sandstone Member was not deposited in these
areas, the part of the Pierre which normally contains
the zones of Didymoceras cheyennense, Baculites com-
pressus, and B. cuneatus is missing. Physical evidence
for slow deposition, nondeposition, or erosion has not
been observed, however. These zones are present in
nearby areas in western South Dakota, southern Mon-
tana, and northern Colorado, and their absence in east-
ernmost Wyoming is attributed to submarine planation
resulting from pre-Teapot uplift and erosion. Evidence
from these nearby areas indicates that a sizable portion
of the stratigraphic record in the Powder River basin
may have been obliterated by pre-Teapot erosion. As
closely as the authors can determine, the Teapot Sand-
stone Member was deposited sometime during the early
part of the time span of Baculites reesider. The iden-



B22

Cottonwood
Creek

Lance Formation
(part)

16 'MILES

2 .
Roncco mine

PALEONTOLOGY AND STRATIGRAPHY

5

No Water Creek

7
Lucerne 6
Zimmerman
Butte

8 MILES, 8 MILES 17 MILES

48 MILES

4

North Fork
40 MIL

ROCKS ERODED FROM AREA//
OF BIGHORN UPLIFT

Meeteetse
Formation

Mesaverde Formation

Cody Shale (part) l

77
s

7

B..melearii

[ )
B. sp. (smooth)

.Scaphitles
hippocrepis

FEET

T

T

=500

[ ]
Scaphites

hippocrepis

\\W‘J

NONMARINE ROCKS

e Al

Sandstone

Fluvial sandstone,
coal beds, and shale

/

B. jenseni i

@S B.cf. obtusus
|

® B. sp. (smooth)
)

|
|
|
|
|
|
|
|
|

EXPLANATION
MARINI:-_: ROCKS

N

Marl or chalk

Sandstone Shale

@® Stratigraphic position of index ammonite collection

@ B. reesidet

nnamed

7

arkma

o B. scotti

B. perplexus

:}BA asperiformis

B. mclearni

® X —%
.}B. sp. (weak ribs)

: 8P (smdoth)
[N
[ ]

fScaphites hippocrep

—_—

L

Freure 1.— Restored section showing relation of unconformity
to other rocks of Late Cretaceous age in the Powder Ri
the Salt Creek and Teapot Dome oil field, Natrona Cour



GILL AND COBBAN

2
3 El Paso Nat. Gas 1 1
Salt Creek-Teapot dome Ketelsen Red Bird
58 MILES 40 MILES
Lance Formation (part) 7 ////////// //

span of

Fox Hifls Sandstone

mmonlte zones/ Z

Sphenodiscus cf.

.B. cf. elinolobatus

P

"

—————————— T T T T T T e

lenticularis

Baculites clinolobatus

Baculites grandis

Wale /{

Baculites baculus

—— 3 X
———

@ B. jensemi

t Sand

P SRR
marine

member

o B. scotti

——

Baculites eliasi

es cuneatus, B. compressus,
ras cheyennense missing

Zones of Baculi
and Didymoc

Baculites jenseni

tone Member Baculites reesidei

Exiteloceras jenneyi
Didymoceras stevensoni

Didymoceras nebrascense

Baculites scotti

andsion

>Mesaverde FormW
/&be;/

Baculites gregoryensis

Pierre Shale

° B. perplexus

e B sp.(smooth)

e r—— ® B mclearni

B. obfusis™ ~ - - - -

Baculites perplexus <

Baculites sp.(smooth)
Baculites asperiformis
Baculites mclearni

Cody Shale Member x X x x Baf(ulites obtusus§
(part) X

T | B. sp. (smooth)
% . Sandstone Member ,__._“\\‘%\ §§

Y. \

\\\\\\\\\ \\
x\°“
o N
] \
= ones of Baculites sp. (weak ribs), B. sp.

Scaphites hippocrepis

¢““

— |

Fishtooth sandstone
“‘

AW

“\\\

(smooth), and Scaphites hippocrepis
probably represented by rocks in the
upper part of the Niobrara Formation
and the basal 30 feet of the Pierre

\‘\\\\\\\ Shale

e base of the Teapot Sandstone Member of the Mesaverde Formation

1d Bighorn basins.

] Section at locality 3 is a composite meas
yo.

ured in

B23



B24

WY OMING

« Rock Springs _ Rawlins
., Laramie

Cheyenne

0 100 MILES
T S|

No. Town- | Range
(fli)g Name Section | ship N. w.
1| RedBird______________ 23 38 62
2 | El Paso Natural Gas
1 Ketelsen_ _________. 5 37 68
3 | Salt Creek—Teapot dome
(composite) .. ________ 3,4 38 78
24, 25 39 78
3 39 79
34 40 79
4 { North Fork__.__._______ {23, 26 43 81
25, 27 44 82
5 | No Water Creek._______ 35 44 90
6 | Zimmerman Butte______ 15 44 92
25 44 93
7 Lucerne________________ 13, 26 44 94
8 | Ronccomine_._________ 13, 17 44 95
9 | Cottonwood Creek___.__ 26 45 97

Ficure 2.—Index map showing location of sections on
figure 1.

tity of the missing ammonite zones at Red Bird (loc. 1,
fig. 1) indicates that the pre-Teapot unconformity is
no older than late in the time span of Exiteloceras
jenneyi, and no younger than early in the time span
of Baculites reesidei. REast of the Black Hills, in west-
ern South Dakota, the zones of Didymoceras cheyennense
and Baculites compressus are well represented and some
strata representing the zone of B. cuneatus are present,
indicating that the unconformity must have developed
late in the time span of Baculites cuneatus or early in
the time span of B. reesider.

THE TEAPOT SANDSTONE MEMBER

The Teapot Sandstone Member of the Mesaverde
Formation is a striking lithologic unit composed largely
of white- to light-gray fine- to coarse-grained thin to
massive and locally torrentially crossbedded nonmarine
sandstone that contrasts strongly with darker contigu-
ous strata. It contains an abundance of dark-brown
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to black carbonaceous material in the form of angular
to rounded coaly fragments, thin laminae of carbona-
ceous shale, and local thin lenticular beds of impure coal.
The Teapot contains an abundance of rounded to sub-
angular grains of dark chert along with subangular to
angular quartz grains and clay. In most areas the
matrix appears to be clay, but locally the rock is ce-
mented with silica. At many places the Teapot is
more resistant than adjacent units and forms a ridge
covered with pine trees. The type locality of the Tea-
pot Sandstone Member is in the vicinity of the Salt
Creek oil field and, prior to being formally defined by
Barnett (1915, p. 113-114), it was referred to as ‘“‘the
sandstone forming the Little Pine Ridge”” (Wegemann,
1911, p. 48). In the Powder River basin it ranges in
thickness from about 50 feet at the type locality to
about 125 feet at the Big Muddy oil field in the southern
part of the basin near Glenrock, Wyo.

Subsurface studies indicate that the Teapot extends
throughout much of the Powder River basin. Over
much of this area it is interpreted to be nonmarine in
the main part but bordered on the east by a narrow
belt of marine sandstone. This marine sandstone is
exposed only in the Lance Creek oil field, on the south-
east margin of the basin, where it consists of about 50
feet of coarse-grained glauconitic sandstone that crops
out about 1,300 feet below the top of the Pierre Shale.
Baculites reesidei is present in the upper part of the
Teapot and in a 60-foot interval in the overlying Pierre
Shale. The marine phase of the Teapot grades east-
ward into shale and has not been recognized along the
east margin of the Powder River basin. Along the
west side of the basin the Teapot or its equivalents
have been recognized as far north as Parkman, Wyo.,
where it forms the upper unit of Darton’s (Darton and
Salisbury, 1906, p. 8) type Parkman Sandstone.

Subsurface studies by Rich (1958, p. 2435) of Cre-
taceous rocks in the Wind River and southern Bighorn
basins led him to postulate that the Teapot was present
in these areas. Houston and Murphy (1962, p. 86, 82)
recognized the Teapot Sandstone Member of the
Mesaverde in outcrops in the southeastern part of the
Bighorn basin in the vicinity of the No Water Creek
section (loc. 5, fig. 1). The authors have traced the
Teapot along the east, south, and west sides of the
Bighorn basin. Throughout this area the Teapot
rests unconformably on the older parts of the Mesa-
verde (fig. 1). In the southeast and eastern parts of
the basin it is conformably overlain by marine shale
and sandy beds equivalent to the lower part of the
Lewis Shale of the western Powder River basin or to
the lower tongue of the Lewis Shale as used by Rich
(1958, p. 2437) in the Wind River basin. In the
vicinity of the No Water Creek section (loc. 5, fig. 1),
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Baculites jensent was collected 50 feet above the base
of the Lewis and another ammonite that has previously
been found only with Baculites eliast or B. jenseni was
collected from near the top of the formation. In view
of the fact that the lower 50 feet of the Lewis has not
been dated and of the ambiguous age implication of
the ammonite from the top of the unit, it can be postu-
lated that the Lewis could possibly range in age from
somewhere in the time span from Baculites reesidei to
B. eliast (fig. 1, right-hand column).

The physical appearance of the Teapot is as striking
in the Bighorn basin as it is in the Powder River basin
to the east and in the Wind River basin to the south.
In the Bighorn basin the Teapot is 75 to 100 feet thick
in areas where it is overlain by marine rocks of the
Lewis, but it is more than 300 feet thick in western
and northern areas where it is overlain by the Meeteetse
Formation, a nonmarine partial equivalent of the Lewis
(fig. 1). Similar thickness variations have been ob-
served in the Wind River, Laramie, and Hanna basins.

The areal distribution of the Teapot Sandstone
Member in the Wind River basin is largely unknown.
The unit has been recognized and described along the
southeastern part of the Basin by Rich (1958, p. 2429-
2430, 2432, 2435-2436) and Barwin (1961, p. 176) and
along the east side of the basin adjacent to the Casper
arch by Workum (1959). In the northwest part of
the basin, Keefer and Troyer (1956) described as the
uppermost unit of the Mesaverde in the Shotgun Butte
area a white to light-gray very fine to coarse-grained
massively crossbedded sandstone that is 225 feet to
435 feet thick. Keefer and Rich (1957, p. 73) later
discussed the stratigraphic relations of this sandstone
and suggested that it might correlate with the Teapot.

In deference to other workers who have made
extensive studies of rocks of Late Cretaceous age in
this region, it should be stated that there is not com-
plete concurrence of opinion as to the interpretation of
the origin of the Teapot and its lateral equivalents—
the Pine Ridge Member and upper part of the Ericson
Sandstone. The authors and many others consider the
Teapot and its equivalents to be of nonmarine origin,
but Weimer (1960, p. 9, fig. 4) appears to regard the
Teapot and the Pine Ridge (1961, p. 20, fig. 3) as
transitional and marine sandstones and the Ericson a
marine sandstone “* * * deposited in and marginal to
the marine embayment’’ (Weimer, 1961, p. 27).

In the eastern half of the Bighorn basin, Severn (1961,
p- 198) tentatively correlates a 192-foot-thick sandstone
at the top of his Judith River Formation (Mesaverde of
this report) with the Teapot Sandstone Member and
regards it as “* * * combined beach, fluvial and
lagoonal deposits related to a pause in the westward
transgression of the Bearpaw sea.” Miller and others
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(1965, p. 281), although not explicit, appear to regard
the Teapot or its equivalent as a marine sandstone in
the Bearpaw Shale.

LATE CRETACEOUS UPLIFT AND EROSION

The interfingering of marine and nonmarine rocks of
Late Cretaceous age in the Bighorn and Powder River
basins is thought to be the direct result of periods of
uplift alternating with periods of quiescence and subsid-
ence along the western cordillera margin of the Late
Cretaceous sea. Large eastward-pointing wedge-
shaped masses of shallow-water marine and nonmarine
strata are interpreted as reflecting uplift in western
areas, and the interfingering westward-pointing wedges
of fine-grained marine rocks appear to reflect continued
basin subsidence coincident with the final stages of
erosion of uplifted areas. The regressive sequences of
marine and nonmarine rocks, and the enclosing trans-
gressive deposits of fine-grained marine sediments
represented by parts of the Cody, Lewis, and Pierre
Shales and the Mesaverde, Meeteetse, Fox Hills, and
Lance Formations, are thus thought to be a record of
the pulsating nature of orogenic events that took place
in a region west of the area of present study.

The Teapot Sandstone Member of the Mesaverde is
also a regressive deposit that reflects orogeny, but one
which differs markedly from the bulk of the regressive
units found in the underlying parts of the Mesaverde
or in the younger Meeteetse, Fox Hills, or Lance
Formations. The detritus in these latter rocks appears
to have been transported from remote western areas
and deposited in and along the margins of the sea.
The rate of sediment delivery exceeded the rate of basin
subsidence, and the coastline slowly shifted eastward.
As an example, the time involved in depositing the main
mass of the Mesaverde, as it is exposed in the area be-
tween Cottonwood Creek (loc. 9, fig. 1) and North Fork
(loc. 4, fig. 1), is estimated to involve the greater part
of the time span of 9 ammonite zones, whereas the Tea-
pot Sandstone Member is inferred to have been de-
posited in less than the time span of 1 zone, Baculites
reesides.

The Teapot and its lateral equivalents—the Pine
Ridge Sandstone Member of the Mesaverde Forma-
tion and the upper part of the Ericson Sandstone—
are considered to be postorogenic deposits derived from
strongly uplifted areas in western Wyoming or eastern
Idaho. These rocks differ in appearance and lithology
from regressive deposits of the Mesaverde and other
Cretaceous formations in Wyoming because of their
somewhat different environments of deposition. The
Mesaverde and similar rocks accumulated slowly in
and along the margins of the regressing sea. The Tea-
pot and its equivalents appear to have been deposited
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rapidly as a broad sheetlike body of nonmarine sand
on the uplifted and eroded surface of nonmarine rocks
of the Mesaverde. In the western part of the Powder
River basin, uplift was sufficiently intense to expose
large areas of former sea bottom to subaerial erosion.
In these areas the nonmarine rocks of the Teapot rest
disconformably on marine sandstone or shale and are

overlain by marine deposits of the Pierre or Lewis
Shale.

Incipient and in some places strongly accentuated
growth of structural features that later attained their
maximum configuration during the Laramide orogeny
appears to be related to uplift preceding deposition of
the Teapot Sandstone Member of the Mesaverde. One
such example of pre-Teapot structural growth in the
Lost Soldier oil field, near Lamont, Wyo., has been
described by Zapp and Cobban (1962, p. D52) and by
Reynolds (1966, p. B69-B76, this chapter). Miller and
others (1965) recently reported the results of a study of
the stratigraphy and petroleum potential of rocks of
latest Cretaceous age in the Bighorn basin and con-
cluded (p. 283-284) that,

In a number of areas anomalous thinning occurs in the Judith
River section [Mesaverde of this report]. Several of these areas
are in the southeastern part of the basin associated with well-
known Laramide structural trends at Worland dome, Slick
Creek, and Neiber. In most places the anomalous thinning of
the section amounts to 100 to 150 feet and occurs in the conti-
nental deposits in the middle of the Judith River [Mesaverde
of this report]. The thinning reflects the influence of either
erosion or slower rates of deposition related to incipient struc-
tural upwarp during the period of maximum regression. The
upper Judith River Sandstone [Teapot Sandstone Member of
the Mesaverde of thi® report] may in some areas lie unconform-
ably on the middle continental unit.

The authors do not concur with the stratigraphic
interpretations presented by Miller and others (1965)
but do consider that erosion beneath their ‘“upper
Judith River sandstone’ reflects incipient structural
growth which was a precursor to later structural de-
velopment. The authors believe that many structural
and stratigraphic traps or combinations of these were
formed by pre-Teapot tectonic events throughout much
of Wyoming. Some of these potential traps have been
exhumed and obliterated by erosion but it seems likely
that many more may exist in the present structural
basins of Wyoming but remain hidden beneath thick
deposits of Tertiary basin fill.

The regional tectonic and depositional history of the
Teapot segment of Late Cretaceous time in the northern
part of the western interior region is interesting and
significant. During the period of broad uplift and
erosion and of the subsequent deposition of the Teapot
in Wyoming, widespread westward transgression of
the sea took place in Montana and adjacent parts of
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southern Canada. During this interval the strandline
moved westward a distance of about 350 miles and the
sea lapped on the eastern margin of the Elkhorn
Mountains Volcanics in western Montana. Explosive
vulcanism which occurred intermittently throughout
this advance of the sea is reflected by numerous thick
persistent beds of bentonite in the Bearpaw Shale.

An absolute age determination of 7542 million years
has been reported by Folinsbee and others (1961, p.
353-356) for biotite and sanidine obtained from a
bentonite bed in the Baculites compressus zone in the
Bearpaw Shale of southern Alberta. An extrapolation
of this and other data currently in the process of pub-
lication by the authors indicates that the extensive
transgression of the Bearpaw sea in southern Canada
and Montana and the uplift, erosion, and regression
of the sea as marked by the Teapot Sandstone Member
in Wyoming took place approximately 72 m.y. ago.
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PERMIAN COLEOID CEPHALOPODS FROM THE PHOSPHORIA FORMATION

IN IDAHO AND MONTANA

By MACKENZIE GORDON, JR., Washington, D.C.

Abstract.—Belemnite-like coleoid cephalopods belonging to the
family Aulacoceratidae occur in two phosphatic shale members of
the Phosphoria Formation. The Meade Peak Member of
Early Permian age contains Stenoconites tdahoensis n. gen., n.
sp., at four localities in southeastern Idaho. This is the oldest
Permian coleoid known. The Retort Member of Late Permian
age contains ‘‘Dictyoconites’” cof. “D.” groenlandicus Fischer at
six localities in southwestern Montana. “D.” groenlandicus
was originally described from northeastern Greenland. Both
genera appear to be closely related to, but not identical with,
true Dictyoconites of the Alpine Triassic. A fairly direct seaway
connecting Greenland and southwestern Montana is implied by
the distribution of “‘Dictyoconites.”’

The coleoid cephalopods described in this paper were
collected during an intensive sampling program of the
Phosphoria Formation in Montana, Idaho, Wyoming,
and Utah, begun by the U.S. Geological Survey in 1947
under the direction of V. E. McKelvey. The coleoids
were found in sections of the phosphatic shale members
exposed in trenches dug by bulldozer to facilitate
sampling of this relatively nonresistant rock. Strati-
graphic data and partial chemical analyses of rocks
from the sampled sections have been published in U.S.
Geological Survey circulars and professional papers.
Data from Idaho sections, used in this paper, are from
McKelvey, Davidson, and others (1953), McKelvey,
Armstrong, and others (1953), Sheldon and others
(1953), and Davidson and others (1953). Data from
Montana sections are from Cressman and Swanson
(1964). As part of the Phosphoria investigations,
paleontologic collections were taken from fossiliferous
beds in sampled and measured sections. A summary
report of these faunal investigations by E. 1.. Yochelson
is now in preparation.

The first Permian coleoid found in the United States
and, indeed, the first known Lower Permian one in the
world, is from Idaho. Tt was recognized as a possible
belemnite by J. E. Smedley, of the U.S. Geological
Survey, who collected it in July 1948, and showed it to

the writer later that year. This specimen is the type
of the new genus and species described in this paper.
A search for further material in the U.S. Geological
Survey collections at the U.S. National Museum proved
fruitless until a colleague suggested that the coleoids
might have been mistaken for fish spines by those
doing preliminary sorting of material. Subsequently,
15 collections containing coleoids, mostly external molds,
were found among fish remains from the Phosphoria
Formation. This should emphasize the possibility that
other late Paleozoic coleoids may be undiscovered in
museum, university, and private collections the world
over.

LOCATION AND STRATIGRAPHIC- POSITION OF THE
PHOSPHORIA COLEOIDS

Coleoid cephalopods in the Phosphoria Formation
of Idaho that are sufficiently well preserved to identify,
all of which occur in the Meade Peak Phosphatic Shale
Member of Early Permian (Leonard) age, are referred
to Stenoconites idahoensis n. gen., n. sp. The specimens
from Montana are from the Retort Phosphatic Shale
Member of Late Permian age. They appear likewise
to be restricted to a single genus and species, here
identified as “Dictyoconites” cf. “D.” groenlandicus
Fischer.

Distribution of Sfenoconites

The specimens assigned to this new genus, which is
described in a later part of this report, are from 5 col-
lections taken from 4 trenches dug in southeastern
Idaho in 1948 and 1949. The location of the trenches
is shown on the index map (fig. 1). Stenoconites
idahoensis is recorded in four of these collections and
is identified with question in the fifth. The localities
cover an elongate area in Caribou County, southeastern
Idaho, about 21 miles long in a northerly direction and
as much as 5 miles wide, northeast and southeast of
Soda Springs.
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The thickness of the Meade Peak Phosphatic Shale
Member at each collecting locality, the thickness of
the coleoid-bearing shale interval, and the distance
above the base and below the top of the nearest bound-
ary of this interval are shown in table 1. Stenoconites
idahoensis appears to be limited to a stratigraphic
interval only a few feet thick, roughly four-fifths of
the way up in the phosphatic shale member at the
North Wooley Range, North Dry Valley, and Swan
Lake Canyon sections (locs. 8-10, fig. 1) and only a
little higher in the Henry section (loc. 7). The only
occurrence of a coleoid from a lower horizon in the
Meade Peak Member is a poorly preserved, unidentifi-
able fragment of an aulacoceratid in a 2%-foot bed of
slightly oolitic mudstone, 16 feet above the base of the
Meade Peak Member in the Trail Canyon trench,
about 8 miles northeast of Soda Springs (USGS loe.
9971-PC).

TaBLE 1.—Stratigraphic distribution of Stenoconites in the Meade
Peak Phosphatic Shale Member of the Phosphoria Formation in
Idaho

Thickness of— Distance
Iﬁoc.
o.
Section sampled | (fig. | USGS loc. No.| Meade |Coleoid-; Above Below
1) Peak bearing | base of | top of
Member |interval | member | member
(ft) (ft) (ft) ft)
Henry_______ 7 | 11630-PC | 177.8 1.6 | 157. 4 18.8
North
Wooley
Range_ . __ 8 | 10434-PC | 163.1 4.7 | 129.8 28.6
North Dry
Valley.____ 9 | 10519-PC | 157.6 3.4 | 124.7 29.5
Swan Lake
Canyon_.__| 10 | 10593-PC | 162.5 3.2 129.7 29.6
10594-PC

Distribution of ‘‘Dictyoconites”

The Montana coleoids were found in six trenches (fig.
1) dug during the period 1947-49 in Beaverhead County,
in the southwestern part of the State. Two of the
trenches (locs. 1 and 2) are about 13 miles (airline)
south and southwest of Dillon; another (loe. 3) is 19
miles southwest of Dillon; the fourth (loc. 4) is about
36 miles south of the northernmost locality, within a few
miles of the Continental Divide. The last two (locs.
5 and 6) are in a line to the northeast of the southern-
most locality, the farther one 23 miles from it. The
stratigraphy and petrology. of the Permian rocks in
this region have been discussed in detail by Cressman
and Swanson (1964); stratigraphic data used in table
2 come from their report. The thickness of the
“Drctyoconites’”’-bearing Retort Member at each
trenched section, the thickness of the shale interval
that yielded coleoids in each section, and the distances
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from the limits of this interval to the top and bottom
of the member are shown in table 2.

TaBLE 2.—Stratigraphic distribution of ‘“Dictyoconites’” in the
Retort Phosphatic Shale Member of the Phosphoria Formation
in Montana

Thickness of— Distance
Loc.
No. USGS
Section sampled | (fig. loc. No. Retort |Coleoid-{ Above Below
1) Member | bearing | base of top of
(ft) interval | member | member
(ft) (ft) (ft)
Dalys Spur___| 1 9790-PC | 55.7 1.7 21.4 32.6
Sheep Creek__} 2 | 10901-PC | 60.3 23.9 1 27.3 4.5
10902-PC
10906-PC
10907-PC
Cedar Creek._| 3 | 10826-PC | 51. 1+ .3 8. 04| 41.9
Little Sheep
Creek-_____| 4| 11658-PC | 28.4 7.6} 20.8 0
11659-PC
Wadhams
Spring______| 5 | 10848-PC | 66.9 3.3 | 58. 8 4.8
Blacktail
Creek._.___ 6| 11669-PC | 61.1 2.7 56.7 1.7

The Sheep Creek trench (loc. 2) is at the type locality
of the Retort Phosphatic Shale Member of the Phos-
phoria Formation. Here the Retort can be divided into
three parts (Cressman and Swanson, 1964, p. 334): a
lower unit, 26 feet thick, consisting chiefly of interbedded
phosphorite and phosphatic mudstone; a middle unit,
slightly over 15 feet thick, of nonphosphatic carbona-
ceous mudstone; and an upper unit, 19 feet thick, of
phosphorite and phosphatic mudstone similar to the
lower unit. At this locality the coleoid-bearing interval
is nearly 24 feet thick; the coleoids are limited to the
upper two units and do not occur in the top few feet.
In the nearby Dalys Spur trench (loc. 1) the only cole-
oid, a poorly preserved fragment referred with question
to “Dictyoconites” cf. “D.” groenlandicus, came from
the middle unit. A “Dictyoconites” in the Cedar Creek
trench (loc. 3), about 12 miles west of the Sheep Creek
locality, is from the lower phosphatic unit. At the
other three localities (locs. 4-6), all to the southeast,
the coleoids occur in a relatively narrow interval at or
near the top of the member.

AGE OF THE COLEOID-BEARING BEDS

The Meade Peak Member of the Phosphoria Forma-
tion contains an ammonoid fauna regarded by Miller
and others (1957, p. 1057) as equivalent in age to that
of the Leonard Formation of Texas. The Leonard is
assigned a Lower Permian age by the U.S. Geological
Survey.

The Retort Member of the Phosphoria Formation
has not previously been referred to a specific serles
within the Permian. The presence in it at several
localities of “Dictyoconites’”, known elsewhere in the
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late Paleozoic only in the Posidonia-Schiefer of east-
central Greenland, suggests the approximate equivalence
of the two stratigraphic units. The Posidonia-bearing
shale beds of east-central Greenland interfinger with
brachiopod-bearing limestone beds of Zechstein and
Kazanian age. Biostratigraphers are generally inclined
to regard them as Late Permian in age (Fischer, 1947,
p. 6; Triimpy, 1960, p. 98; Dutro, 1961, p. C227). A
similar age assignment for the Retort Member appears
warranted.

INTERPRETATION OF THE COLEOID DISTRIBUTION

It is not known at present what controls the locally
limited stratigraphic distribution of the coleoids. Only
the bed-by-bed collection of fossils in the Phosphoria
Formation sample trenches has permitted recognition
of the distribution shown in the tables. Coleoids are
relatively rare among the fossils collected. All that is
known with relative certainty is that they are limited
to the phosphatic shale members.

One would expect that further local limitation of
coleoid distribution, within the phosphatic shale mem-
bers, might be related to salinity, pH, and other
environmental chemical features of the sea water.
Cressman and Swanson (1964, p. 383) suggest that
subsidence occurred in southwestern Montana during
Retort time. No doubt this opened a fairly direct
connection with the Greenland region, permitting
“Dictyoconites” to venture into the plankton-rich waters
of the Phosphoria sea. This genus, however, is nowhere
as abundant in Montana as it is in the Upper Permian
rocks of Greenland.

Whatever the relationship of the coleoids to en-
vironmental chemical conditions, their distribution in
the phosphatic members of the Phosphoria Formation
does not appear to be governed by the content of
P;O; as expressed by the present quantities of phos-
phate in these rocks. However, all the coleoids occur
where the average content of carbonaceous matter in
the Retort Member is reported to range from 5 to 7
percent, a relatively high content of organic matter
for shale.

SYSTEMATIC PALEONTOLOGY

Subclass COLEOIDEA
Order AULACOCERIDA Jeletzky, 1965
Family AULACOCERATIDAE Moijsisovics, 1882
Genus DICTYOCONITES Mojsisovics, 1902

“Dictyoconites’ cf. “‘D.”” groenlandicus Fischer

Figure 2, a, c-k

Drictyoconites groenlandicus Fischer, 1947, p. 10-19, pls.
1, 2; text figs. 1-4.
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All the 25 coleoid specimens from southwestern
Montana are rostra or fragments of rostra and all have
a subcircular to compressed elliptical cross section in-
dented by a pair of prominent dorsolateral grooves, the
sulci gemanati of Miiller-Stoll (1936, p. 177) and Fischer
(1947, p. 9). Most of the rostra are preserved as exter-
nal molds in shale, but two solid fragments were found,
one of which has been thin sectioned transversely
(fig. 2, a, ¢). No phragmocones or fragments thereof
have been recognized.

The more complete rostra reach a maximum height
(dorsoventral diameter) of 5 mm and width (lateral
diameter) of 4 mm, tapering at both ends, the apicad
to a blunt point and the orad to a contracted zone,
probably near the apex of the phragmocone, where
they were broken off. The longest of these fairly
complete rostra is 38 mm (fig. 2, d). A larger, less
complete one is 41 mm long and reaches a maximum
width of 5.5 mm (fig. 2, j, k). Other rostra are less
than 3 mm in height. A latex cast from an external
mold of the apical end of a gerontic rostrum is also
figured (fig. 2, ¢, f). This shows the blunt, bullet-
shaped termination, its sides curving to meet at a
moderately acute angle.

The rostral surface is sculptured by low, rather
flat, longitudinal lirae with narrower interspaces.
Some of the lirae increase by bifurcation; less commonly
some pairs of lirae unite. Intercalation occurs locally
but is extremely rare. Generally 6 to 8 lirae occur in
the space of 1 mm, but there is some variation. As
nearly as can be determined, the figured solid fragment
of a rostrum (fig. 2, b, 1) has 113 lirae at its wider end.
The lirae are crossed by fine, faint, transverse threads,
stronger over the lirae and therefore giving them a
minutely beaded or granular appearance. Some groups
of lirae are slightly inflated into elongate beads along
transverse trends. Locally, transverse sculpture is
sufficiently strong to give the surface a cancellate
aspect, which probably is accentuated by weathering.

Dorsolateral grooves (sulct geminati) begin shallowly
within 2 mm of the apex, strengthen rapidly into L-
shaped grooves, and continue strongly for the full
length of the rostrum in our specimens (which ad-
mittedly are incomplete, lacking the parts that sur-
round the phragmocone). In some, a moderately
coarse thread appears within each groove near the
middle of the rostrum. Longitudinal lirae ornamenting
the dorsum between the sulci diverge slightly so that
lira after lira is gradually cut off by, or disappears into,
the narrow troughs. Lirae on the ventrad side of the
sulci are either subparallel to the sulcus or crowded,
and appear to be cut off at their apicad end.

Transversely cut thin sections (fig. 2, a, ¢) show the
radiating structure of the rostrum and the three dis-
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Ficure 2.—Permian coleoid cephalopods from the Phosphoria Formation in Idaho and Montana.
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tinct stages of ontogeny (Fischer, 1947, p. 13) referred
to as nepionie, neanic, and ephebic-gerontic. The
narrow rod-shaped nepionic rostrum is circular in cross
section and without visible structure (fig. 2,¢). The
neanic stage is characterized by sharply differentiated
light and dark concentric layers (laminae pellucidae
and laminae obscurae) and the beginning of an elliptical
cross section flattened in the position of the sulct
geminati (fig. 2, a, ¢). The ephebic-gerontic stage,
whose beginning is not well differentiated from the
neanic one, is characterized by radial as well as lamellar
structure and occupies half, or a little more, of the
thickness of the rostrum.

In all their characters the Montana rostra agree
reasonably well with “Dictyoconites” groenlandicus
Fischer. Perhaps the only notable difference is that
some of the Montana specimens reach a slightly greater
circumference than was recorded by Fischer for the
Greenland specimens. Because entire rostra and par-
ticularly phragmocones are lacking, it is impossible to
make a positive identification at this time of the Green-
land species.

The writer does not believe that the Greenland species
is correctly assigned by Fischer to Dictyoconites. This
is also the opinion of J. A. Jeletzky (oral commun.,
1964), of the Geological Survey of Canada, and
Helmuth Zapfe, of the Natural History Museum of
Vienna, Austria. They plan to publish their conclusions

EXPLANATION OF FIGURE 2

a, c—k. “Dictyoconites’ cf. ““D.” groenlandicus Fischer.

a, ¢. Two transverse thin sections (X 20) of rostrum
(USNM 146469) from USGS loc. 10848-PC, under
dark-field illumination.

d. Ventral view (X 2) of latex cast of external mold
(USNM 146470) from USGS loe. 10901-PC.

e, f. Views (X 1 and X 2) of latex cast of apical end of
rostrum (USNM 146472) from USGS loc. 11658-PC,
showing one of sulci geminats.

g. h, 7. Apicad, dorsal, and side views (X 3) of slightly
distorted solid fragment of rostrum (USNM 146468)
from USGS loc. 10826-PC, showing strong sulci
geminati.

7, k. Dorsal views (X 2 and X 1) of latex cast of
external mold (USNM 146471) from USGS loec.
10902-PC.

b, I-t. Stenoconites idahoensis n. gen., n. sp.

b, ¢, s, t. Ventral view (unwhitened), showing part of
phragmocone ground to siphuncle (X 4), side view
(X 1), and opposite side and side views (X 2) of
posterior part of holotype (USNM 146473) from
USGS loc. 10434-PC.

I, m. Side view (X 2 and X 1) of anterior part of holo-
type showing conothecal surface of phragmocone with
small area of adhering rostrum at upper right.

n, 0, p. Side, dorsal, and end views (X 3) of paratype
(USNM 146474) from type locality.

r. Longitudinal dorsoventral thin seetion (X 15) of
paratype (USNM 146475) from USGS loc. 10594-PC,
showing part of phragmocone and rostrum, siphuncle,
and thick secondary deposits and club-shaped areas
of secondary filling of camerae (diagrammatic sketch
shown on fig. 3).

Name and location of USGS localities shown in tables 1 and 2.
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as to the generic assignment of Dictyoconites groen-

landicus Fischer in a joint paper. Rather than take

any action that might preempt this work, the writer is

merely using “Dictyoconites” in quotation marks.
Figured specimens.—USNM 146468-146472.

Occurrence.—Phosphoria Formation, Retort Phos-
phatic Shale Member, USGS 1loes. 9790-PC(?),
10826-PC, 10848-PC, 10901-PC, 10902-PC(?), 10906~
PC, 10907-PC, 11658-PC, 11659-PC, 11669-PC(?),
Beaverhead Co., Mont.

Genus STENOCONITES Gordon, n. gen.

(Greek: stenos=narrow, konos= cone, -ites=rock)

Diagnosis.—Rostrum straight, compressed elliptical
in cross section with rather prominent lateral ridge at
either side a little dorsad of center; venter well rounded;
dorsum a little flatter and narrower than venter.
Lateral ridges set off by smooth sulcus at either side;
smaller grooves may be present locally. Surface of
rostrum ornamented by fine longitudinal, discontinuous
to subcontinuous ramifying threads, with greatest
strength and linearity on venter. Sulci that flank
lateral ridges are locally smooth. Phragmocone con-
tinuous through considerable part of rostrum, circular,
expanding gradually by about 1 in 10 mm in type
species, with an apical angle of 6° to 7°; conothecal
surface smooth; septa saucer shaped, without septal
necks; sutures straight, vertical or tilted very slightly
dorsorad. Cameral deposits present, episeptal ones
appearing thick in some chambers, hyposeptal ones
thin; both occur as circuli locally surrounding si-
phuncle. Siphuncle tubular, strongly execntric but
not marginal.

Type species.—Stenoconites idahoensis n. sp.

Discussion.—The principal characters of Stenoconites
are the compressed rostrum, the lateral ridges flanked by
fairly smooth sulei, the very fine subcontinuous to dis-
continuous longitudinal threads, the smooth conotheca,
fairly straight, vertical sutures, moderately strong
cameral deposits, and the nonmarginal siphuncle. No
other coleoid genus is known to have this combination
of characters. The rostra of Aulococeras, Bactritimimus,
and Hematites are much more coarsely sculptured
longitudinally. Those of Atractites, Calliconites, Meta-
belemnites, and Paleoconus are virtually smooth. Rostra
that appear closest to that of Stenoconites are those of
Dictyoconites and related forms. Dictyoconites has a
marginal siphuncle and the surface of its conotheca is
longitudinally lirate. The Upper Permian shell from
Greenland called “Dictyoconites” groenlandicus Fischer
has a smooth conotheca as in Stenoconites, but lacks its
lateral ridges and ventrad sulci, and has slightly
stronger, more continuous surface sculpture and a
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marginal siphuncle and no cameral deposits in the
phragmocone.

So far Stenoconites is known only in the Lower
Permian from a restricted area in southeastern Idaho.

Stenoconites idahoensis Gordon, n. gen,, n. sp.
Figures 2, b, I-t, 3
Diagnosis.—Stenoconites with approximately 3.7 cam-
erae in space equal to diameter of phragmocone.
Thick episeptal and thin hyposeptal deposits nearly
filling some chambers, appearing as circuli around
siphuncle in others.

Description.—Holotype an incomplete phragmocone
and adhering guard broken in 3 pieces, totaling 53.5
mm in length. Rostrum compressed, suboval in cross
section, measuring 5.6 mm high and 5.1 mm wide at
adaptical end of specimen and increasing to 7.1X6.7
mm in 20 mm adorally, an increase in height of 1 in 50
mm and in width of 1 in 40 mm. Dorsum and venter
well rounded; dorsum a little narrower than venter; at
adapical end of holytype, width just ventrad of dor-
solateral shoulder is 4.2 mm and just dorsad of ventro-
lateral shoulder is 4.6 mm. Prominent rounded lateral
ridge at either side of rostrum, a little dorsad of center,
1.2-1.5 mm wide at base in adapical 30 mm of specimen.
Lateral ridge flanked by depressed zone at either side,
dorsad one deeper and somewhat wider than ventrad
one and also wider than lateral ridge. Lesser faint
narrow longitudinal groove on rounded ventrolateral
zone at either side of shell and at outer edge of ventrad
depressed zone. Surface of rostrum fairly smooth but
under moderate magnification seen to consist of fine
faint subcontinuous to discontinuous, branching, re-
uniting, rarely intercalated, slightly granular longitu-
dinal lirae, somewhat irregular in strength and linearity.
About 11 lirae occupy space of 1 mm on dorsum.
Ventrad depressed zone flanking lateral ridge smooth.

Phragmocone approximately circular, 1.3 mm in
diameter at adapical end of holotype, as anterior part
of guard is missing. Diameter at adoral end of specimen
is 7.8 mm, where guard is only 0.3 mm thick. Rate of
expansion of phragmocone 1 in 9.5 mm. Septa saucer
shaped, without septal necks; camerae of moderate
depth, 3.65 occurring in space equal to one diameter of
phragmocone at point 30 mm from adapical -end of
holotype. Sutures straight, vertical, but some are
tilted slightly ventrorad. Conothecal surface smooth
but locally with almost imperceptible longitudinal
groove.

Siphuncle tubular, strongly eccentric, not marginal;
located at distance approximately equal to its own diam-
eter dorsad of ventral margin; diameter of siphuncle
0.7 mm near middle of holotype. Siphuncle encircled
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by dark hyposeptal and episeptal circuli in holotype
(fig. 2, b), which may represent ventral extension of
larger hyposeptal and episeptal cameral deposits that
appear to fill chambers in sectioned paratype (fig. 2, r).

Discussion.—This species is based on 5 specimens
from 2 localities (3 collections), of which only the 2 from
the type locality are well preserved. Some variation is
present. On the holotype the deeper part of the dorsad
depressed zone flanking the lateral ridge at either side
of the rostrum, corresponding to the sulei geminati, is
smooth. On the figured paratype (fig. 2, n—p) from the
same locality, the dorsad depressed zone contains fine
longitudinal lirae throughout, and in addition, both
depressed zones at either side of the rostrum contain a
tiny longitudinal ridge. Both specimens also show
similar fine lirae or striae at a low angle to the base of
the lateral ridge near the edge of the smooth zone. On
the holotype these appear to form narrow linguae across
the dorsad slope of the lateral ridge, but this effect may
be produced partly from wear of the somewhat indistinct
and slightly irregular longitudinal lirae.

The thin section of another paratype (fig. 2, r) leaves
much to be desired, as there is a secondary filling of
calcite and some fine- to medium-grained pyrite ob-
scuring and even distorting some parts of the specimen.
The coarser pyrite grains are ranged along some of the
fine laminae of the rostrum. Also a fine cloudy brown-
ish deposit that includes very fine grains of pyrite
borders the siphuncle and several of the septa on its
ventral side and forms a boundary between the cameral
deposits and club-shaped areas of secondary calcite that
have filled former cavities in the camerae. The
material filling these club-shaped areas appears to have
broken out from the sides of the siphuncle, which also
is filled largely with secondary calcite (fig. 3).

The first three camerae in the thin section appear to
be largely filled with cameral deposits, the episeptal
ones fairly thick and the hyposeptal ones thin and
poorly preserved. Owing to later recrystallization the
boundaries cannot be distinguished. The episeptal
deposits along the dorsal side of the chambers, marked
by concentric bands of dark coloring matter, appear to
reach nearly to the next septum. The hyposeptal de-
posits are thickest near the middle of the septum and
toward the siphuncle. The camerae appear to be
largely filled, also, on the ventral side of the siphuncle,
but this is obscured by recrystallization and staining.
Club-shaped cavity fillings are best developed in the
4th to 7th camerae in the thin section, each of them
nearly touching the orad septum where the hyposeptal
deposits are extremely thin. In subsequent camerae
the deposits are much thinner and most of the space is
occupied by secondary calcite. Here the septa and
siphuncle are achoanitic terminating in rather sharp
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Ficure 3.—Stenoconites idahoensis n. gen., n. sp. Dia-
grammatic sketch (X 10) of thin section along longi-
tudinal dorsoventral axis of paratype (USNM 146475)
shown also in fig. 2r. Sketch shows matrix (m),
rostrum (r), septum (s), siphuncle (si), and two areas of
secondary calcite within the phragmocone (white)
occupied by material that appears to have in part moved
along siphuncle, breaking through and invading some
camerae; and stippled, areas believed to be occupied at
least in part by secondary cameral deposits.

edges. Details of the structure of the siphuncle are
obscured by the brown-stained secondary deposits.

Transverse thin sections cut further along the phrag-
mocone show that the siphuncle enlarges somewhat and
approaches a little closer to the ventral wall of the
phragmocone. The rostrum, in this part of the shell
at least, does not show a strong radial pattern as in the
rostra of “Dictoyoconites.” Instead, wavy or wrinkled
concentric laminae are dominant, the minute wrinkles
tending to line up radially to form a secondary inter-
rupted radial pattern.

Stenoconites idahoensts is distinguished from the
only other known ‘Permian belemnoid “ Dictyoconites”
groenlandicus Fischer by the presence of a lateral
ridge at either side of the rostrum, presence of smaller
longitudinal grooves on some specimens, finer and less
continuous longitudinal lirae on the rostral surface,
and passage of the phragmocone for a considerable
distance through the compressed rostrum. The phrag-
mocone of the Greenland species (Fischer, 1947, p. 17)

"
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is without cameral deposits and has a marginal siphun-
cle, in contrast with the locally thick cameral deposits
and the strongly excentric but not marginal siphuncle
of Stenoconites.

Types—Holotype USNM 146473, paratypes USNM
146474-146476.

Occurrence.—Phosphoria Formation, Meade Peak
Member, USGS locs. 10434-PC (holotype and para-
type), 10519-PC(?), 10493-PC (2 paratypes), 10594—
PC (paratype), and 11630-PC(?), Caribou Co., Idaho.
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DEVONIAN STRATIGRAPHY OF THE CONFUSION RANGE, WEST-CENTRAL UTAH

By RICHARD K. HOSE, Menlo Park, Calif.

Abstract.—Devonian strata in the Confusion Range, in west-
central Utah, are more than a mile thick and are subdivided into
four formations. In ascending order these are the Sevy Dolomite,
Simonson Dolomite, Guilmette Formation, and Pilot Shale.
The Sevy Dolomite is virtually unfossiliferous, but on the basis
of regional considerations it is presumed to be of Devonian age.
The Pilot Shale yields Devonian fossils from its lower half; how-
ever, the upper part, locally at least, contains a fauna of Early
Mississippian age.

Devonian strata of the Confusion Range in western
Utah are subdivided into four formational units which
are, in ascending order, the Sevy Dolomite, the Simon-
son Dolomite, the Guilmette Formation, and the Pilot
Shale. The first three formations were named by Nolan
(1930, 1935) in the Gold Hill area, about 35 miles north-
west of the Confusion Range; the Pilot Shale was named
by Spencer (1917) in the Ely mining district, 60 miles
west of the Confusion Range. Figure 1 shows the loca-
tion of the Confusion Range and specific localities
discussed in the text. Figure 2 is a generalized graphic
section of the Devonian of the Confusion Range,
showing the relative positions of critical fossils.

SEVY DOLOMITE

Use of the term Sevy Dolomite, as is true also with
the terms Simonson Dolomite and Guilmette Forma-
tion, was first extended to the Confusion Range by
Campbell (1951). Subsequently Osmond (1954, 1962)
made an exhaustive regional study of the Sevy and of
the overlying Simonson Dolomite, and included data
on one stratigraphic section in the Confusion Range.

The Sevy Dolomite crops out in the Salt Marsh
Range (fig. 1, loc. 4); in the western of the two hills
called Coyote Buttes (loc. 1); in the eastern flank of
the Confusion Range from a point about 8 miles
southeast of Cowboy Pass to the Barn Hills (locs. 7 to
14); along U.S. Route 6-50; on the southwest flank of
the Confusion Range (loc. 13); and in the Conger
Range (loc. 11). At localities 7 and 12 the Sevy is
1,300 feet thick; mapping in other areas in the Con-

fusion Range indicates that this thickness is fairly
representative.

The Sevy is undoubtedly one of the most homo-
geneous formations in western Utah and eastern
Nevada. It consists of medium-gray dolomite that
weathers light gray to yellowish gray, although some
darker zones are present in the upper half. The rock is
predominantly dense, with individual dolomite anhedra
somewhat less than 0.008 mm in diameter, although the
lower hundred feet or so is coarser (Osmond, 1954),
and many anhedra in it are 0.02 to 0.09 mm in diameter.
Within the upper few hundred feet there are also inter-
beds of tan medium- to coarse-textured dolomite. The
thickness of the beds ranges from 6 inches to 6 feet and
averages 114 to 2 feet. Bedding and jointing are very
regular, and the rock weathers to cuboidal or prismatic
blocks. '

In zones and thin beds in the upper 100 feet of the
Sevy, scattered quartz grains are embedded in a dense
dolomite matrix. The quartz grains are typically well
rounded and equant to somewhat elongate, and range
in diameter from 0.14 to 0.6 mm. Osmond (1954, 1962)
has discussed the sand of the Sevy on a regional basis.

The contact of the Sevy Dolomite with the under-
lying Laketown Dolomite, of Silurian age, along the
eastern edge of the Confusion Range is characterized

NAMES OF LOCALITIES ON FIGURE 1
. West Coyote Butte; sec. 32, T. 154 8., R. 15 W.
. Unnamed butte; sec. 35, T. 153 S., R. 16 W.
. Bishop Spring anticline; sec. 8, T. 16 8., R. 17 W.
Salt Marsh Range; sec. 28, T. 15 8., R. 18 W.
. Cowboy Pass; W14, T. 17 8., R. 17 W.
. Southeast of Skunk Spring; sec. 3, T. 18 8., R. 16 W.
East of Cattleman’s Little Valley;sec, 13, T. 18 S.,, R. 16 W.
. Two miles northeast of Conger Mountain; see. 29, T. 18 8,,
R. 16 W.
9. Mile and a Half Canyon;sec. 2, T. 19 8, R. 16 W.
10. East of Okelberry Pass; sec. 23, T. 19 S, R. 18 W.
11. Conger Range; see. 28, T. 19 8., R. 18 W.
12. Central Confusion Range; secs. 14, 15, T. 20 S., R. 16 W.
13. West flank of Confusion Range; sec. 8, T. 21 8., R. 16 W.
14. Barn Hills; T. 21, 22 8., R. 14 W.
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FOSSIL COLLECTIONS

Schuchertella? sp. indet., Chonetes aff. C. ornatus Shumard, Chonetes sp.,
Orbinaria aff. O. pyxidata (Hall), Geniculifera sp., Rhipidomella cf. R. mis-
souriensis (Swallow), Stenocisma 3 sp., Camerotoechia sp., Rhynchopora?
ef. R.? rowleyi Weller, Cranaena? sp., Spirifer centronatus Winehell, Spirifer
ef. S. marionensis Shumard, Syringothyris aff. S. hannibalensis (Swallow),
Torynifer cooperensis (Swallow), Crurithyris sp., Nuculana sp., Avicu-
lopecten marbuti (Rowley) var., Cardiomorpha sp. cf. Naiadites sp.,
Sphenotus sp., Loxonema sp., cf. Dolorthoceras sp., ¢f. Imitoceras sp., Proetus
(Pudoproetus) cf. P. (P.) missouriensis Shumard, Proetus sp., horn corals
Cyrtiopsis? sp., “Cleiothyridina” sp.

Manticoceras sp., Spirifer cf. S. strigosus Meek, ? Hypothyridina sp.
Thamnopora sp., Alveolites sp., Temnophyllum or Macgeea n. sp., Atrypa cf.
missouriensis Miller, Productella sp., Disphyllum sp., Tenticospirifer
utahensis (Meek)

Amphipora sp., Stromatopora sp., Orecopia mccoyi (Walcott)?, Atrypa sp.,
Orthoceras sp., corals and bryozoans

Tylothyris sp., Martiniopsis? sp. or 71 Athyris sp.

Stringocephalus sp.

Dendrostella rhenana (Frech)

Cladopora sp., Syringopora sp., Mictophyllum cf. M. modicum Smith, high-
spired gastropods

Cladopora sp., Favosites sp., Thamnopora sp., Alveolites (abundant), Atelo-
phyllum n. sp. A, Atrypa sp., TAthyris sp., Paracyclas sp., Productella sp.,
“Martinia” cf. “M. sublineata (Meek)

Stromatopora sp., Amphipora, 1 Atrypa sp., Orthoceras sp., abundant high-
spired gastropods

EXPLANATION

&
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Sandstone Dolomite

Dolomitic limestone or
limy dolomite

@
+
?
@
3
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o

Shale
Limestone
'.
(=]
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: e
Dolomitic siltstone &84T

Limestone breccia
masses

Calcareous siltstone

Ficure 2.—Generalized stratigraphic section showing the relative positions of critical faunas.
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by light-gray, fine-grained to dense dolomite above and
by medium-dark-gray, medium- to fine-grained dolo-
mite below. In the Conger Range the Sevy is in con-
tact with a light-tan, massive saccharoidal dolomite of
the Laketown.

Except for the occurrence of a questionable stro-
matoporoid biostrome just south of the Cowboy Pass
quadrangle and a poorly preserved cephalopod siphuncle
within that quadrangle, the Sevy Dolomite is unfossil-
iferous. On the basis of its stratigraphic position, but
more importantly on its lithologic similarity, the Sevy is
correlated with the Beacon Peak Dolomite and Oxyoke
Canyon Sandstone Members of the Nevada Formation
in the Eureka area, Nevada. According to C. W. Mer-
riam (oral commun., 1965) the Beacon Peak Dolomite
and Oxyoke Canyon Sandstone members of the Nevada
Formation of the Eureka area are correlatives of the
lower part of the Nevada Formation of Lone Mountain
and the Sulphur Springs Range and are therefore of
Helderberg and Oriskany age (Early Devonian).

SIMONSON DOLOMITE

The Simonson Dolomite, like the Sevy Dolomite, is
very widespread in western Utah and eastern Nevada.
Its thickness of 660 feet at localities 12 and 13, in the
central and western parts of the Confusion Range, is
probably typical of that in areas to the north. Os-
mond’s (1954) regional study has shown that the Simon-
son is divisible into four persistent subunits. This
fourfold breakdown applies well in the Confusion Range.

The lowest unit of the Simonson-—the coarse member
of Osmond (1954)—is about 100 feet thick and consists
of pale-yellowish-brown dolomite that weathers light
olive gray. The rock is uniformly medium to coarsely
crystalline and saccharoidal. The beds are from 3 to
4 feet thick and weather to rounded ledges.

The second unit—the lower alternating member of
Osmond (1954)—is about 320 feet thick and consists of
alternating beds of dense to finely crystalline dolomite
and of somewhat coarser dolomite. The finer grained
dolomite is virtually identical in gross lithology to the
Sevy, although it is somewhat darker on a fresh fracture.
The coarser material is brownish to light brownish gray,
weathering pale brown to olive gray. Strong lamina-
tions such as those described by Nolan (1935) and
Osmond (1954) are common. Within this unit locally
are breccia masses that seem to occur as lenticular
strata as well as in irregular pipes.

The third unit—the brown cliff member of Osmond
(1954)—is about 40 feet thick and consists of dark-gray
dolomite that weathers olive gray to pale yellowish
brown. The rock is finely crystalline and occurs in
beds from 6 inches to 2 feet thick. The upper part of
the unit contains abundant gastropods, cephalopods,
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and hydrozoans (Stromatopora sp., Amphipora sp.), and
sparse brachiopods. The fossils weather light yellowish
gray and appear in sharp contrast to their dark matrix.
About 8 miles southeast of Cowboy Pass the Stromato-
pora sp. forms a reeflike body.

The highest unit—the upper alternating member of
Osmond (1954)—is about 200 feet thick south of U.S.
Route 6-50 but seems somewhat thinner in the areas to
the north. Dolomite is the dominant rock, but lime-
stone is present locally. The dolomite alternates from
dense or finely crystalline to coarse. Colors vary in
much the same way as in Osmond’s lower alternating
member. Fossils from limestone in the lower part of
this unit were identified as “Martiniopsis” sp. by C. W.
Merriam, who (oral commun., 1955) regards this fossil
as a temporal correlative of the Martinia kirkt zone of
central Nevada. Stringocephalus sp. was collected
from a bed about 10 feet below the top of the Simonson
in the southern part of the Cowboy Pass quadrangle.
Merriam (written commun., 1960) regards this as a
representative of the Stringocephalus zone of central
Nevada. Both these zones are of Middle Devonian age,
and at least the upper unit of the Simonson is correlative
with the Woodpecker Limestone and Bay State Dolo-
mite Members of the Nevada Formation of central
Nevada.

The contact of the Simonson Dolomite with the Sevy
Dolomite is characterized by dense medium-light-gray
dolomite below and light-olive gray medium to coarsely
crystalline dolomite above.

GUILMETTE FORMATION

The Guilmette Formation is present in the Salt
Marsh Range (fig. 1, loc. 4) and in an unnamed butte
east of the northern part of the Confusion Range
(loc. 2). It crops out along the east flank of the Con-
fusion Range from an area about 6 miles east of Cowboy
Pass southward to Mile-and-a-Half Canyon (loc. 9).
Extensive outcrops are also present in the central and
southern Confusion Range and in the Conger Range.

The Guilmette is about 2,600 feet thick at locality 6,
about a mile southeast of Skunk Spring. However,
mapping indicates that it is somewhat thinner in the
Conger Range (loc. 11). The Guilmette consists of a
well-defined basal unit and three additional, less well-
defined units. The basal unit, which is about 650 feet
thick, consists of massive to even-bedded, dark-gray to
grayish-black sublithographic limestone that contains
some zones of thin-bedded, somewhat laminated, dark-
gray limestone. A distinctive feature of the basal unit
is the presence of breccia in irregularly shaped, pipelike
bodies that transect bedding for several tens of feet,
and as somewhat irregular lenses. Breccia fragments



B40

consist of limestone virtually identical with that of the
unbrecciated portions. The fragments are angular and
as much as 4 feet long, although most range from 2 to 7
inches in length. The similarity of the breccia clasts
to the country rocks, coupled with their dissimilarity
to both underlying and overlying units, suggests that
the breccia was formed in part by collapse of the walls
of solution cavities and in part by the washing into
these cavities of material from above, at some period
before or during the deposition of the next younger unit
of the Guilmette.

The basal unit of the Guilmette generally forms
massive rounded knolls, ridges, and cliffs.

The next younger unit of the Guilmette Formation,
about 700 feet thick, consists mainly of even-bedded
dark-gray limestone which weathers grayish black to
very dark gray; pale-olive mottling is common in the
upper half of this unit. Beds range from 6 inches to
3 feet in thickness and form minor ledges. In the lower
half some zones are thin bedded and slightly argil-
laceous. Locally the sequence is dolomitized. C. W.
Merriam identified the spiriferoid Tylothyris sp. from
the upper half of this unit.

Next in ascending order is an 800-foot sequence of
medium-gray to dark-gray dolomite that weathers light
olive gray to brownish black. It is dominantly fine to
medium grained, but some coarser zones of lighter
colored dolomite are present. Vuggy inclusions of
white, opaque crystals of calcite and of dolomite are
scattered through a large portion of the rock. The
unit is characterized by abundant biostromes made up
of Amphipora and other stromatoporoids, corals, and
bryozoans. Both the upper and lower boundaries are
gradational.

The uppermost unit of the Guilmette Formation,
450 feet thick, consists primarily of limestone; how-
ever, it locally includes dolomite and, in the lower
hundred feet or so, a few thin beds of quartz sandstone.
The limestone is medium gray and weathers to olive
gray. It is finely crystalline to dense. A large portion
of the limestone of this topmost unit is biostromal and
consists mainly of Amphipora or other stromatoporoids,
corals, and bryozoans. Locally the limestone grades
laterally into dolomite; the gradation is generally abrupt
and is accompanied by an increase in grain size and a
change in color from gray to brown. The sandstone
is yellowish gray and weathers to yellowish gray or dark
yellowish orange. It is of fine to medium grain. This
unit forms resistant ridges. Tenticospirifer utahensis
(Meek) was collected from 250 to 350 feet below the top
of the Guilmette, and Manticoceras sp. from the upper-
most few feet.

C. W. Merriam (in Nolan and others, 1956, p. 50-51;
and 1963, p. 54-55) considers the species of Tylothyris
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to represent a temporal position between the String-
ocephalus and Spirifer argentarius zones of central
Nevada; he tentatively places the Tylothyris zone near
the top of the Middle Devonian. The Tenticospirifer
utahensis is considered correlative with the Spirifer
argentarius zone of the Devils Gate Limestone, and the
latter is a fairly reliable indicator of a widely recognized
zone in the lower part of the Upper Devonian.
Manticoceras is also of early Late Devonian age.

The contact of the Guilmette Formation with the
underlying Simonson Dolomite is characterized by
resistant massive thick-bedded locally brecciated lime-
stone above and medium-bedded relatively less resistant
dolomite below.

PILOT SHALE

The term Pilot Shale was first extended to the Con-
fusion Range by Campbell (1951). Within the Con-
fusion Range, complete sections of the Pilot are lacking,
although several well-exposed partial sections are
present. The lower 200 to 300 feet is well exposed
at locality 2. The core of Bishop Spring anticline
(fig. 1, loe. 3) is underlain by the Pilot, and excellent
exposures are present just east of Okelberry Pass in
the Conger Range (loc. 10).

A moderately well exposed section was measured at
locality 8, about 2 miles northeast of Conger Mountain,
where the Pilot is about 830 feet thick and consists
mainly of siltstone and dolomite siltstone. The latter
lithology is common in the lower 300 feet or so, and
thin sections indicate that about 60 percent of the rock
is made up of grains of dolomite that are silt sized and
generally euhedral, and of a small amount of calcite.
Quartz, also of silt size, makes up about 15 percent of
the rock. Interstitial material consisting of illite,
chlorite, and brown pigment makes up the remaining
25 percent. The unit is olive gray, but equivalent
strata of similar appearance, at locality 2 to the north,
weather grayish yellow.

Siltstone higher in the section contains less carbonate
and includes some shale interbeds. This siltstone is
olive gray but weathers to yellowish gray and light
olive gray.

A 4-foot conglomerate of limestone pebbles is present
160 feet above the base; another, about 15 feet thick,
is about 450 feet above the base. A 4-foot nodular
limestone underlain by 10 feet of shale that weathers to
pale red is present 660 feet above the base. This
limestone is the highest nodular limestone in the
section. Together with the underlying shale it has
been traced for 10 miles to the north. At the southern-
most exposure the limestone-shale zone is about 170
feet below the top of the Pilot; at the northernmost
exposure it is only 80 feet below the top; at inter-
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mediate points the depth of the zone below the top
changes northward from 170 to 80 feet, indicating that
the Pilot Shale thins northerly in this area.

A collection of fossils from 450 feet above the base
was identified by Jean M. Berdan and C. W. Merriam,
who state (written commun., 1956): “This collection
probably represents Zone D of Merriam (1940) on
Dutch John Mountain and is considered Upper Devoni-
an. Two of the most distinctive forms, Cyrtiopsis? sp.
and ‘Cleiothyridina’ sp., appear to be identical with
specimens from Dutch John Mountain.”

Collections from the highest nodular limestone unit,
identified by Mackenzie Gordon, Jr., and Ellis Yochel-
son, include the following forms: Schuchertella? sp.
indet., Chonetes aff. C. ornatus Shumard, Chonetes sp.,
Orbinaria aff. 0. pyxidata (Hall), Geniculifera sp.,
Rhipidomella cf. R. missouriensis (Swallow), Stenocisma
3 sp., Camerotoechia sp., Rhynchopora? cf. B.? rowleyi
Weller, Cranaena? sp., Spirifer centronatus Winchell,
Spirifer cf. S. marionensis Shumard, Syringothyris aff.
S. hannibalensis (Swallow), Torynifer cooperensis (Swal-
low), Crurithyris sp., Nuculana sp. Awviculopecten
marbuti (Rowley) var., Cardiomorpha sp. cf. Naiadites
sp., Sphenotus sp., pleuratomariid gastropods indet.,
Bellerophon sp., A, cf. Sinautina sp., Loxonema sp., cf.
Dolorthoceras sp., cf. Imitoceras sp., Proetus (Pudo-
proetus) cf. P. (P.) missouriensis Shumard, Proetus sp.,
and horn corals.

Gordon’s report (written commun., 1956) states:

“The presence of such species as Spirifer centronatus
Winchell, Torynifer cooperensis (Swallow) and Syring-
othyris aff. S. hannibalensis (Swallow) are clear indica-
tions of the early Mississippian age of the beds. Inas-
much as this is a varied fauna and there are close
similarities in different phyla and classes to species in
the Louisiana Limestone of east central Missouri, we
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feel that there is good evidence for a rough stratigraphic
equivalence of these beds to the Louisiana Limestone.”
From the same collections Helen Duncan (U.S. Geol.
Survey, 1964, p. A104) identified Permia and Rhopalo-
lasma which she regards as characteristic Carboniferous
rugose coral genera.

Characteristically the Pilot Shale forms slopes. Its
contact with the Guilmette Limestone is moderately
sharp, being gradational within a few feet. Beds below
the contact form resistant ridges and ledges, whereas
those above form slopes.
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TERTIARY EXTRUSIVE VOLCANIC ROCKS IN MIDDLE PARK,

GRAND COUNTY, COLORADO

By GLEN A. IZETT, Denver, Colo.

Abstract—Middle and late Tertiary volcanism along Rabbit
Ears Range, Colo., produced extrusive rocks that extend from
the crest of the range into the Hot Sulphur Springs quadrangle,
Middle Park, Grand County, Colo. These rocks are here
divided into two units newly named in this paper: the Rabbit
Ears Volcanics of Oligocene and Miocene(?) age, and the Grouse
Mountain Basalt of Pliocene(?) age. The Grouse Mountain,
which comprises basalt flows 0 to 500 feet thick, is locally sepa-
rated from the Rabbit Ears by the Troublesome Formation of
Mioeene age. In the Hot Sulphur Springs quadrangle, the
Rabbit Ears unconformably overlies the Middle Park Formation
of Late Cretaceous and early Tertiary age and includes a lower
unit of trachybasalt lavas here named the Pete Guleh Member,
0 to 200 feet thick, and an overlying unit of interlayered tuff
breccia, tuffs, and latite lavas, 0 to 800 feet thick. An isotopic
K—-Ar age of 33 43 million years, or Oligocene, was obtained from
a rhyolite breccia near the middle of the Rabbit Ears Voleanics.

Middle to late Tertiary volcanism along the Rabbit
Ears Range produced a sequence of extrusive volcanic
rocks that mantle uplands in the range and extend
northward into North Park and southward into Middle
Park, in Grand County, Colo. A generalized map of the
distribution of these volecanic rocks is shown in figure 1.
In general, the rocks extend along the crest of the Rabbit
Ears Range from about Sheep Mountain to near
Chimney Rock. From Chimney Rock, they extend
southeastward along Rabbit Ears Creek and generally
east of Troublesome Creek into Middle Park as far
south as Hot Sulphur Springs. The distribution north
of Rabbit Ears Range is not yet known. The aggregate
thickness of the rocks may be as much as 1,500 feet in
the Rabbit Ears Range, but they thin to the south.
"The original thickness and lateral extent of the rocks are
uncertain owing to extensive erosion and to the in-
tensely dissected terrain upon which the rocks lie.
The rocks belong to the alkali-calcic clan and include
silicic tuffs, intermediate lavas and fragmental rocks,
and basaltic lavas.

The volcanic rocks exposed in the Hot Sulphur Springs
quadrangle in Middle Park have been studied as part

of a mapping program of the U.S. Geological Survey.
In the Hot Sulphur Springs quadrangle, the rocks form
mappable units here designated the Rabbit Ears Vol-
canics of Oligocene and Miocene(?) age and the Grouse
Mountain Basalt of Pliocene(?) age. The Rabbit Ears
Volcanics locally includes a distinctive lower member
composed of trachybasalt flows here named the Pete
Gulch Member. The voleanic rocks in the Hot Sulphur
Springs quadrangle were extruded from vents scattered
along the Rabbit Ears Range.

Details of stratigraphic relations and areal extent of
the volcanic rocks in the Rabbit Ears Range and North
Park are currently being studied by D. M. Kinney and
W. J. Hail, Jr., of the U.S. Geological Survey.

In the past, the volcanic rocks have been studied only
in reconnaissance or have been mapped as part of thesis
problems, and complete descriptions of the rocks have
never been reported. Marvine (1874, p. 174) briefly
mentioned these rocks and, later, Grout and others
(1913, p. 51) mapped in reconnaissance along the Rabbit
Ears Range and described intrusive and extrusive rocks
that included a breccia unit composed of “an immense
deposit. of fragments, with some flows.” Grout and
others believed that the rocks were of late Eocene or
younger age. Richards (1941), in an unpublished
thesis, applied the name “Rabbit Ears Creek breccia”
to a sequence of volcanic rocks northeast of Kremmling,
Colo., and he assigned an Eocene age to the rocks.
These rocks can be traced into the mass of breccia
mapped by Grout and others. Tollefson (1955), Tweto
(1957), Shearer (1957), and Bombolakis (1958) briefly
mentioned or mapped some of the volcanic rocks in

Middle Park.
RABBIT EARS VOLCANICS

Extrusive voleanic rocks of Oligocene and Miocene(?)
age are assigned to the Rabbit Ears Voleanics here
named for the Rabbit Ears Range, the type area, where
the rocks are extensively exposed. The formation in-
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Ficure 2.—Schematic section showing relation between extrusive voleanic rocks and Troublesome Formation in Middle

Park,

cludes (1) a thin lower unit of olivine-bearing trachyba-
salt flows, the Pete Gulch Member of probable Oligocene
age, and (2) a thick upper part composed of intercalated
tuff, breccia, and lavas of silicic to intermediate com-
position. The Rabbit Ears rests with marked uncon-
formity on coarse-grained sedimentary rocks of the
Middle Park Formation or equivalent rocks of Late
Cretaceous and early Tertiary age or on older Mesozoic
sedimentary and Precambrian crystalline rocks that
floor Middle Park Basin. The Rabbit Ears is locally
overlain by tuffaceous basin-fill sedimentary rocks of
the Miocene Troublesome Formation (Richards 1941;
Lovering and Goddard, 1950, p. 41; and Izett and
Lewis, 1963) or by late Tertiary olivine-bearing basalt
flows, here named the Grouse Mountain Basalt of Plio-
cene(?) age. A schematic diagram of the relations of
these rocks is shown in figure 2.

The Rabbit Ears is well exposed at Elk Mountain,
Corral Peaks, and along the lower reaches of the East
Fork Troublesome Creek. In these areas, the bulk of
the formation comprises about 800 feet of poorly bedded
and sorted breccia and tuff breccia interlayered with
tuffs and lavas. Most of the fragments in the breccia
and tuff breccia consist of porphyritic quartz latite,
rhyodacite, and latite in various shades of gray, brown,
and red. Many of these rock fragments contain large
phenocrysts of feldspar and smaller phenocrysts of
biotite, hornblende and pyroxene. A few of the frag-
ments are a distinctive well-indurated slightly welded
quartz rhyolite ash-flow tuff. Most of the fragments
are fist sized, but blocks as large as 4 feet in diameter are
common. At East Fork Troublesome Creek, the upper
part of the Rabbit Ears contains lenticular rhyolite
ash-flow tuffs that weather to tepee-shaped forms, and
latite lava flows about 100 feet thick.

Some fragments in the breccia are petrographically
similar to samples of a small pluton collected at Hay-
stack Mountain in the Rabbit Ears Range. Haystack
Mountain is one of many small intrusive bodies along
the Rabbit Ears Range that probably vented during
middle Tertiary time. Vents of this type were the

Colo.

source of part of the volcanic rocks in the Rabbit Ears
Volcanies.

In most areas, the Rabbit Ears rests unconformably
on a rugged erosion surface cut on the Middle Park
Formation and older rocks during late Eocene and
early Oligocene time. Remarkably clean exposures
of the basal contact of the Rabbit Ears occur on the
east face of Elk Mountain (fig. 3). In areas where
the Pete Gulch Member is present, the upper contact
of the Pete Gulch appears unconformable and marked
by a thin concentration of pebbles of Precambrian
granitic rocks probably derived from reworking of
conglomerates in the Middle Park Formation.

The lavas and breccia fragments in the Rabbit Ears
are varied in composition and texture. Under the
microscope, the quartz latite, rhyodacite, and latite
contain phenocrysts of plagioclase that range from
oligoclase through andesine, and the quartz latite
contains a few large phenocrysts of soda-rich sanidine.
Phenocrysts of mafic minerals are biotite, hornblende,
salitic augite, and hypersthene. The biotite and
hornblende show thick opaque borders, the effects of

Figure 3.—Relation between Rabbit Ears Volcanies and the
Middle Park Formation at Elk Mountain.
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roasting. The groundmass usually consists of felty to
trachytic feldspar and occult quartz. The phenocrysts
in the rhyolite welded tuffs are embayed bipyramidal
high-temperature quartz, sanidine, and oligoclase set
in a matrix of slightly compacted devitrified shards.
Mafic minerals in the rhyolite are sparse, but a few
flakes of altered biotite are present.

The Rabbit Ears is roughly dated as middle Tertiary
by its stratigraphic position above the Middle Park
Formation of Late Cretaceous and early Tertiary age
and below the Troublesome Formation of Miocene age.
Corroborating the stratigraphic evidence of a middle
Tertiary age for the Rabbit Ears is an isotopic K-Ar age
of 3343 million years, or Oligocene, determined on
sanidine from a rhyolite welded tuff breccia fragment
collected by the writer from about the middle of the
formation in the center of sec. 23, T. 2. N.,, R. 79 W, in
the Hot Sulphur Springs quadrangle. G. C. Curtin, of
the U.S. Geological Survey, separated the sanidine
from the tuff, and the sample was analyzed for potas-
sium and argon by H. H. Thomas, R. F. Marvin, and
Paul Elmore, of the U.S. Geological Survey. The
analytical data obtained on the sanidine separate are as
follows:

Sample K0 K% *Ars

No. (percent) (ppm)  (ppm)
GO06762_.. 8.97 9.09 0.0176 91

Decay constants: K4\.=0.58510-10 yr1,
s=4.72X 10-10 yr-1.
Abundance: K#=1.22% 10" g/g K.

*radiogenic

Age
FATATO 01 TAI/KY (m.y.)
0.00194 33+3

The isotope age is probably a maximum age for the
formation for three reasons: (1) the sample was a
breccia fragment, and an unknown amount of time
elapsed between the extrusion of the ash flow and the
time it was fragmented and incorporated in the breccia;
(2) the rhyolite contains rare xenocrysts of microcline
that probably were derived from a rock of Precambrian
age; the microcline might have contaminated the sani-
dine and would tend to mask the age of the welded
ash-flow tuff; and (3) later metamorphism to which
K-Ar ages have been found to be particularly sensitive
is lacking in the area. Locally, the Rabbit Ears is
overlain by the Troublesome Formation of Miocene age
in seemingly gradational contact, and an early Miocene
age for part of the Rabbit Ears cannot be discounted.
Accordingly, the Rabbit Ears is tentatively dated as
Oligocene and early Miocene(?).

Pete Gulch Member

The Pete Gulch Member of the Rabbit Ears Vol-
canics of Oligocene age is here named for distinctive
trachybasalt lava flows near Pete Gulch in secs. 4 and
9, T.2 N,, R. 79 W., the type locality, in the Hot
Sulphur Springs quadrangle. The trachybasalt is ex-
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posed at several places in the quadrangle and ranges
in thickness from 0 to 200 feet. Near Pete Gulch, the
lower 70 feet of the unit is polygonally jointed and
overlain by about 100 feet of massive-weathering
trachybasalt. The Pete Gulch was deposited on an
intensely eroded terrain cut on the Middle Park Forma-
tion. Commonly, the contact between the Pete Gulch
and the older rocks is covered by talus, but where the
contact was seen it is sharp and the lower part of the
formation is red and scoriaceous.

In hand sample, the trachybasalt is porphyritic and
is a distinctive dark-gray to black fairly dense rock
characterized by conspicuous large phenocrysts of
pyroxene set in an aphanitic groundmass. Smaller
phenocrysts include olivine, scattered flakes of biotite
about 0.5 millimeter in diameter, small tabular feldspar
crystals, and hornblende(?) ghosts as much as 1 centi-
meter long. The large phenocrysts of pyroxene and
the biotite and hornblende(?) ghosts distinguish the
Pete Gulch from younger nonporphyritic basalt flows
of the Grouse Mountain Basalt.

Thin sections of the rock show that the large pheno-
crysts of pyroxene are ferroaugite-salite (2V,=56-59°;
n,=1.705-1.715), as much as 1 e¢m long. Other smaller
mafic minerals are ferroaugite, olivine (2V,=85-88°;
n,=1.678-1.680), and rare biotite. Hornblende(?)
ghosts that now consist of magnetite, feldspar, clino-
pyroxene, and chlorophaeite are scattered through the
rock. Corroded phenocrysts of plagioclase (Angg_.s)
are set in a flow-oriented groundmass of plagioclase
(Angs_,s) laths, clinopyroxene rods and granules, alkali
feldspar(?), acicular apatite, and iron ore. Alteration
products are analcime, saponite, chlorophaeite, and
calcite.

The Pete Gulch is tentatively dated as Oligocene
inasmuch as it overlies the Middle Park Formation of
Late Cretaceous and early Tertiary age and seems to
be spatially related to the upper part of the Rabbit
Ears, a part of which has been dated as no older than
Oligocene by radioisotope methods.

GROUSE MOUNTAIN BASALT

The Grouse Mountain Basalt of Pliocene(?) age is
here named for basalt lava flows at Grouse Mountain
in the Hot Sulphur Springs quadrangle. The type
locality is designated to be in NEY sec. 18, T. 2 N., R.
78 W., at Grouse Mountain. The basalt is the young-
est extrusive rock in the area and caps many of the
upland surfaces north of the Colorado River. The
basalt is about 250 feet thick at Grouse Mountain, but
elsewhere it is as much as 500 feet thick. At Grouse
Mountain, the basalt flows rest unconformably on the
Rabbit Ears Volcanics or the Middle Park Formation.
In the main, the Grouse Mountain consists of a succes-
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sion of massive to blocky lava flows that show scoria-
ceous tops and Dbottoms. Locally, thin layers of
tuffaceous sedimentary rocks are intercalated between
the lavas.

Hand samples of the basalt are dark brownish gray
to black and contain inconspicuous small phenocrysts
of olivine. The basalt is generally altered to shades
of brown or gray, and some weathered surfaces show a
characteristic spotted pattern. Under the microscope,
the phenocrysts of olivine (Foy;_g) are as much as 3 mm
long and are set in a flow-oriented matrix of plagioclase
laths (Ans), granular augite (2V,=55°;, n,=1.705),
acicular apatite, and iron ore. Alteration products
include calcite, saponite, zeolites, and quartz.

The Grouse Mountain is no older than Miocene for it
locally overlies the Troublesome Formation of Miocene
age, but an upper age limit for the Grouse Mountain
cannot be stratigraphically determined because no other
rocks overlie the formation. Until the age of the
Grouse Mountain can be established, it is provisionally
dated as Pliocene(?).

In summary, the extrusive volcanic rocks of middle
and late Tertiary age can be divided into a lower unit
of interlayered lavas and fragmental rocks (Rabbit
Ears Volcanics) and an upper unit of basalt flows
(Grouse Mountain Basalt). In some areas, these units
are separated by tuffaceous intermontane basin-fill
deposits of Miocene age (Troublesome Formation).

R
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OKETAELLA EARGLEI, A NEW FUSULINID SPECIES,
FROM THE ADAMS BRANCH LIMESTONE MEMBER OF THE GRAFORD FORMATION
OF LATE PENNSYLVANIAN AGE, BROWN COUNTY, TEXAS

By DONALD A. MYERS, Denver, Colo.

Abstract.—Specimens of a new fusulinid species, Oketaella
earglet, described in this report, were collected from the Adams
Branch Limestone Member of the Graford Formation (Upper
Pennsylvanian) in north-central Texas. Poorly preserved
specimens of this form had been questionably referred to the
genus Staffela by Myers in 1960.

Small thin-walled fusulinids with a Staffella-like
shape have been observed by the writer since 1952 in
post-Strawn Pennsylvanian rocks in north-central Texas.
Specimens with this shape were identified and figured
by Myers (1960) as Staffella? sp. in collections from the
Winchell Limestone (pl. 17, fig. 25), the Home Creek
Limestone Member of the Caddo Creek Formation
(pl. 17, fig. 5), and the Bluff Creek Shale and Gunsight
Limestone Members of the Graham Formation (pl. 18,
figs. 12, 19; pl. 19, fig. 9).

The structure of the spiral wall, or spirotheca, is a
primary criterion in generic classification of fusulinids.
The wall of Staffella is thin and is composed of four
layers consisting of outer and inner tectoria, a thin
tectum, and the diaphanotheca. Because the forms
identified as Staffella? sp. have a thin spirotheca that is
generally poorly preserved, their taxonomic position
has been in doubt. Sections of specimens prepared
recently, from U.S.G.S. loc. £10109 (fig. 1), from the
Adams Branch Limestone Member of the Graford
Formation, reveal a two-layered wall consisting of a
thin tectum and keriotheca (fig. 2, ¢, g). This wall
structure, plus the size and shape of the test and the
character of the septa, places these fusulinids in the
genus Oketaella Thompson, 1951.

The genus Oketaella was described by Thompson
(1951, p. 116) for those forms with a minute and in-
flated shell

with convex surfaces, straight to slightly irregular axis of coiling,
and sharply pointed to rounded polar ends. Mature specimens
are composed generally of less than six volutions and are approxi-

o} 100 200 MILES

Fiaure 1.—Index map of Texas, showing location of USGS loe.

mately a millimeter in maximum diameter, which is in the direc-
tion of the axis coiling. The ratio of the axial length to the
width of the shell normal to the axis of coiling is greater than
unit value but is less than three in all forms known. The prolo-
culus is large in comparison to the size of the shell, and all
volutions are relatively loosely coiled. The septa are thick and
are unfluted throughout their length * * *. The spirotheca is
relatively thick * * * and is composed of the tectum and a
thick keriotheca with coarse alveoli in its lower part * * *, The
tunnel is singular, and its path is straight to slightly irregular.
Chomata oceur throughout the shell except for the last part of
the last volution. They are low and narrow in the first volution
and are high, broad, and asymmetrical in outer volutions.
They seem continuous with coatings on top of the spirotheca
that merge with small fillings in the axial zone.
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TFicure 2.—Oketaella earglei, n. sp., from the Adams Branch Limestone Member of the Graford Formation, Brown
County, Tex.
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The type species, designated Oketaella fryei by
Thompson (1951, p. 116) is from the Oketo Shale
Member of the Barneston Limestone in Kansas, and
is of middle Wolfcamp age. Since 1951, three species
have been described from Lower Permian rocks and
three from Pennsylvanian rocks. The Permian species,
all from north-central Texas, are: Oketaella waldripensis
Thompson, 1954, from the Waldrip Shale Member of
the Pueblo Formation; O. campensis Thompson, 1954,
from the Camp Colorado Limestone Member of the
Pueblo Formation; and 0. cheneyi Thompson, 1954,
from the Coleman Junction Limestone Member of the
Putnam Formation. The Pennsylvanian species are:
Oketaella lenensis Thompson, Verville, and Lokke,
1956, from the Perry Farm Shale Member (Jewett,
1941, p. 339-340) of the Lenapah Limestone in northern
Oklahoma; O. oscurensis Thompson, Verville, and
Lokke, 1956, from the lower part of the type section of
the Coane Formation of Thompson (1942) in New
Mexico; and O. inflata Thompson and Lamerson, 1957
(#n Thompson, 1957) from the Sniabar Limestone
Member of the Hertha Limestone of Thompson (1957)
near Kansas City, Mo.

Genus OKETAELLA Thompson, 1951

Oketaella earglei Myers, new species
Figure 2, a—g and table 1

Description.—A small, subspherical to inflated, fusi-
form species with rounded ends and a maximum length
of about 0.9 mm and a maximum width of about 0.6
mm. Average length and width are 0.7 mm and 0.5
mm, respectively, in mature specimens of 3 volutions.

The height of the volution increases from an average
of 0.037 mm in the first whorl, to 0.053 mm in the
second, and to 0.090 mm in the third. The form ratio
averages 1.2 in the first whorl and 1.4 in the second
and third whorls.

The proloculus is larger than that of any previously
described species assigned to this genus. Its external
diameter averages 0.124 mm and ranges from 0.085 mm

EXPLANATION OF FIGURE 2

Oketaella eargler Myers, n. sp. All figured specimens are from
the Adams Branch Limestone Member of the Graford Forma-
tion, USGSloc.f10109. Magnification of a—f, X 120; g, X 250.

a. Axial section of the holotype. USNM 642560.

b. Equatorial section of a paratype, with a subquadrate cross
section of the proloculus. USNM 642561,

c. Equatorial section of a paratype. USNM 642562,

d. Axijal section of a paratype showing the aperture of the
proloculus and the initial chamber. USNM 642563.

e. Axial section of a paratype with the alveolar structure of the
wall preserved in the outer whorl. USNM 642564.

I Irré};%rfectly oriented axial section of a paratype. USNM

565.

g. Enlarged portion of e showing keriotheca and pendulous

shaped alveoli in the outer whorl.
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to 0.158 mm. It is generally spherical, although in a
few specimens it exhibits a subquadrate cross section.
The wall of the proloculus is about 0.012 mm thick,
although in a few specimens it may be as thin as
0.006 mm.

The chomata are low, broad, and poorly defined.
The tunnel is poorly defined. The tunnel angle aver-
ages about 33° in the first volution and about 38° in
the second.

The septa are plane except in the polar regions, where
very weak fluting may be developed. Septal pores
have not been noted. The number of septa ranges from
7 to 9 in the first volution, ranges from 11 to 15 in
the second, and is about 18 in the third.

The spiral wall has an average thickness of 0.011 mm
in the first volution, 0.016 mm in the second, and 0.018
mim in the third. It consists of a very thin tectum and
keriotheca. Measurements of a single specimen’ (fig.
2, e, g) show the tectum in the second whorl to be
0.0063 mm thick, and the keriotheca to be 0.0095 mm
thick, with the individual alveolus about 0.0042 mm
thick. Eight alveoli in this specimen occupy 0.063 mm.

Discussion.—Oketaella earglei, n. sp., is somewhat
larger, has one less volution, has a somewhat thicker
wall, has a larger proloculus, and less well developed
chomata than 0. oscurensis Thompson, Verville, and
Lokke, 1956.

Oketaella earglei has less well-developed chomata, a
somewhat larger proloculus, and differs in shape from
0. lenensis Thompson, Verville, and Lokke, 1956. O.
lenensis has an inflated subfusiform shape; that of
O. eargler is more spherical. Oketaella earglei has about
the same size, shape, and form ratio as 0. inflata
Thompson and Lamerson, 1957 (in Thompson, 1957),
but 0. eargles has a larger proloculus, thicker spiral wall,
and poorly developed chomata.

The poorly defined chomata of O. eargles are typical
of that species. In all other described species the
chomata are well developed. This speties is named for
D. Hoye Eargle, U.S. Geological Survey, in recognition
of his contributions to Pennsylvanian stratigraphy in
Brown and Coleman Counties, Tex.

The holotype and illustrated paratypes have been
deposited at the U.S. National Museum.

Age and distribution.—Oketaella earglei n. sp. has been
found in the lower part of the Canyon Group and is of
Late Pennsylvanian age. The holotype (fig. 2, @) and
all figured specimens (fig. 2, a—g) are from the Adams
Branch Limestone Member of the Graford Formation
and were collected about 7 feet below the base of the
Cedarton Shale Member at USGS loc. £10109. The
locality is in Brown County, on the west side of U.S.
Highway 377, between the community of Winchell and
the highway bridge across the Colorado River. The
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TABLE 1.—Measurements of Oketaella earglei Myers, n. sp.

[All specimens from USGS loc. £10109]

Wall |Tunnel Diam- Wall |Tunnel Diam-
Form| Height | thick- | angle | Sep- | eter of [Radius| Half Form | Height | thick- | angle | Sep- | eter of [Radius; Half
Specimen |Volu-| ratio (of whori| ness (de- tal |prolocu-| vector { length Specimen (Volu-| ratio |of whorl] ness (de- tal (prolocu-| vector | length
tion (mm) | (mm) | grees) |count ¢ lus ) (mm) | (mm) tion (mm) | (mm) | grees) lcount ¢ lus ) (mm) | (mm)
mm mm,
1 1|10 0. 050 0.122 | 0.124 18 1{10 0.037 0.122 | 0.122
2114 070 .220 . 316 2|12 . 049 %gg %%g
311 . 061 .
F: J 1|12 . 049 .189 .220
2| L7 .073 .231 .390 19 . 1115 . 024 . 012 22 | } 122 { . 097 .14
b 2 O .183 L440 | . 2116 027 L018 | feaeoo . .134 L2156
e 1,12 . 031 . 110 .134 20 ... 1|L0 . 024 . 012 56 |..._._ } 110 . 097 . 097
2| L6 . 055 .183 . 293 2| L1 . 042 LJOI6 {o |- : . 155 .170
3| 157 .079 . 280 . 4267
22 . 1120 . 037 .012 27 |- } 145 { .110 L2156
6. 1]12 024 . 063 .075 2120 . 049 018 || ° .183 . 365
2|25 . 037 . 100 . 250
3|L5 .073 . 250 .375 23 . 114 .031 .012 27 |- 110 { . 085 .122
211 . 043 012 | : | .153 . 170
S, 112 . 037 .110 .134
2112 . 048 .183 . 224 24 1|13 . 037 .112 39 |- } 134 { .110 . 146
3|12 .110 . 305 . 365 2|15 . 049 V) L IR I : .170 . 256
8 . 1] .8 . 024 .110 . 091 25 . 1113 . 024 . 012 34 ... } 122 . 097 .122
2] .86 . 048 .183 . 158 2112 .073 012 |- . .183 .219
3| .96 . 091 . 290 . 280
26a_______.__ ) N P . 062 { 188 | o
0. 1|14 . 036 .122 .170 2 |- . 068 .244 ..
2|15 . 061 .200 .293
3|14 .073 .316 427 26 1113 .037 { . (l)gg . hl)g
2113 . 049 . .
nmo______ . 1113 . 025 . 097 .122
2|15 . 030 { .144 .220 28 . 1|11 . 030 .110 .122
2| L1 . 060 .182 .194
120 . 1| L9 . 024 . 085 .158 3| L2 .122 .315 . 300
2|20 . 053 . 086 . 144 . 202
k2 I . 085 L260 |- 29 . _____ 1 .9 . 024 . 085 . 073
2|11 . 037 .134 .152
12a__________ 1110 .018 185 { .144 . 144 31L6 .073 .220 . 353
2114 . 030 : .185 . 268
34 1] .8 .030 . 103 . 085
) & 113 . 061 120 .122 . 158 211 . 049 .170 .194
2|12 .103 ’ . 244 . 300 3|13 . 062 . 250 .315
4 111 . 024 .097 .110 3Ma... . ___. 1. . 037 { 34 |
2113 . 037 .110 .146 L1956 b2 . 062 207 |-
3113 073 . 250 . 330 36 v
16 . 1110 . 049 012 22 ... 079 { . 097 . 097 2 {
2|11 . 061 1) V2 D IR . .180 .195
38 1
16 ___ 112 .031 .012 69 |______ } 134 { .134 .158 2 {
2| L2 . 049 1) £ 3 D : . 210 . 260 3
7. 1| L5 . 061 .010 44 ... _ .116 .17
2|15 06l | L012 37 |20 } - 005 { 1195 | .208

1 Elliptical proloculus (long diameter, 0.36; short diameter, 0.110).

collections were made in a roadcut from the upper 6
inches of a bluish-gray limestone that is overlain by
7 feet of brownish-white massive limestone that is at
the top of the Adams Branch Limestone Member.
The Adams Branch is underlain by the Brownwood
Shale Member, and is overlain by the Cedarton Shale
Member. Together, the three members comprise the
Graford Formation, which lies at the base of the Canyon
Group. Other specimens of Oketaella earglei have been
noted in the upper part of the Adams Branch else-
where in and near Brown County, in north-central

Texas.
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GRAPTOLITE-BEARING SILURIAN ROCKS
OF THE HOULTON-SMYRNA MILLS AREA, AROOSTOOK COUNTY, MAINE

By LOUIS PAVLIDES and WILLIAM B. N. BERRY, Beltsville, Md., Berkeley, Calif.

Abstract.—One of the most complete Silurian graptolite se-
quences in the United States, spanning early Llandovery to early
Ludlow time, occurs in the Houlton-Smyrna Mills area of north-
eastern Maine. Graptolites of similar Early Silurian age occur
close to, and both above and below, the conformable and grada-
tional contact that separates the dominantly clastic rocks of the
Smyrna Mills Formation of Silurian age from the underlying
limy rocks of the ribbon rock member of the Meduxmekeag
Formation of Middle Ordovician to Early Silurian age. The
Taconic orogeny, therefore, did not affect this belt of rocks, which
regionally makes up the Aroostook-Matapedia anticlinorium
in the northern Appalachians.

One of the most complete Silurian graptolite sequences
presently known in the United States occurs in the
Houlton—Smyrna Mills area, in southeastern Aroostook
County, Maine (fig. 1). The general geology of most of
this area has been summarized elsewhere (Pavlides and
others, 1964; Pavlides and Canney, 1964), and only a
short review will be given in this report.

Glacial drift covers the region, and bedrock is ex-
posed in small irregular outcrops that in many places
are polished pavements. The terrane of the Houlton—
Smyrna Mills area consists of closely folded Paleozoic
rocks locally intruded by postkinematic granitic
plutons. Steep to vertical bedding and cleavage
characterize the region, the sedimentary rocks being
closely folded along east- and northeast-trending fold
axes with steep to vertical axial planes. Near Smyrna
Mills, fold axes in a belt several miles wide have been
warped convexly to the north, a result of the emplace-
ment of the Cochrane Lake pluton and of the Hunt
Ridge pluton and its associated bordering injected zone
(fig. 1) after the regional folding of the Acadian orogeny
(Pavlides and others, 1964).

The postkinematic granitic plutons have been in-
truded into terrane that is in the chlorite grade of
regional metamorphism and have imprinted a local
thermal metamorphism on this terrane; consequently,
they are enclosed by hornfels aureoles. Where limy

rocks of the Meduxnekeag Formation are thermally
metamorphosed, as around the Nickerson Lake and
Cochrane Lake plutons and along the north side of the
Hunt Ridge pluton, various types of calc-silicate
hornfels were developed. In thermally metamorphosed
rocks of the Smyrna Mills Formation which were
orginally quartzose and pelitic, biotite, and biotite-
cordierite and biotite-garnet hornfels were formed, as
around the Pleasant Lake pluton and parts of the Hunt
Ridge and Cochrane Lake plutons. Where ferruginous
manganese deposits can be traced into parts of the
thermal aureoles, as on the east side of the Hunt Ridge
pluton, magnetite has formed in these deposits. The
hornfels terrane around the Cochrane Lake, Hunt
Ridge, and Pleasant Lake plutons in the Smyrna
Mills quadrangle generally has appreciable magnetic
anomalies associated with it (Dempsey, 1962), and some
of these may be caused by magnetite-bearing ironstone
within thermally metamorphosed manganese deposits.
Tremolite-bearing hornfels is also present locally and
was developed from calcareous quartzose and pelitic
rocks.

Despite the thermal metamorphism that these rocks
have undergone, graptolites are locally preserved within
them. At locality 12, southwest of QOakfield, they
occur in biotite hornfels, and at locality 13, southeast
of Oakfield, in tremolitic biotite hornfels; graptolites at
locality 13, in sulfide-bearing rocks, are pyritized.
The graptolites establish the Silurian age of the rocks.

STRATIGRAPHY
Silurian(?}) and older rocks

Phyllite, quartzite, and volcanic rocks of the Grand
Pitch Formation of Cambrian(?) age and volcanic rocks
of the Dunn Brook Formation of Ordovician or Silurian
age, or both, occur in the Lunksoos Lake-Weeksboro
anticline (Pavlides and others, 1964). The southeast
limb of this fold, which extends across the northwest
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part of the report area, is shown on figure 1 as a unit
of undifferentiated rocks of Cambrian(?) to Silurian(?)
age. The Ordovician rocks in the eastern -part of the
area, at Hovey Hill and east of Hodgdon, are mostly
green phyllite and black carbonaceous slate. Some of
the green phyllite associated with these rocks may be,
in part, of Silurian age. Rocks that may be of Ordo-
vician age, of Silurian age, or both, occur northeast
and northwest of Smyrna Mills. Northeast of Smyrna
Mills these rocks are chiefly green phyllite, and north-
west of Smyrna Mills they are chiefly graywacke and
slate interlayered with each other in varying propor-
tions. Caleareous slate that contains brachiopods of
Silurian or Devonian age (A. J. Boucot, oral commun.,
1963) occurs in a small area 5 miles northeast of Smyrna
Mills. Cyclically layered slate similar to slate that
occurs elsewhere in Maine in the Seboomook Forma-
tion of Devonian age (Boucot, 1961) crops out south
of locality 8 of figure 1. Because of the apparent con-
formity of this slate and the enclosing Silurian rocks,
and because of the possibility that cyclically layered
slate may also have been deposited in the Silurian, this
slate unit is provisionally considered to be of Silurian
age in this report and is not shown as a separate unit.

Ordovician and Silurian rocks

Ribbon rock member of the Meduxnekeag Formation.—
The limy ribbon rock member has heretofore been con-
sidered of Middle and Late(?) Ordovician age (Pavlides
and others, 1961 and 1964 ; Pavlides and Canney, 1964;
Pavlides, 1962 and 1965; and Boucot and others,
1964). With the recent discovery of Early Silurian
graptolites in the upper few hundred feet, the ribbon
rock member is now known to range from the Middle
Ordovician upward through graptolite zone 19 of the
early Llandovery, in the Lower Silurian (see table 3).
In and near the Houlton—-Smyrna Mills area the mem-
ber forms the core rock over much of the length of the
Aroostook-Matapedia anticlinorium, which trends north
and northeast, north of the Smyrna Mills area (Pavlides
and others, 1964, fig. 1). The east flank of the core
rocks of the Aroostook-Matapedia anticlinorium has
recently been defined in western New Brunswick (Pav-
lides, unpublished data). This anticlinorium extends
across New Brunswick and along the southern side of
the Gaspé Peninsula, Quebec, and as now known it is
cored largely by the ribbon rock member of the Medux-
nekeag Formation or by similar rocks of coeval ages.
Along the Gaspé Peninsula, the rocks believed to be
the lithologic and temporal equivalents of the ribbon
rock member of the Meduxnekeag Formation include
the limestones of the Matapedia Group (Beland, 1958,
1960) the Pabos Formation (Kindle, 1935), and the
Whitehead Formation (Schuchert and Cooper, 1930).
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Within the Houlton—Smyrna Mills area, the ribbon
rock member of the Meduxnekeag Formation consists
chiefly of thin- to medium-bedded calcic and ankeritic
limestones interlayered with one another and with
slate. The contact between the limy roecks of the ribbon
rock member of the Meduxnekeag Formation and the
overlying clastic rocks of the Smyrna Mills Formation
has recently been exposed about 4 miles east of Smyrna
Mills in a new roadcut along which two fossil localities
have been found (loc. 19 and 20, fig. 1). The rocks on
opposite sides of the contact are conformable; the con-
tact is gradational, being characterized by an increase
in slate and siltstone interbeds upwards from the gray-
blue platy limestone beds of the ribbon rock member
into the overlying Smyrna Mills Formation. This
gradational passage occurs in a transition zone about
300 feet thick. The base of the Smyrna Mills Forma-
tion is placed at the lowest level where no gray-blue
limestone beds appear in the section.

Silurian rocks

Smyrna Mills Formation.—The Smyrna Mills Forma-
tion is here named after the town of Smyrna Mills
(fig. 1). The Smyrna Mills Formation crops out at
numerous places within the town, and a good section is
exposed at the type locality along the North Branch of
the Mattawamkeag River from the town of Smyrna
Mills northward to the mouth of Dudley Brook.

A wide variety of sedimentary rocks makes up the
Smyrna Mills Formation, but in greatly differing
abundance (table 1). Slate, siltstone, quartzite, and
quartz graywacke in this unit include both calcareous
and noncalcareous types. The calcareous rocks, where
weathered, generally are characterized by a buff or
pale-orange coating or thin rind. Muscovite, in flakes
lying along bedding surfaces in a generally random
orientation, is also a characteristic constituent of these
rocks.

The slate and the silty and sandy clastic rocks gener-
ally are interbedded throughout the Smyrna Mills.
At some places the proportion of slate nearly equals that
of the coarser grained clastic rocks. Elsewhere the
slate either forms thin partings between the clastic
rocks, or it forms the bulk of the rock mass, with the
coarser clastic beds occurring as sparce thin interbeds
or being totally absent. Thickness of layering ranges
from a quarter of an inch to several feet. Massive
rocks without any visible layering are also present.
Bedding in the slate consists mostly of irregularly spaced
laminations.

Lithic graywacke, conglomerate, carbonaceous slate
(commonly pyritic), maroon and red slate, siltstone,
and manganiferous ironstone of both the hematitic and
siliceous carbonate types (Pavlides, 1962, p. 50-64),
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TABLE 1.—Approzimate lithologic composition of the Smyrna Mills

Formation

Abundance
_ Lithology _(percent)

Gray-green and green micaceous siltstone, quartzite, and
quartz graywacke_.________________________________ 60-70
Gray-green and green slate__._.______________________ 25-35

Conglomerate, lithic graywacke, and black carbonaceous
slate_ _ ______________ i 2-3

Manganiferous ironstone and red and maroon siltstone
andslate_ . _____________________________________ 2-3

occur as relatively thin and small lenticular layers.
The manganiferous beds make up the manganese de-
posits of the southern district of Aroostook County,
Maine, in the Houlton quadrangle (White, 1943, p.
137-142; Miller, 1947, p. 16-18; Pavlides, 1955, p. 6-9;
and Eilertsen, 1958). The lenticular and nonpersistent
nature of these deposits and of the other distinctive
rock types prevents their use as marker beds for de-
fining more closely the structural relationships and for
refining stratigraphic subdivisions. For example, the
manganese deposits in the Houlton quadrangle occur at
various stratigraphic levels in the Smyrna Mills Forma-
tion. One such level occurs in a belt about 1,500 feet
wide within about 300 feet of the contact with the
stratigraphically lower Meduxnekeag Formation. Tt
consists of small, widely separated, lenticular manga-
nese deposits of both the hematitic and siliceous car-
bonate types. This belt extends from about the longi-
tude of Houlton westward into the thermal aureole of
the Hunt Ridge pluton.

Manganese deposits also occur at different strati-
graphic levels at various places south of this belt.
Small deposits are present in the fault blocks southeast
of Hodgdon that contain graptolite localities 14 (early
Ludlow age) and 15 (middle or late Llandovery age).
A few are present in the fault block containing grapto-
lite localities 16 and 17 (late Wenlock age), east of
Hodgdon. In contrast to the numerous manganese de-
posits found in the Silurian rocks of the Houlton
quadrangle, only a few are known from the Smyrna
Mills quadrangle. One of them is northeast of Smyrna
Mills at locality 7 (fig. 1), where a siliceous carbonate
layer half a foot thick occurs near calcareous micaceous
quartzite that contains graptolites of early Ludlow age.
Another manganese deposit in the Smyrna Mills
quadrangle occurs north of Smyrna Mills between grap-
tolite localities 4 and 5, which are in a geologic section
in which stratigraphic superposition of graptolite asso-
ciations indicative of different ages can be demon-
strated. Vertically dipping beds characterize the sec-
tion. At locality 4 a 1-foot-thick bed of carbonaceous
and pyritic slate contains graptolites of late Wenlock
age. Structurally and stratigraphically above this bed
(to the southwest) is a 50-foot interval of rusty-

PALEONTOLOGY AND STRATIGRAPHY

weathered green slate that is overlain by a 25-foot-thick
manganese deposit. This deposit consists chiefly of
manganiferous red and maroon hematitic slate that
encloses three manganiferous banded hematite layers,
each of which is about 1 foot thick. Above the man-
ganese deposit is rusty-weathered green slate, about 50
feet thick, which in turn is overlain by about 320 feet
of weathered siltstone. About 300 feet from the base
of this unit, graptolites of early Ludlow age (locality 5,
fig. 1) are present. The manganese deposit falls some-
where near the Wenlock-Ludlow boundary but cannot
be assigned to either series as it occurs between localities
4 and 5 in an interval that lacks fossils.

Rocks of the Smyrna Mills Formation exposed near
the Cochrane Lake pluton, north of the Meduxnekeag
Formation in the Smyrna Mills quadrangle, contrast
with those in the southern part of the Houlton quad-
rangle in that those north of the Meduxnekeag (1)
locally contain coarse-grained lithic graywacke near the
base of the section and (2) do not contain a belt of
manganiferous deposits in their lower part. Man-
ganese deposits, in general, are rare in the Smyrna
Mills quadrangle; but the presence of maroon siltstone
and slate there may represent zones where chemical
sedimentation took place but was not of a nature to
produce sedimentary manganese deposits. A rather
marked facies contrast is characteristic of rocks of
the Smyrna Mills Formation in the Smyrna Milis and
Houlton quadrangles, although the graptolites suggest
that the different lithologies of the Smyrna Mills
Formation were deposited about contemporaneously
in both areas.

Because of the close folding and the lack of strati-
graphic sections free of structural complications, it is
not possible to obtain measured thicknesses of the
Smyrna Mills Formation. However, on the basis of
selected cross sections constructed at various places, it
is estimated that the formation is at least 6,000 feet
thick.

The Smyrna Mills Formation spans early landovery
through early Ludlow time of the Silurian,

GRAPTOLITE FAUNAS

The list of graptolites recognized in collections from
each of the 20 localities in figure 1, and the age inter-
pretation for each collection are given in table 2.
Because stratigraphic units have not been delineated
within the Smyrna Mills Formation, the stratigraphic
(superpositional) order of the collections has not been
established within this formation with the exception
of the collections at localities 4 through 6, north of
Smyrna Mills, and at locality 14, southeast of Hodgdon.
Most of the graptolites studied are poorly preserved
and fragmentary, but a few collections did yield ex-
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ceptionally well preserved specimens which reveal a
high degree of morphological detail. Only those
localities yielding either well-preserved rhabdosomes or
those considered particularly critical in terms of age
significance will be discussed in this report. Collec-
tions from localities not specifically mentioned include
mostly poorly preserved, fragmentary specimens of
which only general identification is possible and from
which only a broad age determination may be made.

Silurian graptolites in North America and their
known stratigraphic ranges are similar to those in the
typical Silurian sequences in Britain. The ages as-
signed to the collections listed in table 2 have been
determined by comparison of the graptolites with the
ranges and the diagnostic associations of species that
typify the British Silurian graptolite zones. Most of
the collections include two or more species whose
occurrence together compares elosely with associations
that typify some of the Silurian graptolite zones
recognized in the British Isles by Elles and Wood
(1918). Comparison has also been made with the
species composition of the German Silurian graptolite
zones as outlined by Miinch (1952). The German and
British zonal successions are similar, and the ranges of
‘species in each are also closely comparable in most
cases.

The series and graptolite zone subdivisions of the
British Silurian section, and correlation of the classical
American Silurian units with them, are shown in table
3. Jones (1925) introduced the 3 stages and 13 sub-
stages of the Llandovery as litholigic units. (The
substages were termed groups in his work.) Williams
(1951) studied the brachiopod faunas and their evolu-
tionary development in the rocks of the Llandovery
district and demonstrated (1951, p. 130) that “each
substage has a characteristic brachiopod assemblage.”
The Llandovery substages (A; to A,, B, to B,, and C,
to Cs) as currently used are founded upon brachiopod
evolutionary development following Williams’ study.
The North American Silurian faunas are closely com-
parable with the British faunas, in both diagnostic
joint occurrences and in stratigraphic ranges of species;
only the Niagaran of the American Silurian sub-
divisions is based upon a diagnostic fauna which can be
recognized outside the typical area. Therefore, the
American Silurian faunas have been correlated directly
with the British Silurian faunas, and the British sys-
temic subdivisions of the Silurian have been extended
into North America. The correlation of the graptolite
zones with the series and stages based upon shelly
fossils is not precise, but enough graptolites do occur
in shelly-fossil sequences, and enough shelly fossils in
graptolitic successions, to provide a reasonably good
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correlation between the units based upon each type of
fossil assemblage.

Llandovery age

The oldest Silurian graptolites in the report area
occur just east of Smyrna Mills (loc. 9A, table 2) in a
thin impure vertically dipping phyllitic limestone zone
within the Smyrna Mills Formation. Specimens of a
small climacograptid from here have markedly alter-
nate thecae and are closely similar to Climacograptus
minutus as discussed by Elles and Wood (1906, p.
211-212, pl. 27, figs. 12 a—¢). C. minutus occurs in
British zones 17 and 18 (Elles and Wood, 1918, table
A). In the German sequence it ranges from the basal
part of the Silurian into beds correlative with British
zone 18. The oldest Silurian rocks in the Houlton-
Smyrna Mills area thus are early Llandovery in age. The
age and calcareous aspect of the rocks at locality 9A
suggest that the rocks are in a transition zone, with
lenticular or intertonguing relationships, between the
Smyrna Mills Formation and the upper part of the
ribbon rock member of the Meduxnekeag Formation.
Collection B at locality 9 (table 2) is from vertically
dipping rusty-weathered quartzite about 15 feet north
of collection A and includes some monograptids with
lobate thecae and some with slender rhabdosomes and
plain, tubular thecae. The oldest joint occurrence of
these kinds of monograptids in Britain is in zone 19;
they also appear together in beds of comparable age
in Germany. These kinds of monograptids range into
beds of Wenlock age in both successions.

Graptolites indicative of British zone 19 (middle
Llandovery) age in the ribbon rock member of the
Meduxnekeag Formation occur 350 feet beneath its
contact with the Smyrna Mills Formation -at locality
20, east of Smyrna Mills (fig. 1). A relatively well
preserved specimen of Monograptus triangulatus and a
few specimens of M. revolutus are present in the collec-
tion. Collection 19 (table 2) is from the lower part of
the Smyrna Mills Formation, 100 feet above its contact
with the ribbon rock member of the Meduxnekeag
Formation and 450 feet stratigraphically above collec-
tion 20. This collection also contains a few relatively
well preserved specimens of Monograptus revolutus and
one of M. triangulatus. The association of species in
the collection from locality 19 is suggestive of a prob-
ably British-zone-19 age. The stratigraphic relation-
ships (described earlier) and the ages of the rocks
indicated by the collections from localities 19 and 20
demonstrate that the transition from the limy rocks
of the ribbon rock member of the Meduxnekeag Forma-
tion upwards into the clastic rocks of the Smyrna Mills
Formation took place during the span of time repre-
sented by British graptolite zone 19.
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19. Middle Llandovery. 17 Pos51bly late Wenlock. 6. Do.
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Llandovery to Wenlock:
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TaBLE 3.—Correlation of the British (type) and American sections ! for the Silurian with respect to grap-
tolite zonation

British section Graptolite American section
Series zones Group or formation Prg;lli‘ﬁ;gal
Upper Rondout
and
Cobleskill
g
Z 36 o
% Cayuga )
3 35
Lower 24 Bertie
St
Q 33
& Salina
=] 32 Group
Lockport
31 Po
30
29
= Wenlockian Rochester
2 28
= @
n =
o 27 Niagara =]
=
26
Cq 25 .
Clinton
Cs 24 Group
Upper C
(C) 4 23
Cs 22
]
<
" o Cs
g > 21
2 S C,
] 3 _
= £ | Middle |—Bs 20
— 2
= (B) B " Albion §
A, Group 3
18
Lower Aj
(A) 17
A,
A, 16

1 Stages and series taken from Pavlides and others (1964) and Boucot and others (1964).

The first Silurian graptolite obtained from the ribbon
rock member of the Meduxnekeag Formation in Maine
was collected by Mr. David Roy of the Massachusetts
Institute of Technology in 1964 from an exposure on
the south bank of the Aroostook River south of Wash-
burn, Maine, near the boundary between Washburn
and Wade Townships. The graptolite was referred to
W. B. N. Berry for identification. It is Monograptus
cf. M. cyphus, a form suggestive of a British-zone-18
(early Llandovery) age. Roy’s find of a clearly

identifiable monograptid from the ribbon rock member
of the Meduxnekeag Formation makes the suggested
Ordovician age for a small group of poorly preserved
graptoloids (Boucot and others, 1964, p. 26) from a
roadcut exposure almost on strike with, and a few
hundred feet southward from, the locality from which
Roy’s specimen came, seem quite unlikely. The
fragmental specimens referred to by Boucot and others
have not been reexamined, but their stratigraphic
position with respect to the rocks bearing Monograptus
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of. M. cyphus, indicates that they are also most probably
Early Silurian in age. Thus the upper part of the
ribbon rock member of the Meduxnekeag Formation
exposed in Maine has been demonstrated to be of early
to middle Llandovery age by the graptolite finds near
Washburn and at locality 20 of figure 1.

Of the other collections bearing combinations of
species suggestive of a Llandovery age, only the collec-
tion from locality 11, southwest of Oakfield (fig. 1),
yielded well-preserved, readily identifiable specimens
that occur in both slate and siltstone. Many of the
specimens from here (see table 2) have been partly or
wholly replaced by pyrite, so that their morphologic
features are easily studied. The commonest element in
this collection is a slender monograptid, with markedly
sigmoidally curved thecae, which is similar in rhabdo-
some size and thecal characteristics to the forms
figured by Elles and Wood (1911, text figs. 280 a, b;
pl. 41; figs. 6 a, b) as Monograptus cf. M. griestoniensis.
Monograptus spiralis var. contortus and monograptids of
the M. priodon and M. communis groups are other
common elements of the fauna from locality 11. Speci-
mens which are similar to M. discus but slightly thinner
than typical material, and specimens of Retiolites
gewnitzianus var. angustidens, are less abundant but
distinctive members of the fauna from this locality.
The species associated at locality 11 clearly indicate a
late Llandovery age about equivalent to that of the
British zone of Monograptus griestoniensis (zone 24) or
perhaps a zone or two slightly older.

The other collections with an association of species
which are suggestive of a Llandovery age (table 2) are
composed of poorly preserved, fragmentary rhabdo-
somes in which only the general rhabdosome form and
thecal type are discernible. Monograptids of the M.
priodon group, or at least forms with straight, stout
rhabdosome form and hooked thecae, and slender
forms with simple, tubular thecae, are typical members
of these collections. The occurrence of such forms
together suggests that they belong in the latter part of
the Llandovery.

Wenlock age

The British and continental Wenlock graptolite
zones are based primarily upon particular single species
of Cyrtograptus. Identification of these zones therefore
depends on the finding of relatively well preserved
specimens of Cyrtograptus. Inasmuch as the cyrto-
graptids found in Maine are not well preserved and
cound not be certainly identified, individual Wenlock
zones could not be recognized here. The Wenlock may
be divided into an upper part on the basis of the occur-
rence together of monograptids of the Monograntus
flemingit and M. testis groups, and into a lower part
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containing early members of the M. vomerinus and M.
dubius groups, along with the last representatives of
the M. priodon group and with M. riccartonensis.

Rocks at localities 3 and 4, north of Smyrna Mills,
contain an assemblage which is indicative of late Wen-
lock age. Cyrtograptids oceur with Monograptus
flemingii at both locality 3 and locality 4. A poorly
preserved coiled monograptid similar to M. testis var.
wnornatus is also present at locality 4. The proximal
portions of the cyrtograptids at locality 4 compare
closely with those of Cyrtograptus lundgreni, which is
among the youngest of the eyrtograptids and is the
typical species of the youngest zone in the British
Wenlock. Collections at localities 3 and 4 may be from
the same bed, although on opposite limbs of a small fold.
They may be age correlatives of the British latest
Wenlock zone 31, that of C. lundgreni. Locality 5,
approximately 425 feet stratigraphically above locality
4, includes a group of species (table 2) indicative of an
early Ludlow age.

Monograptids with the general rhabdosome and
thecal form of Monograptus flemingii, and others
belonging to the M. dubius group, are present at
localities 16 (black slate) and 17 (siltstone), east of
Hodgdon. This association is considered to be of
possible or probable late Wenlock age. No clearly
early Wenlock collections have been found in the area,
and none of the late Wenlock collections may be
confidently assigned a zonal position.

Ludiow age

Collections of early Ludlow age are the most numer-
ous in this region and contain some of the best-preserved
specimens. Siltstone at localities 2 and 6, northeast
and north, respectively, of Smyrna Mills, and cal-
careous siltstone at locality 7, also northeast of Smyrna
Mills, yielded the most diverse and best-preserved
faunas (table 2). Collections from locality 14 (table 2)
are from a stratigraphic sequence in siltstone southeast
of Hodgdon, with collection A at the base; B, 6 inches
above A; C, 8 inches above B; and D, 15 inches above
C. The forms identified in each of these collections
(A-D) are suggestive of an early Ludlow age.

The graptolites of Ludlow age from the Smyrna
Mills Formation are similar in morphological detail
to those described by Berry (1964) from the upper
member of the Perham Formation in the Presque Isle
quadrangle, Maine. In addition to most of the species
recognized in the Perham, the collections of early
Ludlow age in the Smyrna Mills Formation contain
Monograptus uncinatus and a form that appears to
have close aflinities with M. micropoma. A new spe-
cies with markedly sigmoidally curved thecae similar
to those of M. vomerinus, but which differs in pos-
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sessing spinose apertural margins, is also present.
The rocks of the Smyrna Mills Formation that contain
graptolites of early Ludlow age are considered (as is
the upper part of the Perham Formation in the Presque
Isle quadrangle) correlative with both the Monograptus
nilssoni and Monograptus scanicus zones (zones 33 and
34) of the British Silurian. The two zones have not,
at present, been recognized as separate units in northern
Maine, and they are not, as yet, clearly separable in
England (Berry, 1964). Jaeger (1964; written com-
mun., 1965) indicated that the two may be distinguished
in a number of areas in continental Europe and North
Africa. The zonal designation used for the age of
these Maine collections is Monograptus milssoni and
Monograptus scanicus zone, with the understanding
that such a zone is the correlative of zones 33 and 34
of the British Silurian of Elles and Wood (1918) and of
equivalent zones in continental Europe.

No collection indicative of an age younger than
early Ludlow was found in the present study, although
the association obtained at locality 12 (table 2), north-
west of Pleasant Lake, may be slightly younger than
the other Ludlow age collections. Monograptids of
most of the kinds present in it do range into the middle
Ludlow in Britain and on the Continent.

The graptolite-bearing rocks of Silurian age in the
Houlton—Smyrna Mills area thus span most of Silurian
time, from the early Llandovery into the Ludlow. In
this interval, apparently only the early part of the
Wenlock is not represented in the collections.

GENERAL CONSIDERATIONS

The gradational nature of the contact between the
upper part of the ribbon rock member of the Medux-
nekeag Formation and the overlying Smyrna Mills
Formation, and the temporal equivalence of the grapto-
lites on both sides of this contact (locs. 19 and 20,
table 2), demonstrate the absence of a Taconic uncon-
formity in the Houlton and Smyrna Mills area. The
structurally conformable nature of the contact between
the ribbon rock member of the Meduxnekeag Formation
and the Silurian rocks of the Presque Isle area was
earlier recognized by Pavlides (Boucot and others,
1964, p. 91). The general area now occupied by the
Aroostook-Matapedia anticlinorium, therefore, was a
basin of uninterrupted sedimentation from about
Middle Ordovician through early Ludlow (Late Silu-
rian) times. Elsewhere in the northern Appalachians,
on opposite sides of this Aroostook-Matapedia belt of
rocks, the Taconic or related orogenies did indeed
profoundly affect the region; marked angular uncon-
formities separate pre- and post-Taconic rocks to the
west in Maine, in southeast New Brunswick, and in
the Gaspé Peninsula of Quebec. The change in the
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nature of the sedimentation from limy (ribbon rock
member of the Meduxnekeag Formation) to clastic
(Smyrna Mills Formation and the lower part of the
Perham Formation) in the Aroostook-Matapedia belt
may reflect the effects of the Taconic orogeny in nearby
areas during early Llandovery time. This also indi-
cates that the Taconic orogeny extended into Early
Silurian time rather than being restricted to the latter
part of the Ordovician in this part of Maine.

Although the Smyrna Mills Formation is not closely
subdivided on the basis of its lithologic aspect, rocks
containing Llandovery- and Wenlock-age graptolites,
in general, have more slate and locally contain conglom-
erate and lithic graywacke near their base. The
Ludlow-age rocks are mostly thin- to medium-bedded
calcareous and micaceous quartzite and quartz gray-
wacke.

Manganese deposition in the area was not restricted
to one or a few specific time intervals within the
Silurian; deposits have been found in all parts of the
section and with graptolites indicate of all three
Silurian series. No deposits of manganese occur in the
ribbon rock member of the Meduxnekeag Formation;
however, those in the Smyrna Mills Formation seem to
be somewhat more numerous in the rocks of Llandovery
and Wenlock age than in those of Ludlow age. Envi-
ronments favorable to manganese deposition thus
appear to have occurred at different times during the
Silurian at different places within the area of the two
quadrangles, and may have recurred at any given place
one or more times during the entire span of the Silurian.

Parts of the Smyrna Mills Formation are the temporal
equivalents of the Frenchville and Perham Formations
in the Presque Isle quadrangle (Boucot and others, 1964,
p. 33—40) of north-central Aroostook County, Maine,
about 45 miles north of the Houlton-Smyrna Mills
area. No Silurian fossils older than late Llandovery
been found in those formations in the Presque Isle area,
whereas early Llandovery graptolites occur near Smyrna
Mills. The rocks of late Llandovery age in the
Frenchville Formation in the Presque Isle quadrangle
are, in general, more coarse grained than those of the
same age in the Houlton—-Smyrna Mills area. The
lithologic aspect of the Wenlock-age rocks is generally
similar in both areas, but the Ludlow rocks are coarser
grained and more quartzose in the Houlton-Smyrna
Mills area than they are to the northwest in the
Presque Isle quadrangle and nearby areas. Naylor and
Boucot (1965) have pointed out this difference in the
Ludlow rocks by referring the Houlton and Smyrna
Mills area to a belt of “graywacke and slate” which is
parallel to and southeast of a belt of ‘“‘calcareous shale
or slate” which includes the Presque Isle area.
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The Maple Mountain Formation in the Howe Brook
quadrangle, Maine, 20 miles to the north of Medux-
nekeag Lake (Pavlides, 1964, p. B5), is similar in lithologic
aspect to part of the Smyrna Mills Formation in the
Houlton-Smyrna Mills area. It has yielded Silurian
fossils from two localities and, hence, it is at least in part
coeval with the Smyrna Mills Formation in the Houl-
ton-Smyrna Mills area.
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STRATIGRAPHIC SIGNIFICANCE OF TERTIARY FOSSILS FROM THE ORCA GROUP
IN THE PRINCE WILLIAM SOUND REGION, ALASKA

By GEORGE PLAFKER and F. S. MacNEIL, Menlo Park, Calif.

Abstract.—The Orca Group, a thick complexly deformed and
sparsely fossiliferous sequence of predominantly eugeosynclinal
clastic and voleanic rocks, underlies an area of roughly 4,000
square miles in the southern and eastern parts of the Prince
William Sound region. New collections of marine megafossils
from the lower, predominantly volcanic unit of the Orca Group
and pollen from the predominantly sedimentary upper part of the
Orca indicate that the Orca Group is of early Tertiary age, most
probably middle to late Eocene, rather than of Mesozoic age as
previously inferred. The Orca Group was deposited during the
early Tertiary in a geosynecline situated along the present north-
ern and western margin of the Gulf of Alaska. A major period
of orogeny that probably culminated in late Eocene or early
Oligocene time resulted in complex deformation of the Orea
Group, in emplacement of granitic batholiths, and in econom-
ically important copper, gold, and antimony mineralization.

The Orca and Valdez Groups (originally termed
Orca and Valdes Series) are the two broad stratigraphic
units into which the bedded rocks of the Prince William
Sound region were originally subdivided (Schrader,
1900, p. 404-410; Schrader and Spencer, 1901, p. 34-39).
Geologists who subsequently mapped in the region
have found Schrader’s subdivisions useful even though
local lithologic similarities between the two groups,
structural complexity, and a virtual absence of diag-
nostic fossils have precluded precise definition of what
constitutes the two groups or the stratigraphic and
structural relationships of the included beds. The
approximate areal distribution of the two units as
compiled by Moffit (1954, pl. 8), with minor modifi-
cations based on reconnaissance observations by
Plafker, in 1964, is shown on figure 1. Numerous
granitic intrusive bodies that cut both the Valdez and
Orca Groups, and unconsolidated Quaternary deposits
that locally mantle the indurated rocks, are not differ-
entiated on the map.

The Valdez Group has been assigned a Mesozoic age
largely on the basis of three collections of Inoceramus
found within its area of outcrop. Diagnostic fossils
have not previously been obtained from the Orca Group.

Generally the Orca Group has been considered to be
younger than the Valdez, mainly because it is some-
what less metamorphosed than the Valdez Group and
supposedly overlies the Valdez with angular unconform-
ity. Moflit (1954, p. 275) states that the two groups
are everywhere in fault contact, and he questions the
validity of the assumed age relationship between the
two groups. He concludes that “the fossil evidence
regarding the age of the sedimentary rocks of the Prince
William Sound region, although scanty and applied to
an extensive area, suggests correlation rather than sep-
aration of the groups and casts doubt on the adequacy of
the reasons offered for suggesting that they are two
distinet groups.” On the basis of the evidence from
fossils available to him, Moffit favored a Mesozoic
(probably Late Cretaceous) age for both groups.

Other workers (Payne, 1955; Miller and others, 1959,
p. 14, 21) have inferred that at least the lower part of
the Orca Group is part of a narrow belt of “greenstone
graywacke and slate” that borders the Gulf of Alaska
from Kodiak Island on the west to Baranof Island in
southeastern Alaska. The sequence was tentatively
assigned a pre-Late Cretaceous, and probable Early
Jurassic to Early Cretaceous age on the basis of fos-
sil evidence in southeastern Alaska, and on correlations
with dated sequences of lithologically similar rocks
elsewhere.

Studies of new fossil collections obtained from the
Orca Group in 1964, and restudy of the available in-
vertebrate megafossils previously collected from the
Valdez Group, demonstrate that the Orca Group is
definitely younger than the Valdez Group, and that it
is of early Tertiary, rather than of Mesozoic age.

OUTLINE OF THE MAJOR STRATIGRAPHIC UNITS IN
PRINCE WILLIAM SOUND

Valdez Group

The Valdez Group crops out along the northern and
western shores of Prince William Sound and also under-
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lies much of the adjacent Chugach Mountains and the
Kenai Mountains on the Kenai Peninsula. It is com-
posed of a thick sequence of lithologically monotonous
-eugeosynclinal sediments that have been closely folded
and mildly metamorphosed to hard graywacke and
slate or argillite with minor amounts of pebble and
cobble conglomerate. The graywacke and argillaceous
rocks commonly exhibit rhythmically alternating, finely
laminated graded beds. These rocks are interbedded
with, or intruded by, small lenticular bodies of mafic
fine-grained igneous rocks that are extensively altered
to greenstone. The entire sequence is intruded by nu-
merous dikes and stocks of biotite- and biotite-horn-
blende granite, and it is locally metamorphosed to
schistose graywacke and phyllite.

The thickness of the Valdez is unknown because the
base is nowhere exposed and the beds are duplicated
and interrupted by complex folding and faulting. The
sequence is exposed across strike for a distance of 50
miles to the north of Prince William Sound, suggesting
that it is probably tens of thousands of feet thick.

The only diagnostic invertebrate fossils thus far
obtained from the Valdez Group were collected in 1913
by B. L. Johnson (1914, p. 208-209), in the Port Wells
area [USGS 8601 and 8603 (float)] and from float in a
moraine of the Valdez Glacier near Valdez (USGS 9495)
at localities shown on figure 1. The fossils are poorly
preserved specimens of Inoceramus that according to
D. L. Jones (oral commun., April 2, 1965), of the U.S.
Geological Survey, indicate a definite Jurassic or Cre-
taceous age but that cannot be more closely dated.
On the basis of comparison with species from Wyoming
and Utah they were formerly assigned a Late Cre-
taceous age by Imlay and Reeside (1954, p. 227-228).

The Valdez Group is remarkably similar in litho-
logic characteristics to, and is probably synchronous
with, rocks exposed along the Chugach Mountains
geosyncline (Payne, 1955), which extends from the
central part of Kodiak Island through the Kenai and
Chugach Mountains to southeastern Alaska. Diag-
nostic fossils collected from the probably equivalent
slate-graywacke sequence to the east of the Copper
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River (Yakutat Group) include Buchia identified by
D. L. Jones as B. mosquensis and B. piochii? of Late
Jurassic age and B. cf. B. okensis and B. subokensis?
of Berriasian (earliest Cretaceous) age (Miller, 1961).
A single specimen of a foraminifer from the Yakutat
Group was identified by Ruth Todd, of the U.S. Geo-
logical Survey, as Nodosaria affinis Reuss, which in
the southern United States is indicative of a Late
Cretaceous or Paleocene age (Brabb and Miller, 1962).
From the foregoing evidence it is concluded that the
Valdez Group and its probable lithologic equivalents
are of Jurassic to Cretaceous age.

Orca Group

The Orca Group occurs mainly on the eastern shores
of Prince William Sound and on the islands in the
central and southern part of the sound (fig.1). It is dis-
tinguished from the Valdez Group mainly by a more
diverse lithology with abundant volcanic rocks and
by a somewhat lesser degree of metamorphism.

The lower part of the Orca consists largely of dark
graywacke and argillite which intertongue with abun-
dant voleanic and conglomeratic rocks. The volcanic
rocks are flows, flow breccias, and intrusive sills and
dikes, all of basaltic composition. They have been
intensly altered and are grouped for convenience of
description under the term ‘‘greenstone.” Most of
the flows are characterized by strikingly well developed
pillow structures suggestive of submarine extrusion.
The conglomeratic rocks are poorly sorted, ranging
from pebble and cobble conglomerate to conglomeratic
argillite that contain sparsely distributed lithic clasts
throughout a hard matrix of dark-gray argillite. In
the absence of volcanic rocks, the more intensely
altered graywacke and argillite of the lower unit are
difficult to distinguish from the lithologically similar
rocks of the Valdez Group. For this reason, and be-
cause of the prevailing structural complexity, the lo-
cation and nature of the contacts between the two groups
are largely conjectural. Detailed geologic studies will
be required before these contacts can be mapped with
confidence, especially in the southwestern part of the
Prince William Sound region where the lower, volcanic
part of the Orca Group is interbedded with thick units
of sedimentary rocks that are extensively intruded and
partially metamorphosed so that they strongly resemble
the graywacke and slate of the Valdez Group.

The upper part of the Orca Group consists mainly of
sandstone and argillite or hard siltstone with minor
amounts of volcanic and conglomeratic rocks. The
sandstones are predominantly of the graywacke type
but also include abundant light-colored arkosic types
and minor carbonaceous, tuffaceous(?), and calcareous
sandstones. Dark-gray to black dense, hard siltstone
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which locally has been converted to argillite is inter-
bedded with the sandstone. The graywacke and
siltstone commonly form rhythmically alternating
graded beds. The upper sequence includes some thin
beds of light-gray-weathering limestone and reddish-
brown shale or siltstone.

The structure of the Orea Group is exceedingly
complex, and the sequence undoubtedly includes nu-
merous unrecognized unconformities and faults. Folds
range from open to tightly appressed and locally are
overturned both to the north and to the south. They
are of small amplitude and lateral extent and are
complicated by intricate drag folding and minor thrust
faults. Neither the base nor the top of the sequence
has definitely been recognized. The complex structure
and apparent absence of key beds preclude a reliable
estimate of the thickness of the Orca Group. The
prevailing steep dips, which occur over an extensive
outcrop area, suggest that it totals tens of thousands
of feet.

Fossils previously collected from the Orea Group
include numerous nondiagnostic wormlike marine
organisms, Terebellina palacher Ulrich, a few unidenti-
fiable clams, borings and tracks of possible marine
organisms, and abundant carbonized plant remains.

NEW PALEONTOLOGIC DATA
Megafossils

During the course of field investigations into the
geologic effects of the Alaska earthquake of March 27,
1964, Plafker, W. H. Bastian, D. S. McCulloch, and
L. R. Mayo collected diagnostic fossils from the Orca
Group at the head of a small cove about a mile north
of the entrance to Galena Bay (figs. 1 and 2).

The fossils occur within calcarious concretions in
the matrix of a conglomeratic argillite in the lower
part of the Orca. The conglomeratic bed is 50 to 100
feet thick and is interstratified with greenstone pillow
lava, graywacke, and argillite. Bedding is defined by
sandstone bands 1 to 4 inches thick near the north
end of the exposure with dips ranging from 25° N. 65°
W. to 28° N. 45° W. The contacts are not exposed,
although the structural relationships with the overlying
interbedded flows and sediments indicate approximate
structural conformity or possible slight angular uncon-
formity with the overlying and underlying greenstone
flows (fig. 2).

The conglomeratic argillite bed consists predomi-
nantly of hard dark-gray massive argillite that contains
sporadically distributed angular to subangular unsorted
clastic debris (fig. 3). The coarse fraction includes
blocks 8 feet in maximum dimension; more commonly
the clasts are less than 6 inches in diameter. They con-
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sist either of angular cobbles and boulders of greenstone
that are lithologically indistinguishable from the en-
closing flows, or of graywacke, argillite, and slate detri-
tus similar to the predomimant lithologic types of the
Valdez Group that crops out immediately to the north.
The concretions, which consist of dense smooth cal-
careous argillite containing finely disseminated grains
of iron sulfide, are irregularly distributed throughout the
matrix of the conglomerate. They are in the shape of
spheres or oblate spheroids up to 5 inches in maximum
dimension. An estimated 10 percent of the concretions
contain fragmental or entire fossil crabs; a few mollusks
and a single fragment of worm-bored wood were also
found. The concretions appear to be diagenetic, hav-
ing formed prior to induration by precipitation of calcium
carbonate and iron sulfide around decaying organisms
and other nuclei buried in the mud matrix of the con-
glomerate. Thus the contained fossils probably are
reliable indicators of the age of the conglomeratic argil-
lite bed.
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Ficure 3.—Conglomeratic argillite at fossil locality M2603,
near the entrance to Galena Bay. Cobbles and boulders of
graywacke, argillite, slate, and greenstone are irregularly dis-
tributed throughout a matrix of hard black argillite. Graywacke
boulder in left center of view is 3 feet long. Fossiliferous cal-
careous concretions occur within the argillite matrix. Hori-
zontal bands near water are formed by zoned algae and bar-
nacles, not bedding.

Examples of the fossils, which were prepared and
identified by MacNeil, are illustrated in figure 4. The
most abundant fossil is the crab Branchioplax washing-
toniagna Rathbun; many well-preserved specimens with
the slender appendages still intact were obtained. Ac-
cording to Rathbun (1926, p. 42), only one known spe-
cies can be referred to this genus. The type is from the
Oligocene of Oregon and Washington. Tt has also been
reported by Rathbun (1926, p. 44) from the Cowlitz
Formation in Washington (late Eocene), but H. B
Stenzel (written commun. to D. J. Miller, June 1946)
states that the material from the Cowlitz is too poor
for positive identification and that the species is not
present in any Eocene collections that he has identified
from Oregon. Two specimens of another crab, Rani-
noides vaderensis Rathbun, are also present. 'The spe-
cies is described by Rathbun from upper Eocene beds
of Washington and reported from supposed middle Eo-
cene beds of Oregon. After acid preparation one of the
concretions yielded several excellent molds of the clam
Acila decisa (Conrad), a species originally described
from an unknown locality in California. Three syn-
onyms of the species are well documented stratigraph-
ically, one of them A. lajollaensis Hanna, having been



B66

d

a and b, Branchioplaz washingtoniane Rathbun (X 1)
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a, Ventral side of partly testaceous specimen, USNM 649414,
b, Ventral side of acid-treated specimen, showing interior details on internal mold, USNM 649415.

¢, Raninoides vaderensis Rathbun (X 1)
Dorsal view of carapace, USNM 649416.
d, ?Cancellarid (X 2)
Decorticated spire (rubber cast), USNM 644861.
e and f, Acila decisa (Conrad) (X 2) USNM 644862
¢, Right valve (rubber cast).
J» Escutcheonal view of same specimen.
g, Periploma cf. P. eodiscus Vokes (X 11%)
Left valve (rubber cast), USNM 644863.

F1cure 4.—Specimens from USGS locality M2063, on a small cove on the east side of Valdez Arm, about 1 mile north of the en-

trance to Galena Bay, Prince William Sound, Alaska.

accepted by Schenck (1936, p. 55) as the neotype for
the species. All its known occurrences in California,
Oregon, and Washington are in middle and upper Eo-
cene beds, and it is generally recognized as a good guide
fossil to the Eocene. An excellent mold of one specimen
of the clam Periploma cf. P. eodiscus Vokes was also
obtained with acid preparation. It has the same shape
as Vokes’ species and shows details of the sculpture,
but unfortunately Vokes’ specimen does not. P. eodis-
cus was described from the Domengine Formation (mid-
dle Eocene) of California.

Polien

Six samples of indurated . siltstone and limestone
collected during the 1964 field season from the upper,
predominantly sedimentary, part of the Orca Group
were analyzed for pollen by the palynological laboratory
of the Stanford University School of Earth Sciences,
through the courtesy of W. R. Evitt. Identifiable pollen
was found in two of the samples (field numbers 64APr

Orea Group. Eocene.

150B and 64APr 138A) of carbonaceous siltstone from
Neck Point on the southeast end of Montague Island.
The residues from the remaining samples contain much
organic material, but no identifiable fossils. Evitt’s
report (written commun., Nov. 10, 1964) on the pollen
is as follows:

The alder (Alnus) pollen in sample 64APr 150B (PL-1875)
is rare and rather poorly preserved, but identification of this
pollen type is made eagy by its very distinctive characters which
are robust enough to have withstood the processes that rendered
the rest of the pollen and spores unidentifiable. Pollen of this
type has not been reported from pre-Tertiary material to my
knowledge. It is abundant in many Tertiary samples from
Alasgka.

The single triporate grain recovered from sample 64APr 138A
(PL-1873) is less distinctive. It probably indicates a Tertiary
age, but could possibly be from the highest Cretaceous (Maes-
trichtian). Only one grain was observed and this is insufficient
evidence for a firm age determination.

Age of the Orca Group

The crab Raninoides vaderensis Rathbun and the
pelecypods Acile decisa (Conrad) and Periploma
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cf. P. eodiscus Vokes indicate a probable middle to late
Eocene age for the lower volcanic unit of the Orea
Group. Branchioplax washingtoniana Rathbun has
a longer range and could indicate either an Eocene or
Oligocene age. The upper age limit of the Orca Group
is not known because specifically diagnostic fossils have
not been obtained from it nor is it known to be overlain
by younger dated Tertiary rocks. On the basis of the
limited data now available, the Orca Group is assigned
an early Tertiary rather than a Mesozoic age. Because
the megafossils were collected from close to the base of
the Orca, the lower age limit of the sequence is probably
middle to late Eocene. The upper age limit is un-
known, and the group may include rocks younger

than Eocene.
CORRELATIONS

Bedded volcanic and sedimentary rocks occur else-
where along the margin of the Gulf of Alaska, in the
Katalla district to the east of Prince William Sound,
and along the seaward coast of the Kenai Peninsula
and the Kodiak Island group to the southwest of the
Sound. The age relationships of these rocks are im-
perfectly known because of a paucity of diagnostic
fossils and structural complexities that mask their
relationships with dated older and younger formations.
Payne (1955), and more recently Miller and others
(1959, p. 21), considered these rocks and the Orca
Group to be part of a “Mesozoic greenstone-graywacke-
slate sequence” bordering the Gulf of Alaska from
Kodiak Island on the west to Baranof Island in south-
eastern Alaska. However, the limited available evi-
dence from fossils and the lithologic characteristics
of these rocks strongly suggest that at least a part of
this sequence is of early Tertiary rather than of Meso-
zolc age.

In the Katalla district the lower, predominantly
voleanic unit of the Orca Group may be represented
by a sequence of bedded greenstone and associated
sedimentary rocks that form the backbone of Ragged
Mountain and much of Wingham Island (fig. 1).
These rocks, which are complexly deformed and slightly
metamorphosed, have generally been considered to be
Mesozoic or older (Martin, 1908, p. 26-27; Miller,
1951, p. 11-13). However, the only known {fossils
from them are diatoms and silicoflagellates from impure
limestone on Ragged Mountain (localities D4612 and
D4613) that according to K. E. Lohman, of the U.S.
Geological Survey, strongly suggest a late Eocene age,
and specimens of Turitells from a float limestone
cobble on Wingham Island (locality C29223) believed
to be of probable middle Eocene age (Miller, 1961,
explanatory notes). Possible lithologic equivalents of
the upper, predominantly sedimentary part of the Orca
Group in the Katalla district include complexly de-
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formed predominantly marine siltstone and sandstone
of the Stillwater and Tokun Formations of middle to
late Eocene age, and the undifferentiated sandstone-
siltstone sequences of probable early Tertiary age.
Concretions containing small crabs of the same genera
as those from the Orca Group, Raninoides and Bran-
chioplaz, are virtually the only fossils found in the type
area of the Stillwater Formation. The crab Bran-
chioplax washingtoniana Rathbun, the most abundant
fossil species collected from the Orca Group, is also
the characteristic fossil of the upper Tokun in the
Katalla district. Thus, the available fossils from the
Katalla district suggests that part or all of the lower
Tertiary sequence, including the volcanic unit of
Ragged Mountain and Wingham Island, may be syn-
chronous with the Orca Group in the Prince William
Sound area.

A thick sequence of unfossiliferous ellipsoidal green-
stone flows and associated mildly metamorphosed
sedimentary and tuffaceous rocks, almost identical in
lithologic characteristics with the lower part of the Orca
Group, underlies the peninsula between Day Harbor
and Resurrection Bay on the southern coast of the
Kenai Peninsula. The lithologic similarities were
noted by U. S. Grant (¢n Martin and others, 1915,
P- 223-225) who suggested that the volcanic rocks and
associated tuffs may correlate with the Orca Group of
Prince William Sound. No age-diagnostic fossils have
been obtained from the sequence.

Along the southeast coast of the Kodiak group of
islands there occurs a belt as much as 10 miles wide of
ellipsoidal and amygdaloidal lavas interbedded with,
and overlain by, a thick sequence of isoclinally folded
clastic sedimentary rocks, commonly with graded
bedding. The volcanic unit previously was assigned a
probable Triassic or late Paleozoic age by Capps (1937,
p. 137) on the basis of a tenuous correlation with a
lithologically similar but significantly more metamor-
phosed sequence of pre-Upper Triassic rocks on the
west side of the Kenai Peninsula near Seldovia and
Port Graham. The associated isoclinally folded sedi-
mentary sequence was considered to be of Eocene age
on the basis of two fossil plants collected from the
Trinity Islands, which, according to R. W. Brown,
indicate an Focene or younger age, and on the ques-
tionable correlations with the Kenai Formation of the
Kenai Peninsula (Capps, 1937, p. 153). More recent
detailed geologic mapping by G. W. Moore, of the U.S.
Geological Survey, and by petroleum-company geolo-
gists has shown that the greenstone-graywacke-siltstone
sequence is less metamorphosed and probably younger
than the adjacent rocks to the northwest from which
Inoceramus of Mesozoic age have been collected (Imlay

and Reeside, 1954, p. 227-228). It is also more
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deformed, and probably older, than overlying predom-
inantly clastic continental rocks containing a fossil
flora that according to J. A. Wolfe, of the U.S. Geolog-
ical Survey, is of Oligocene age. A single pelecypod
collected in 1963 by Moore from the upper part of the
unit is & new species, and possibly a new genus of
Vesicomyidae. This family ranges throughout the
Cenozoic, but its only representatives thus far recog-
nized in Alaska are from rocks of late Oligocene age in
the Katalla district. The fragmentary fossil collections
and the relative degree of deformation and metamor-
phism as compared with the dated rocks that supposedly
underlie and overlie the greenstone-graywacke-siltstone
sequence of Kodiak Island, suggest that it could be of
early Tertiary age, although neither its upper nor lower
age limits can be precisely determined.

PALEOGEOGRAPHIC SPECULATIONS

The new age data for the Orca Group and the
reappraisal of available data on lithologically similar
rocks along the Gulf of Alaska suggest that the margin
of the Gulf of Alaska at the beginning of Tertiary time
was the site of a eugeosyncline that lay parallel to, and
south of, the Chugach Mountains geosyncline. This

PALEONTOLOGY AND STRATIGRAPHY

by stratigraphic methods because rocks younger than
the Orca are absent. Radiometric dating of the granitic
intrusive rocks that cut the Orca may provide an upper
age limit for the orogeny; samples of the intrusive have
been submitted for potassium-argon age determinations.
Elsewhere along the margin of the Gulf of Alaska, the
available evidence suggests that the episode of defor-
mation may have culminated in the time interval from
late Eocene to early Oligocene. The occurrence of
shallow marine or brackish-water strata of late Eocene
to early Oligocene age, local unconformities in upper
Eocene strata (Plafker and Miller, 1957), and marked
differences in the degree of induration and deformation
between the early Teritary and younger strata support
such an age for the deformation.

REFERENCES

. Brabb, E. E., and Miller, D. J., 1962, Reconnaigsance traverse

across the eastern Chugach Mountains, Alaska: U.S. Geol.
Survey Misc. Geol. Inv, Map I-341.

Capps, S. R., 1937, Kodiak and adjacent islands, Alaska: U.S.
Geol. Survey Bull. 880-C, p. 111-184.

Imlay, R. W., and Reeside, J. B., 1954, Correlation of Cretaceous
formations of Greenland and Alaska: Geol. Soc. America
Bull,, v. 65, p. 223-246.

linear basin of deposition was at least 500 miles long,‘y Johnson, B. L., 1914, Port Wells gold-lode district: U.S. Geol.

extending westward from the Katalla district into the
Prince William Sound region, where it bent abruptly
southwestward to the Kodiak group of islands. The

Survey Bull. 592-G, p. 195-236.

< Martin, G. C., 1908, Geology and mineral resources of the Con-

troller Bay region, Alaska: U.S. Geol. Survey Bull. 335,
141 p.

northern margin extended beneath the present Chu--X Martin, G. C., Johnson, B. L., and Grant, U. 8., 1915, Geology

gach-Kenai-Kodiak Mountains, and the western margin

lay seaward from the present coast. ‘
Early in the history of the geosyncline a thick

sequence of mafic volcanic rocks was erupted onto the

rapidly subsiding basin floor from numerous centers <

that are now represented by lenticular piles of ellipsoidal
flows. Contemporaneous regional deformation, uplift,
and erosion of the Chugach Mountains geosyneline that

and mineral resources of the Kenai Peninsula, Alaska:
U.8. Geol. Survey Bull. 587, 243 p.

Miller, D. J., 1951, Preliminary report on the geology and oil
possibilities of the Katalla district, Alaska: U.S. Geol.
Survey open-file rept., 66 p.

1961, Geology of the Katalla district, Gulf of Alaska

Tertiary province, Alaska: U.S. Geol. Survey open-file rept.

~x Miller, D. J., Payne, T. G., and Grye, George, 1959, Geology of

possible petroleum provinces in Alaska: U.S. Geol. Survey
Bull. 1094, 131 p.

extended through the Chugach and Kenai Mountains s Moffit, F. H., 1954, Geology of the Prince William Sound region,

and the central part of the Kodiak group of islands
supplied muddy sands and argillaceous and conglom-
eratic sediments that intertongue with the volcanic

rocks. In the later history of the geosyncline, volcanic X Plaf

activity diminished, and the basin was filled with
predominantly rhythmically bedded clastic detritus
beneath which the preexisting volcanic highlands
were buried.

The Orca rocks and their equivalents were later
complexly folded, faulted, and probably extensively
intruded by granitic rocks.
spread gold, copper, and antimony deposits in the Orca
Group, and possibly some of those in the Valdez Group,
were associated with the intrusions.

The time of this major episode of tectonic deformation
cannot be ascertained in the Prince William Sound area

Alaska: U.S. Geol. Survey Bull. 989-E, p. 225-310, illus.
incl. geol. map.

-Payne, T. G., 1955, Mesozoic and Cenozoic tectonic elements of

Alaska: U.S. Geol. Survey Misc. Inv. Map I-84.

ker, George, and Miller, D. J., 1957, Reconnaissance geology

of the Malaspina district, Alaska: U.S. Geol. Survey Oil

and Gas Inv. Map OM-189.

Rathbun, M. J., 1926, The fossil stalk-eyed Crustacea of the
Pacific slope of North America: U.S. Nat. Mus. Bull. 138,
155 p., 39 pls.

Schenck, H. G., 1936, Nuculid bivalves of the genus Acile:

Geol. Soc. America Spec. Paper 4, 149 p., 18 pls.

At least part of the wide-« Schrader, F. C., 1900, A reconnaissance of a part of Prince

William Sound and the Copper River district, Alaska,
in 1898: U.S. Geol. Survey 20th Ann. Rept., pt.7, p.
341-428.

-4 Schrader, F. C., and Spencer, A. C., 1901, The geology and min-

eral resources of a portion of the Copper River distriet,
Alaska: U.8. Geol. Survey Spec. Pub., 94 p.

R



GEOLOGICAL SURVEY RESEARCH 1966

STRATIGRAPHIC RELATIONS ‘OF UPPER CRETACEOUS ROCKS,
LAMONT-BAIROIL AREA, SOUTH-CENTRAL WYOMING

By MITCHELL W. REYNOLDS, Denver, Colo.

Abstract.—Unconformities in Upper Cretaceous rocks of south-
central Wyoming mark areas of uplift and erosion, and account
for the thinning and absence of the Mesaverde Formation near
Lamont and Bairoil. An unconformity at the base of the Teapot
Sandstone Member of the Mesaverde bevels the underlying
part of the Mesaverde from south to north. Local tectonic
activity in post-Teapot and early Lewis time resulted in addi-
tional uplift and in truncation of the Mesaverde Formation
across the area by marine planation. Maximum truncation of
strata occurs on the west and north flanks of Lost Soldier anti-
cline, where the Mesaverde is absent; and on the south flank of
the Sweetwater arch, where the Mesaverde is absent and the
Lewis Shale lies on progressively lower portions of the Cody
Shale.

Production of oil and gas from rocks of Late Cre-
taceous age in Wyoming provides incentive for local
and regional geologic studies to synthesize the Late
Cretaceous depositional and tectonic history. Local
areas of anomalous stratigraphic relations exist, and
conflicting interpretations of these relations have been
made. Such areas may provide important clues for
interpretation of the geologic past.

The Lamont-Bairoil area of south-central Wyoming
appears to be one of the critical locales, not only be-
cause of an anomalous section of rocks of Late Cre-
taceous age, but also because of conflicting inter-
pretations that have been published on the area during
the past 40 years. Early workers generally agreed
that the stratigraphic section in the Lamont-Bairoil
area is anomalous because of drastic thinning of the
Mesaverde Formation and the Cody and Lewis Shales.

Fath and Moulton (1924) first mapped the Lamont-
Bairoil area in detail and observed that the Mesaverde
Formation thins from 1,900 to 200 feet in a distance
of 12 miles. They account for the thinning as follows:
“This thinning could be explained by assuming a local
deformation centering somewhere to the west which
shallowed the sea or perhaps even caused a slight
elevation above the water level during Mesaverde
time.” (Fath and Moulton, 1924, p. 27.)

After mapping the area in 1960, Guyton (1960)
concluded that the thinning of the Mesaverde Forma-
tion on the flanks of the Lost Soldier anticline may
have resulted from thinning or nondeposition on a local
structural high (p. 54). He also described (p. 15) a
large-scale intertonguing of the Cody and Mesaverde.
Weimer and Guyton (1961, p. 139) proposed a somewhat
different interpretation of the geology. Studies by
Weimer, a reinterpretation of Guyton’s 1960 work,
and a reevaluation of regional stratigraphic and faunal
data, led them to conclude that the thinning of the
Mesaverde was not the result of local structural growth
of the Lost Soldier anticline, but was rather the result
of regional thinning and facies change from the Mesa-
verde into the Cody Shale (Weimer and Guyton,
1961, p. 139).

In 1962 Zapp and Cobban published a preliminary
report describing the results of a regional study of
intertonguing relations of marine and nonmarine rocks
of Late Cretaceous age in Wyoming (Zapp and Cobban,
1962). They presented evidence that time-equivalent
strata separated by more than 4,000 feet of beds in
nearby areas are virtually in contact in the Lamont-
Bairoil area. Zapp and Cobban (1962, p. D52) at-
tributed the relation to depositional thinning and
truncation associated with extreme local tectonic
differentiation.

The present investigation was undertaken to evalu-
ate and document the role of uplift and erosion, depo-
sitional thinning, facies change, intertonguing, or a
combination of these factors as cause of the thinning
and disappearance of the Mesaverde Formation in the
Lamont-Bairoil area. Detailed geologic mapping on a
scale of 1:24,000 has been done in critical parts of four
7%-minute quadrangles centering around Lamont and
Bairoil, with reconnaissance mapping extending south-
ward along Separation Rim and the Shamrock Hills
(fig. 1). Detailed stratigraphic sections of the Mesa-
verde Formation and adjacent strata were measured at
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closely spaced intervals north of Lamont, south of
Bairoil, and at Separation Rim; the Upper Cretaceous
section described by Barlow (1959) on the west flank of
the Rawlins uplift was examined carefully (figs. 1, 2,
sec. A). Descriptions of sections measured by Chuman
(1954) were examined but were found to be lacking in
sufficient detail to be used in this investigation.

The writer had access to unpubliched field notes of
A. D. Zapp and to previously unreported faunal data
of the U.S. Geological Survey from this and nearby
areas. J. R. Gill, of the U.S. Geological Survey, con-
tributed additional material on regional stratigraphic
relations. W. A. Cobban, also of the U.S. Geological
Survey, identified collections of fossils from this and
previous investigations.

NOMENCLATURE

Stratigraphic nomenclature used in this report is
modified from Fath and Moulton (1924, p. 10, 11). The
name Cody Shale is used in place of the Niobrara and
Steele Shales, inasmuch as the Niobrara cannot be
identified consistently throughout the mapped area.
Thus the name Cody Shale is applied to all strata lying
between the Frontier Formation below and the Mesa-
verde Formation or Lewis Shale above. The terms
Mesaverde and Lewis are used in the sense of Fath and
Moulton (1924, p. 10, 26-28) for littoral, brackish, and
nonmarine beds and for marine beds, respectively, over-
lying the Cody Shale and underlying the Lance Forma-
tion of this report. Use of the terms Mesaverde and
Lewis in this way is now known (Weimer, 1959, p. 10—
12; Scott and Cobban, 1959, p. 129-130) to be incorrect,
in south-central Wyoming, because strata bearing the
names in Wyoming are not correlative with those of
the type area of the formations in southwestern
Colorado.

The name Lance Formation, as used in this report,
is applied to all strata of very shallow marine and dom-
inantly nonmarine origin overlying the Lewis Shale and
underlying the Fort Union Formation. At Rawlins
these strata correspond to the ‘“Laramie” Formation
of Dobbin and Reeside (1929, p. 20-23), who recognized
that the “Laramie” is equivalent to the Lance Forma-
tion as mapped to the north, Most subsequent reports
or maps (Love and others, 1955; Barlow, 1959, p. 111)
apply the name Lance to the same strata. The Lance
Formation of this report corresponds to the upper mem-
ber of the Mesaverde and the Lance Formation of
Weimer and Guyton (1961, p. 142, 145).

MESAVERDE FORMATION

The Mesaverde Formation in the Lamont-Bairoil
area contains rocks of littoral, brackish, and nonmarine
facies. Typical exposures of the formations are north
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of Lamont, on the Tully Ranch in the SW¥% sec. 34,
T. 27 N, R. 89 W, and in the NW} sec. 3, T. 26 N,
R. 89 W. (see photographs in Fath and Moulton, 1924,
pl. VI-A); and south of Bairoil, in secs. 25 and 26,
T. 26 N., R. 90 W, across the Lost Soldier Rim. The
basal contact of the formation in these sections is drawn,
following Fath and Moulton (1924, p. 27), just below
the lowest white cliff- or ledge-forming sandstone.
Thin interbedded marine sandstone and shale, gra-
dational into the Mesaverde, are thus included in the
underlying Cody Shale. Thick grayish-orange sand-
stone beds of shallow marine origin which lie below the
gradational interval around Lost Soldier anticline
and along the east flank of the Camp Creek syncline,
are also included in the Cody Shale.

In the Lamont-Bairoil area, white sandstone beds
of shallow-water marine origin, containing rare Ophio-
morpha, occur (1) at the base of the Mesaverde, and
(2) about 100 feet above the base. The beds are
separated by nonmarine and brackish-water carbo-
naceous shale in the vicinity of Bairoil. Southward,
west of Rawlins and at Separation Rim (fig. 2 and
table 1, sec. A and B), the sandstones are pale grayish
orange and the intervening strata are marine and
brackish-water beds. Overlying this lower sequence
of littoral sandstones and interbedded brackish and
nonmarine beds throughout the area is a thick sequence
of interbedded sandstone, siltstone, and claystone.
Ironstone concretions are abundant in some beds.
This upper sequence is characterized by extreme
lateral lithologic variation, by intertonguing, and by
pale grayish-orange, light brownish-gray, and dusky-
red coloration. Plant fragments are common and some
siltstones are locally lignitic. Near Lamont and
Bairoil (fig. 2 and table 1, sees. C, D, and E) the upper
sequence is thin and is entirely nonmarine, whereas at
Separation Rim and to the south, it is thicker, and near
the center contains several thick sandstone beds, prob-
ably of shallow marine origin, interbedded with
plant-bearing siltstone and olive shale (fig. 2, sec. B).

A sandstone which weathers light gray to white and
which contains silt and light-brown lignitic siltstone
in its upper part is found at the top of the Mesaverde
Formation at Lost Soldier Rim and Tully Ranch (fig. 1,
locs. C and E; fig. 2, secs. C and E). This sandstone
forms a ridge or hogback at the top of each section.
The lithology and stratigraphie position of the sand-
stone suggest that it is the Teapot Sandstone Member
of the Mesaverde (Fath and Moulton, 1924, p. 27)
and that it is also equivalent to the Pine Ridge Sand-
stone Member of the Mesaverde in the Hanna and
Laramie basins (Dobbin and others, 1929, p. 140).
It is correlative with the Teapot Sandstone Member
as mapped in the southeastern Wind River basin
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transitional marine and nonmarine Lance are diagrammatic.

Contacts between the Lewis and Lance and between
See figure 1 for locations of stratigraphic sections.

cld

AHAVIDILVELS ANV XHD0OTOLNOATVA



REYNOLDS

TABLE 1.—Location of sections shown on figure 2

Town- | Range
No. Name Section sl&ip W,

A______ West of Rawlins_______ 6 21 88
B__.____ Separation Rim_______ 14 and 15 25 90

/
... Lost Soldier Rim.__.__ N‘%i; sl 26| 90
D_______ Southwest Lost Soldier_ I;x\x)\rf}}} 22 26 89

4 34 27 89
E_______ Tully Raneh__________ { NWi 3 26 89
F_______ Coal Creek_ __________ NwWl; 8 27 89
G_______ Rawlins Draw (com- { SEY, 26 } 28 20

posite) . _________ NwW 36

(Barwin, 1961, p. 176). Abundant plant debris, casts,
and carbonized remains of plant roots crossing laminae
in siltstone and braided bedding in the fine-grained and
very fine grained sandstone indicate a nonmarine origin
for the Teapot in the Lamont-Bairoil area.

The Teapot is critical for determining relationships
of strata within the Mesaverde Formation. At the
Lost Soldier Rim and Tully Ranch sections (fig. 2,
secs., C and E), the member is about 60 feet thick and
lies about 600 and 800 feet, respectively, above the
base of the Mesaverde. The Teapot is overlain by
marine shale of the Lewis Shale at the Tully Ranch
section, and it dips beneath an alluvium-covered valley.
presumably cut in Lewis Shale, at Lost Soldier Rim.
At Separation Rim (fig. 2, sec. B) the Teapot is 65
feet thick, lying about 2,000 feet above the base of the
Mesaverde; about 360 feet of nonmarine, brackish-
or shallow-water marine beds, in ascending order, over-
lie the Teapot and underlie the Lewis Shale. The
Teapot Sandstone Member can be traced southward
from Separation Rim to near Rawlins (fig. 2, sec. A)
where it is the 110-foot light-gray and brownish-gray
sandstone, described by Barlow (1959, p. 112), 2,164
feet above the base of the Mesaverde Formation,
Nearly 400 feet of nonmarine and brackish-water sedi-
mentary rocks separate the Teapot from the Lewis
Shale at this locality. These rocks seem to be the
eastern equivalent of the Almond Formation of the
Rock Springs uplift to the west.

Faunal control is lacking in the Mesaverde Formation
below the Teapot Sandstone Member. Thicknesses
and stratigraphic relations show, however, that the
Teapot rests unconformably on the underlying rocks of
the Mesaverde, progressively truncating the underlying
rocks from south to north. The truncation is gradual
from west of Rawlins to Separation Rim but increases
greatly from Separation Rim to Tully Ranch; the rate
of downcutting between Separation Rim and Tully
Ranch is about 90 feet per mile. Lenses of fine-pebble
conglomerate found in the Teapot Sandstone Member
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in the NEYNWY sec. 3, and SWYNWY sec. 4,
T.26 N., R. 89 W., suggest a not-far-distant source and
imply possible uplift and erosion. North of sec. 16, T.
27 N., R. 89 W., the Lewis Shale lies unconformably on
the Cody Shale, and the northward extent of pre-Teapot
truncation cannot be determined.

Much of the thinning of the Mesaverde Formation in
the Lamont-Bairoil area seems to have resulted from
pre-Teapot erosion; part of it may have been due to
depositional thinning. Speculation might be made re-
garding the seemingly thick Mesaverde section below
the Teapot to the south, and about the contrast of the
nearly conformable relations there with the strong
disconformity near Bairoil. Sedimentation was prob-
ably uniform during deposition of most of the lower part
of the Mesaverde, so that the thickness was similar over
the entire area. Regional uplift, and possibly emer-
gence, terminated deposition and initiated large-scale
erosion of the Mesaverde (J. R. Gill, oral commun.,
1965) prior to deposition of the Teapot Sandstone
Member. Differential upwarp north of Separation Rim
and on the southern flank of the Sweetwater arch, which
adjoins the area of figure 1 on the north, accompanied
the broad regional arching. The Teapot was then
deposited across the region, with stronger discordance in
areas of local upwarp than in areas of regional arching.
Inasmuch as less of the lower part of the Mesaverde was
eroded at Rawlins than farther northward, its present
thickness there can probably be considered close to
normal, rather than abnormally thick (Weimer, 1961,
p. 25, 27). Deposition of nonmarine deposits and of
later shallow-marine deposits continued on the margins
of the Lewis sea in at least the southern part of the area
following deposition of the Teapot Sandstone Member.
Post-Teapot deposition (equivalent to the Almond of
the Rock Springs uplift) may have continued in the
northern area, but evidence of it was subsequently re-
moved by erosion during early Lewis time.

LEWIS SHALE

Marine shale and littoral sandstone compose the
Lewis Shale in the Lamont-Bairoil area. The thickness
and lithology of the formation vary northward from
Rawlins to Muddy Gap (see sections on fig. 2), with the
more striking changes taking place across the Lost
Soldier anticline. The pronounced change in thickness
results primarily from lateral northward gradation from
sandy shale to alternating beds of marine sandstone and
shale, and then to accumulations of brackish-water
deposits intercalated with littoral sandstone in the
vicinity of Bairoil. Northeast of Bairoil facies changes
occur in the reverse sequence. Some thinning on the
southwest and northeast flanks of Lost Soldier anticline
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results from depositional onlap over the fold when it
was structurally positive in early Lewis time.

At Rawlins the Lewis is about 1,900 feet thick (Bar-
low, 1959, p. 111) and is predominantly dark-gray
marine shale with sandy shale and sandstone in the
upper third of the formation. Thin sandstone of shal-
low-marine origin occurs lower in the Lewis at Separa-
tion Rim. Littoral sandstone is common throughout
the formation on the southwest flank of Lost Soldier
anticline (fig. 2, sec. D). There, local strong conver-
gence of the sandstone beds is evident from surface
mapping and from study of aerial photographs. No
unconformity is evident within the Lewis or Lance,
and the thinning is attributed to depositional thinning
and to onlap upon the fold. Northeast of Bairoil,
marine shale with sporadic marine sandstone beds and
limestone concretions compose the Lewis; northwest-
ward from sec. 8, T. 27 N., R. 89 W., more thin marine
sandstone and siltstone occur in the formation. The
thickness of the Lewis varies northward from 0 feet
in sec. 35, T. 27 N., R. 90 W, near Bairoil, to as much
as 525 feet on the northeast limb of the Camp Creek
syncline.

In the area shown on figure 1 the basal contact of
the Lewis Shale is marked by the change from nonma-
rine rocks of the Mesaverde to marine shale or thin
marine sandstone of the basal part of the Lewis. Where
the Mesaverde Formation is absent, the Lewis Shale
unconformably overlies the Cody Shale. The contact
is marked by a thin dark-gray marine shale along part
of its extent, or by glauconitic and calcareous marine
sandstone. The sandstone locally contains phosphate
nodules and fish teeth, and in sec. 8, T. 27 N., R. 89 W.
(fig. 2, stratigraphic section F) contains the ammonite
Baculites baculus.

The contact between the marine Lewis and overlying
nonmarine Lance is one of both vertical and lateral
transition, characterized by thick accumulations of
brackish-water and shallow-water marine deposits.
The transition interval is best developed on the west
and north flanks of the Lost Soldier anticline, where
the entire Lewis Shale is represented by littoral sand-
stone, brackish-water shale, and coal that unconform-
ably overlie the Cody Shale (fig. 2, between secs. D
and E). From Bunker Hill anticline, where the
transition interval is thick and overlies marine shale
of the Lewis, the interval thins northwestward by gra-
dation into nonmarine beds. Weimer and Guyton
(1961, p. 142-146, figs. 4 and 5) designated the thick
transitional beds between the Cody Shale and the Lance
Formation as the upper member of the Mesaverde For-
mation and recognized that these beds are lateral equiv-
alents of the Lewis Shale to the south. They also
recognized that the absence of the Lewis in parts of
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the area was due to a facies change from marine shale
into coal-bearing sandstone and shale of the Lance.

RELATIONS OF LEWIS SHALE TO UNDERLYING
FORMATIONS

Stratigraphic relations at the base of the Lewis Shale
are critical for determining the means of thinning of
the Mesaverde Formation. Through much of the area,
beds of the Lewis are nearly parallel to beds of the
Mesaverde or Cody, or truncate them at very low
angles. On the west and southwest flanks of Bunker
Hill, where the Teapot Sandstone Member is absent,
the basal contact of the Lewis cuts sharply across non-
marine beds of the lower part of the Mesaverde.
Individual sandstone beds in the Mesaverde, mapped
on the east flank of the Camp creek syncline (fig. 2,
between secs. E and F), appear to thin somewhat in a
northward direction, but show no lateral facies change
to marine siltstone or shale. Progressively lower sand-
stone beds disappear, presumably by truncation, in a
strike valley cut in Lewis Shale. North of the NW sec.
16, T. 27 N., R. 89 W., to sec. 28, T. 28 N., R. 90 W,
the Mesaverde is absent and the Lewis Shale rests
unconformably on the Cody Shale (fig. 2, stratigraphic
sections F and G).

In secs. 22 and 26, T. 26 N., R. 90 W, south of Bair-
oil, nonmarine beds of the Mesaverde Formation clearly
abut against the basal contact of the Lewis Shale as
shown in figure 2, sections C and D.

The entire Mesaverde Formation is truncated by
erosion centered in the Lost Soldier area and south-
west of Muddy Gap on the southern flank of Sweet-
water arch. No fossil soil indicative of subaerial
exposure and erosion in early Lewis time is present
upon truncated beds of the Mesaverde or Cody. At
the section near Rawlins, and at Separation Rim,
the presence of brackish-water sediments beneath the
Iewis with apparent conformity suggests a gradual
encroachment of the sea during the Lewis transgression.
The evidence seems to indicate that the lower part of
the Mesaverde and the upper part of the Cody were
eroded by submarine plantation in the Lewis sea.
Local uplift may have occurred prior to, and during,
the advance of the Lewis sea which ultimately covered
the area. Fossils characteristic of the Baculites eliasi
zone occur near the base of the Lewis near Rawlins
(fig. 2, sec. A) and in the vicinity of Seminoe Dam
(W. A. Cobban, written commun., 1963), whereas the
vounger B. baculus zone occurs at the base of the Lewis
at Coal Creek and northwestward (fig. 2, secs. F and G).
The stratigraphic interval represented by the two
ammonite zones in this area is not known, but the Lewis
strata are thought to lap depositionally upon an area
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which was positive and from which Mesaverde and Cody
strata were removed in early Lewis time.

The truncated edge of the Mesaverde trends northeast
through sec. 16, T. 26 N., R. 90 W, sec. 35, T. 27 N,
R. 90 W, and sec. 16, T. 27 N., R. 89 W. Detailed
subsurface studies are not as yet complete, but pre-
liminary work indicates that in T. 27 N., R. 91 W,
shallow-water marine and brackish-water deposits of
the basal part of the Lance Formation lie directly on
the Cody Shale; the Mesaverde is absent and the Lewis
is represented by the basal transition beds of the Lance.
In the Chicago Corp. Republic Natural Gas 1 Gov-
ernment Sultemeir well, located north of Bairoil in the
SWHSEY sec. 28, T. 27 N., R. 90 W., sandstone beds in
the depth interval 1,730 to 2,180 feet are not Mesaverde
(Weimer and Guyton, 1961, p. 144), but are beds devel-
oped in the upper part of the Cody. The same beds
can be seen on the outcrop about 1 mile southeast of
the well (SW¥ sec. 34, T. 27 N., R. 90 W.) and in the
SEY sec. 35 and the S¥% sec. 36, T. 27 N., R. 90 W.
The overlying beds, in the interval from 1,405 to 1,730
feet, are the upper part of the Cody Shale. Transi-
tional shallow-marine beds included in the Lance
overlie the Cody Shale. The Mesaverde Formation
is absent in the well.

PALEONTOLOGIC EVIDENCE

Fossil collections support the conclusion drawn from
detailed mapping, that the Mesaverde Formation is
absent in parts of the Lamont-Bairoil area as a result of
truncation. Stratigraphic positions of diagnostic fossil
collections are shown in figure 2. At Separation Rim
(fig. 2, sec. B) a collection of the ammonite Baculites
obtusus from the Cody Shale is separated from the Lewis
Shale by about 3,000 feet of strata that include 1,700
feet of nonmarine sediments of the Mesaverde. North-
northwest of Lamont, near section E (fig. 2), the next
older ammonite, Baculites sp. (weakly ribbed) (for
sequence of ammonite zones see Zapp and Cobban, 1962,
p. D54), is separated from fossiliferous beds of the Lewis
Shale by 1,000 feet of beds that include a 350-foot-thick
remnant of nonmarine Mesaverde. In the NWY sec. 8,
T. 27 N., R. 89 W, (fig. 2, stratigraphic section F), a
sandstone bed containing Baculites baculus overlies
marine shale of the Cody. A smooth baculite, which
forms the next older zone below the weakly ribbed
species of baculite, was found below the Cody sandstone
of Weimer and Guyton (1961, p. 139) south of the B.
baculus locality (between secs. E and F, fig. 2). In the
vicinity of Rawlins Draw (sec. G), the ammonites B.
aquilaensis and Scaphites aquisgranensis, which oceur in
the zone of Scaphites hippocrepis, were found in the
Cody from about 700 to 1,800 feet and at 1,100 feet,
respectively, below the base of the Lewis Shale. B.
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baculus occurs in the lower part of the Lewis at this
locality. Eighteen ammonite zones that normally
occur between the S. hippocrepis and B. baculus zones
were not found at Rawlins Draw. In addition to
confirming the presence of an unconformity below
which the Mesaverde Formation is absent, the fossil
collections thus indicate that progressively older strata
of the Cody are in contact with the Lewis Shale (fig. 2,
sec. F and G).

An estimate of the thickness of Cody Shale that is
absent in the Rawlins Draw area as a result of erosion
can be made by comparison with nearby sections. The
estimate involves two assumptions—that the rate of
sedimentation during Cody time was approximately the
same over the region, and that the stratigraphic interval
through which fossils characteristic of the S. hippocrepis
zone were collected at Rawlins Draw represents nearly
the entire range zone of that ammonite. There the
range zone occupies an interval about 700 to 1,800 feet
below the top of the Cody. Fath and Moulton (1924,
p. 25) measured a total thickness of 4,745 feet of Cody
Shale in secs. 5 and 6, T. 26 N., R. 88 W., north of the
Camp Creek syncline, and collected S. hippocrepis
2,650 feet below the top of the Cody. If the thickness
of their section is considered as a nearly normal one,
then 850 to 1,950 feet of strata have been removed from
the Rawlins Draw area; the thickness of strata inferred
to have been removed depends on the location of the
horizon within the S. hippocrepis zone from which their
collection was taken. Very likely their collection came
from a horizon equivalent to one about 1,100 feet below
the top of the Cody at Rawlins Draw; if so, about 1,550
feet of beds has been eroded. J. R. Gill and W. A.
Cobban (oral commun., 1965) collected fossils of the
S. kippocrepis zone about 2,260 feet below the top of the
Cody at Ervay basin (sec. 23, T. 34 N, R. 89 W.), 36
miles north of Rawlins Draw. Comparison of the
Rawlins Draw and Ervay basin data suggests that an
estimated 1,160 to 1,560 feet of Cody Shale is absent
at Rawlins Draw.

The original thickness of the Mesaverde Formation in
the Lamont-Bairoil area is unknown but can be extrap-
olated from adjacent areas. West of Rawlins 2,650
feet of Mesaverde is present (Barlow, 1959, p. 112);
comparison with the section at Seminoe Dam suggests
that 600 feet of the lower part of the Mesaverde strata
may be absent beneath the Teapot at Rawlins (J. R.
Gill, oral commun., 1965). Thus a total thickness of
about 3,200 feet is possible for the Mesaverde originally
present in the Lamont area.

At least 4,400 feet and possibly as much as 5,200 feet
of strata is absent at Rawlins Draw northwest of
Lamont. As much as 2,500 feet of the missing strata
may have been removed by pre-Teapot erosion. Zapp
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and Cobban (1962, p. D52) also concluded, after com-
paring the Lamont and Seminoe Lake areas, that more
than 4,000 feet is absent north of Lamont.
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THE MILNOR CHANNEL, AN ICE-MARGINAL COURSE
OF THE SHEYENNE RIVER, NORTH DAKOTA

By CLAUD H. BAKER, JR., Grand Forks, N. Dak.

Work done in cooperation with the North Dakota

State Water Commzssion

Abstract.—BEarlier geologists regarded the ridges of sand and
gravel above the highest beach of glacial Lake Agassiz in south-
eastern North Dakota as evidence for a glacial lake that predated
Lake Agassiz. They referred to the lake as Lake Milnor and to
the ridges as the Milnor beaches. Recent studies indicate,
however, that the ridges are part of a much larger deposit of
sand and gravel that (1) extends from the Sheyenne River in
Ransom County, N. Dak., to the vicinity of Lake Traverse in
Roberts County, S. Dak., and that (2) probably was formed in
an ice-marginal drainage channel instead of in a lake. It is
proposed that the Milnor beaches be renamed the Milnor
channel deposits.

Low discontinuous ridges of sand and gravel, lying
above the highest (Herman) shoreline of glacial Lake
Agassiz in Sargent County in southeastern North
Dakota, were identified as beach ridges by earlier
workers (Upham, 1896, p. 310; Leverett, 1932, p. 121).
The ridges were thought to have formed along the
shores of Lake Milnor, named after the town of Milnor,
N. Dak., near which the ridges are the most prominent.
Lake Milnor was believed to be a narrow ice-marginal
lake, ancestral to Lake Agassiz. Colton and others
(1963) mapped Lake Agassiz deposits extending to the
line of the Milnor beaches, but did not show the Milnor
beaches or associated deposits.

The Milnor beaches are part of a long sinuous deposit
of sand and gravel in and beside a long topographic
depression or channel that extends from the southernmost
bend of the Sheyenne River in Ransom County, N.
Dak., to the vicinity of Lake Traverse in Roberts
County, S. Dak. (figs. 1 and 2). The width of the
channel ranges from 1 to 3 miles. The southwest side
of the channel generally is marked by a conspicuous
steep slope; the northeast side is less distinct. The
channel is poorly drained, and throughout much of its
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Ficure 1.—Map of parts of North Dakota and South Dakota,
showing relation of the Sheyenne River and end moraines to
Lake Agassiz Basin (after Colton and others, 1963).
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Ficure 2.—Map of the Milnor channel. Location is
shown on figure 1. Ridges shown as black areas near
Milnor, formerly termed ‘“Milnor beaches,” are de-
scribed as channel deposits in this report.

GEOMORPHOLOGY AND QUATERNARY GEOLOGY

At its north end the channel terminates at the present
Sheyenne River valley (fig. 2), and its floor stands about
40 feet above the floor of the Sheyenne Valley. At this
end the channel has the form of an inner valley, about 25
feet deep and 1,000 feet wide, intrenched between
terraces of sand and gravel that are about 3 miles long,
that stand about 35 feet below the adjacent terrain, and
that represent a former valley floor nearly 3 miles wide.
Elongate hills of sand and gravel, the tops of which are
about level with the terraces, extend south for another 3
miles. These hills appear to be erosional remnants of a
more extensive terrace.

From the Sheyenne Valley to Milnor the channel
deposits are bordered on the east by the Sheyenne
delta, an extensive body of sand and gravel that was
deposited in Lake Agassiz. The deltaic deposits are
lithologically similar to the channel deposits, and the
contact between the deltaic and channel deposits cannot
be distinguished. Near Hankinson (fig. 2) the north-
east edge of the channel deposits abuts against the
Herman beach, which is marked by high sand dunes.
In this area the course of the channel cannot be traced
with certainty. Glacial till separates the channel
deposits from Lake Agassiz deposits between Milnor
and Lake Traverse, except in the area of high dunes
near Hankinson. The southwest side of the channel is
bordered by glacial till throughout its length.

The Milnor beaches are discontinuous low elongate
ridges of sand and gravel. Although the ridges are most
prominent near Milnor they are also present farther
south. The ridges are on the channel floor, near the
edges of the channel, most commonly on the northeast
side. The steep slope on the southwest side of the
channel also has been mapped as ‘“Milnor beach”
(Leverett, 1932, fig. 17).

The character of the Milnor beaches themselves and
of the extensive deposits associated with them suggests
a fluvial rather than a lacustrine origin, and the terms
“Milnor beaches” and ‘“Lake Milnor” therefore seem to
be misnomers. Evidence cited in the following para-
graphs suggests that the deposits probably were formed
in an ice-marginal drainage channel. The evidence
includes the general shape and areal relations of the
deposits, the grain size of the sediments, and the exist-
ence of terraces and terrace remnants north of Milnor.
Also, the presence of till deposits (largely ground
moraine) on the northeast side of the channel, sepa-
rating the channel from the basin of former Lake
Agassiz, is more consistent with a fluvial origin of the
channel than with a lacustrine origin.

The long sinuous form of the sand and gravel deposits
is more suggestive of a stream channel than of a lakebed.
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The deposits not only extend from the valley of the
Sheyenne River to a well-defined valley at Lake
Traverse, but they generally occupy a topographic
depression.

The sediments making up both the “beach” ridges
and the associated deposits are relatively coarse grained.
The ridges themselves, as well as the terraces and ter-
race remnants north of Milnor, are composed largely
of fine to medium gravel, and nearly all the associated
deposits in the channel floor are coarser than medium
sand. Moreover, there is no silt or clay in the channel.
Lake sediments are characteristically fine grained, and
lake floors generally are marked by deposits of silt
and clay. Futhermore, gravel beaches are generally
indicative of strong wave action, and large waves are
not common to narrow lakes. The features termed
beach ridges could have been formed in a stream chan-
nel where tributary streams entered the channel directly
from the ice. Sediment delivered to a stream in this
way might well be sorted by the main current, and the
coarser fraction deposited as a bar near the mouth of
each tributary. (The steep slope on the southwest
side of the channel is attributed to current erosion,
irrespective of the origin of the ridges themselves.)
The terraces and terrace remnants north of Milnor
have no parallel in lacustrine deposits. In composition
and general form they resemble stream terraces and,
therefore, suggest a fluvial environment.

The areas of glacial till that separate the channel
deposits from the Herman beach of Lake Agassiz have
considerable relief and show no evidence of ever having
been covered by the water of Lake Agassiz. The
presence of this till suggests that the Milnor beaches
could not have been formed in a body of water that was
an early stage of Lake Agassiz, for the growing lake
should have inundated the till and smoothed it off.
The presence of this unaltered till favors the hypothesis
that the deposits were formed in an ice-marginal chan-
nel prior to the origin of Lake Agassiz, and that Lake
Agassiz never had a higher stage than that marked by
the Herman beach.
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The regional slope of the land surface is to the north-
east, and the Sheyenne River, which heads in east-
central North Dakota, flows eastward through two
major end moraines before it veers southward along
the west side of a third moraine (fig. 1). The river
breaches this third moraine northwest of Milnor and
flows southeastward to the northwest end of the channel
associated with the Milnor beaches. There it bends
north, and from this bend its course is generally north-
eastward, down the regional slope, to its junction with
the Red River of the North.

Each major end moraine intersected by the Sheyenne
River is bordered along its outer (southwestern) edge
by an outwash channel (Colton and others, 1963).
Although most of these channels no longer contain
perennial streams, some of them in Eddy, Barnes,
and Ransom Counties appear to be former ice-marginal
courses of the river. Apparently the Sheyenne River
was an ice-marginal stream for much of its history
during the glaciation. The deposit of sand and gravel
near Milnor, with the channel, ridges, and terraces,
is believed to be an ice-marginal channel fill that marks
a pre-Lake Agassiz course of the Sheyenne River.
The general shape of the entire deposit, its location
with respect to the Sheyenne River, the coarseness
of the sediments, the existence of terraces and terrace
remnants near its north end, and the presence of glacial
till on its northeast side all lend support to this inter-
pretation. Accordingly, it is proposed that the names
“Lake Milnor” and “Milnor beaches” be replaced by
the terms Milnor channel and Milnor channel deposits.
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STRUCTURAL CONTROL OF WIND GAPS AND WATER GAPS AND OF STREAM CAPTURE
IN THE STROUDSBURG AREA, PENNSYLVANIA AND NEW JERSEY

By JACK B. EPSTEIN, Beltsville, Md.

Abstract.—Wind gaps and water gaps in the Stroudsburg area,
in eastern Pennsylvania and northern New Jersey, are located
where resistant rocks dip steeply and have a narrow width of
outcrop, where folds die out over short distances, or where fold-
ing was more intense locally than nearby. All gaps trend about
perpendicular to the strike of the ridges, and parallel to major
cross-joint sets. These observations favor the hypothesis of
structural control of the location of stream gaps, rather than
that of regional superposition of the streams upon the resistant
rocks. A second type of structural control, in which more re-
sistant beds were exposed in Wind Gap than in Delaware Water
Gap, may explain the capture of Wind Gap River by tributaries
of the Delaware River.

WIND GAPS AND WATER GAPS

Numerous and extensive investigations of wind and
water gaps in the Appalachians have contributed to the
controversies regarding Appalachian geomorphic evolu-
tion. Many geologists believe that after the Appa-
lachian orogeny the drainage divide between streams
that flowed southeastward into the Atlantic and those
that flowed toward the continental interior was located
either in the crystalline highlands southeast of the pres-
ent Great Valley or in the Valley and Ridge province.
The divide has since shifted westward to its present
position in the Appalachian Plateau. The location of
the original divide, the means by which the divide mi-
grated, and the process or processes by which the nu-
merous wind and water gaps were formed are problems
that need to be considered in any hypothesis which at-
tempts to explain the drainage development of the
Appalachians.

Johnson (1931) believed that the original drainage
lines were obliterated during a Cretaceous marine trans-
gression and that the present drainage pattern is
mainly the result of superposition from a coastal-plain
cover. The location of a gap was purely by chance
and is not systematically related to any weakness in the
ridge, although there may have been local adjustment
to structure.

Meyerhoff and Olmstead (1936) believed that the
present drainage descended from the pattern which had
been established in Permian time and which had been
controlled by structure and topography produced during
the Appalachian orogeny. Hence gaps are found along
transverse structures or in the northwest limbs of over-
turned folds.

Thompson (1949) argued that the original divide,
which lay on crystalline rocks along the Blue Ridge-
Reading Prong axis, was unstable because the south-
eastward-flowing streams had shorter courses than
those that flowed northwestward. As a result, the
divide shifted northwestward by normal stream erosion
(headward piracy), and the gaps in Kittatinny and
Blue Mountains are located at points of rock weakness.

Strahler (1945), who favored Johnson’s hypothesis,
stressed that the main test substantiating superposition
was to show lack of coincidence of gaps and sites of
structural weakness (specifically, transverse faults).

Structural characteristics and features other than
transverse faults, however, may influence the resistance
to erosion of hard-rock ridges. These include, among
others: (1) changes in outcrop width, owing to changes
of dip; (2) abrupt changes in strike, owing to dying out
of folds; (3) local weakness of otherwise resistant rocks
as a result of the overturning of beds and accompanying
shearing; (4) closely spaced joints and strong folding
resulting from intense local stress; (5) cross folds and
attendant fracturing; (6) thinning of resistant units,
which reflects the original processes of sedimentation;
(7) thinning or elimination of resistant strata by strike
faulting; and (8) change in facies.

Detailed structural data from gaps in the Strouds-
burg area, presented by previous investigators, gener-
ally have been scanty. Detailed mapping of Blue and
Kittatinny Mountains and of ridges to the north has
shown that there is a correlation of gaps with one or
more of the following conditions: (1) steep dips of
beds and narrow outcrop widths of resistant units,
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(2) dying out of folds within short distances, and (3)
more intense folding locally than nearby. The paral-
lelism of the gaps is controlled by prominent southeast-
trending cross-joint sets present throughout the area.
A plot of nearly four hundred joints shows a strong
maximum with a strike of N. 14° W. and a dip about
vertical.

Gaps in Blue and Kittatinny Mountains

Blue and Kittatinny Mountains, parts of a single
ridge supported by the Shawangunk Conglomerate,
are cut by several gaps: Delaware Water Gap, Totts
Gap, Fox Gap, and Wind Gap. Figure 1 shows the
locations of the gaps and other major physiographic
features. Figure 2 shows the distribution of geologic
formations and the structural geology of the area, and
demonstrates the correlation of gap location with the
three structural conditions mentioned above.

Delaware Water Gap.—Many early observers of
Delaware Water Gap believed that it was the result
of a violent cataclysm. Interesting excerpts of these
early discussions are reported by Miller and others
(1939, p. 139-142). Rogers (1858, v. 1, p. 283, v. 2,
p. 896) noted that the ridge crest is offset 700 feet at
the gap. He attributed the displacement to a trans-
verse fault, as did Ashley (1935, p. 1406) and Willard
(1938, p. 23). Chance (1882, p. 338), Johnson and
others (1933, p. 26), Miller and others (1939, p. 144),
and Strahler (1945, p. 58—59) believed that the ridge
is offset by a slight flexure. Thompson (1949, p. 56, 59)
found many small faults which he suggested might be
offshoots of a major transverse fault, and attempted to
show that the gap is structurally controlled.
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During the present study no cross fault could be
found at Delaware Water Gap. The Shawangunk
Conglomerate consists of three units that match at
river level and have contacts that are not displaced
(fig. 3). The bedding dips 35° to 45° to the northwest
on both sides of the stream at the bottom of the gap. At
the top of the ridge on the New Jersey side, at Mt.
Tammany, the dip is about 50°, whereas on the Penn-
sylvania side the dip decreases upward toward Mt.
Minsi, being less than 25° at a place halfway up the
mountain. Clearly, there is a small flexure at the
gap; the beds on the New Jersey side dip more steeply
than those in Pennsylvania, and the ridge crest in New
Jersey lies about 700 feet northwest of the axis of the
crest on the Pennsylvania side. The flexure can be
seen by looking west from the New Jersey bank.
Consideration of the structural geometry (fig. 4) reveals
that there was an abrupt change in strike of the beds
that formerly occupied the site of the gap. As a
consequence the brittle Shawangunk must have been
weakened by extensive fracturing in the flexure zone.
Structural control is therefore thought to have deter-
mined location of the gap.

A series of folds in the Bloomsburg Redbeds along
the course of Delaware River north of the gap dies out
to the southwest, within a short distance (fig. 2).
Probably the rocks are more highly sheared here, and
resistance to erosion is less, than in the areas between
gaps where similar folds were not observed.

Perhaps equally important in controlling the location
of Delaware Water Gap is the fact that the outcrop
width of the Shawangunk Conglomerate is narrower at
the gap site than to the northeast where the formation
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Ficure 2.—A, Geologic map of the Stroudsburg area, Pennsylvania and New Jersey.

profile, showmg relation of geologic structure to location of gaps in Blue and Kittatinny Mountains (fig. 1).
Dashed lines indicate topography behind main ridge and correspond approximately to erests of major anti-
Several small folds north of Wind Gap, similar to those in Delaware Water Gap, are not shown; their extent is not well
Topography from Wind Gap quadrangle, Pennsylvania—New Jersey (15 min.), and Portland

the southeast.
clines.
known because outcrops are poor.

quadrangle, New Jersey (73 min.).

is repeated in the southwest-plunging Cherry Valley
anticline. The river now flows on the Shawangunk
where it crosses the anticline, but undoubtedly it flowed
on the weaker Bloomsburg Redbeds earlier in its his-
tory before cutting down into the Shawangunk. This
is an example of local superposition.

Totts Gap.—The beds at Totts Gap are more strongly
overturned than elsewhere along the ridge crest in the
area of study, and it seems likely that the rocks here
were weakened more than in adjacent areas. More-
over, the Shawangunk Conglomerate has a narrow
outcrop width at Totts Gap. Thompson (1949, p.

B

B, projected longitudinal topographic
Profile viewed from

58) observed that between Totts Gap and Delaware
Water Gap the ridge crest is lower where joints are
more closely spaced than elsewhere, and that at Totts
Gap, the lowest point along this stretch, the joints are
most closely spaced. Whether this reflects greater
stress, or whether it is due to chance exposure of dif-
ferent beds in the Shawangunk that possess different
structural characteristics, is difficult to determine.

Fox Gap.—Fox Gap is located where two southwest-
plunging folds die out over a short distance, much as
they do at Delaware Water Gap. Also, the beds are
strongly overturned, and the outerop width is narrow.
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Ficure 3.—Aerial photograph and geologic map of Delaware Water Gap. The Bloomsburg
Redbeds, Sb, of Silurian age are underlain by three members of the Shawangunk Conglom-
erate: Ssu, upper conglomerate and quartzite member; Ssm, middle black argillite, quartz-

ite, and conglomerate member; and Ssl, lower quartzite and conglomerate member.

The

Martinsburg Shale, Om, of Ordovician age underlies the Shawangunk.

Wind Gap.—Geologic Structures in Wind Gap
duplicate those in the Delaware Water Gap area.
Two major folds plunge out north of the gap. The
Shawangunk Conglomerate is not repeated to the north-
west because the Wind Gap anticline plunges to the
southwest. There is a 15° difference in strike in beds
in the ridge crest on either side of the gap, indicative
of a flexure similar to that at Delaware Water Gap.
In addition, several small folds in the Bloomsburg
Redbeds are similar to those in the Bloomsburg at
Delaware Water Gap. These folds were not included in
figure 24 because outcrops are too few to permit tracing
of their trends. Thinning of the outerop width of the
Shawangunk at the gap is evident on figure 24. This
is indicative of near-vertical dips which can be seen in
cuts along the highway where it passes through the gap.

Gaps in Godfrey Ridge

Godfrey Ridge lies about 2% miles north of Kittatinny
Mountain and is supported by complexly folded Upper
Silurian and Lower Devonian limestone, shale, sand-
stone, and conglomerate. Silty shale and sandstone of
the Esopus Shale and Oriskany Formation support the
higher parts of the ridge (fig. 5). Small folds are
numerous and die out rapidly. Sags in the ridge crest
are numerous, but it is difficult to relate structural
features to them. The two largest gaps in Godfrey
Ridge, the gap of Brodhead Creek and North Water
Gap, are located about 2% miles north-northwest of
Delaware Water Gap.

Ficure 4.—Diagram showing reconstructed flex-
ure at Delaware Water Gap. Dashed lines
show form of bed before gap was cut. Pres-
ence of the flexure accounts for the topo-
graphic offset of the ridge and suggests
extensive fracturing of the Shawangunk
Conglomerate at the gap site in the flexure
zone.

Gap of Brodhead Creek—Brodhead Creek cuts
through Godfrey Ridge at an altitude of about 300 feet.
No rock crops out in the creek bottom, but bedrock is
exposed in the creek bed about 1 mile upstream.
Therefore, bedrock cannot be far below creek level in
the gap. Folding at the gap is so complex that Willard
(1938, p. 23) believed that the gap is the site of a north-
south tear fault. Evidence of faulting could not be
found, however. Rather, there are four overturned
folds in the southwestern part of the ridge near Brod-
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head Creek, two of which die out and are absent in the
northeastern part. The abrupt dying out of folds is
well illustrated by sections B-B’ and C-C’ in figure 5.
Change in strike of the beds that formerly occupied the
site of the gap is inferred, as it is at Delaware Water
Gap.

North Water Gap.—North Water Gap is located where
Marshall Creek cuts through Godfrey Ridge, about half
a mile northeast of the gap of Brodhead Creek. It is
almost as deep as the latter, but no bedrock is exposed
in the creek floor. Glacial debris which may be of
great thickness ! is found along the course of the creek
in the gap. Clearly, North Water Gap was much
deeper in preglacial times.

The structure at North Water Gap 1s similar to the
structure at the gap of Brodhead Creek. Two folds
trending toward the gap from the northeast die out
within the valley and do not reappear in the ridge to the
southwest (compare sections A-A’ and B-B’ in fig. 5).
The two gaps are therefore located at sites where folds

1 Bedrock was penetrated at a depth of 296 feet in a water well near the west bank of

the Delaware River at an altitude of about 300 feet and approximately 2,000 feet
southeast of the mouth of the gap, as reported by a local resident.
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plunge out abruptly, and implication of structural con-
trol is clear. Moreover, because of near-vertical dips,
the Oriskany and Esopus, which together make up the
main ridge support, have a narrow outcrop width.

STREAM CAPTURE

Structural relations in the Stroudsburg area are
believed to have controlled not only the locations but
also the history of the gaps. For example, Wind Gap
was cut by a stream that was later captured north of
Blue Mountain by tributaries of either the Lehigh River
to the west or of the Delaware River to the east (Wright,
1896; Ver Steeg, 1930; Willard, 1939; Mackin, 1941).
Mackin showed that the drainage changes in the Wind
Gap area were exceedingly complex and implied that
evidence of the original captor of the Wind Gap River
may be gone. Nevertheless it seems likely on the basis
of structural considerations that the tributaries of the
Delaware were more agressive than those of the Lehigh,
and that one captured the headwaters of Wind Gap
River. Why was Wind Gap River, rather than the
Delaware River tributary, beheaded? Mackin specu-
lated that the present Delaware may have captured a
stream which flowed through Culvers Gap in Kittatinny
Mountain, 23 miles to the northeast, and greatly
increased its own advantage at that time by this addi-
tion to its volume. Study of figure 2B suggests an
alternative explanation.

The Wind Gap River was captured just after it had
cut down to an altitude of about 980 feet, the present
altitude of the floor of the gap. At thatlevel the stream
had reached the resistant Shawangunk Conglomerate in
the Wind Gap anticline at about 980 feet, just northwest
of the present gap, and its downcutting was retarded.
The Delaware River, if it was at a similar altitude at
that time, as seems likely, was still cutting down
through weaker Bloomsburg Redbeds in the Cherry
Valley anticline where the top of the Shawangunk is
several hundred feet lower. The lower altitude of the
top of the Shawangunk at Delaware Water Gap is ex-
plained by the difference in plunge of the folds: the
Cherry Valley anticline plunges about 475 feet per
mile while the Wind Gap anticline plunges about 330
feet per mile. Later, after the Delaware had captured
the headwaters of Wind Gap River and cut through the
Bloomsburg, it was superimposed on the Shawangunk
in the Cherry Valley anticline and slipped down the
plunge of the fold in a curving course. The curve was
accentuated when it migrated downstream and reached
the steeply dipping Shawangunk quartzites and con-
glomerates just west of the gap.
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SUMMARY

Each of six major gaps in the Stroudsburg area is
located in an area possessing some combination of the
following structural features: (1) dying out of folds
over a short distance, and associated abrupt changes in
strike of bedding; (2) steep dip and narrow width of
outerop of resistant strata; and (3) folding that was
more intense locally than in the surrounding rocks.
None of these structural features is present along the
ridges where there are no gaps. The presence of the
gaps in the Stroudsburg area, at places where structural
control seemingly was effective, does not favor the con-
cept of regional superposition. Rather, it favors those
hypotheses which maintain that gaps are located in
zones of structural weakness where erosion was most
effective during the course of stream competition along
the ancestral drainage divide. Comparison of the
structural settings of Wind Gap and Delaware Water
Gap suggests that differences in the underlying rocks
are an important factor in the development of gaps.
The presence of resistant beds at a markedly higher
altitude at Wind Gap favored the abandoning of Wind
Gap as a result of stream piracy. At Delaware Water
Gap, on the other hand, the resistant beds are several
hundred feet lower. The Delaware River continued
cutting down through the overlying softer rocks after
Wind Gap had been abandoned by its stream.
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SANDBLASTED BLOCKS ON A HILL IN THE COASTAL PLAIN

OF NEW JERSEY

By JAMES P. MINARD, Washington, D.C.

Abstract.—Sandblasted blocks from an indurated layer in the
Beacon Hill Gravel are present on a hill in the north-central part
of the Atlantic Coastal Plain in New Jersey. The blocks have
pitted ends and fluted, faceted, and polished surfaces, thought
to have been cut during the Wisconsin Glaciation when strong
winds from a continental ice sheet blew over a sandy surface de-
void of vegetation. The climate probably was similar to that
now prevailing in northern Greenland.

Wind-faceted, fluted, and polished blocks as much as
9 feet long are present near the top of one of the highest
hills in the Coastal Plain province in New Jersey.
Ventifacts are present in New Jersey in much of the
Coastal Plain province and in parts of the Piedmont prov-
ince, but most of them range in size from pebbles to
small boulders. These small ventifacts are largely on
sandy lowlands and, where numerous, are in association
with sand dunes such as those just west of Hammonton
(Minard and others, 1955, p. 13), about 45 miles south-
west of the Roosevelt quadrangle (fie. 1). The sand-
blasted blocks described in this paper are different in
that they are large, occur near a hilltop, are more fluted
and grooved, are not associated with ancient or modern
sand dunes, and are not erratics but were derived locally
from an indurated layer in the Beacon Hill Gravel of
Pliocene(?) age which caps the highest hills in the area.
The blocks probably were sandblasted during the Wis-
consin Glaciation when the environment was character-
ized by a cold climate, little or no vegetation, strong
winds, and available sand. During Wisconsin time
the ice advanced farther south in this region than during
any other glaciation, and the ice front was only about
20 miles north of the hill on which the blocks are
present.

BEACON HILL GRAVEL

The Beacon Hill Gravel consists mostly of dusky-
vellow and very light-gray,! siliceous, medium- to

! Colors used are taken from E. N. Goddard and others (1948).
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Fraure 1.—Index map showing location of
the Roosevelt quadrangle (shaded), the
hill (X) on which the wind-eroded boul-
ders are present, and other features and
places mentioned in the text. Curved
baund of dots south of the Roosevelt quad-
rangle represents hills capped by the
Beacon Hill Gravel.

coarse-grained sand and gravel, but locally it is firmly
cemented by iron oxide into hard layers (fig. 2) and is
moderate brown. The pebbles, which are as much as
3 inches across, and granules are composed of chert,
quartz, sandstone, and quartzite. The sand is mostly
quartz but contains considerable chert. Detrital heavy
minerals are mostly zircon and dark opaque minerals,
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Fieure 2.—Pit in which the wind-eroded blocks are present.

The entire exposure is Beacon Hill Gravel. Sand and gravel
cemented by iron oxide form the dark indurated layer, which
is 3 to 4 feet thick. The sandblasted blocks were derived
from this layer or a similar one.

particularly ilmenite and related minerals. The forma-
tion is characterized by crudely to well stratified hori-
zontal beds of sand and gravel and by some cross-
stratified sand. In the Roosevelt quadrangle it caps
the highest hills, which form a discontinuous, curved,
linear pattern that trends south and southwest as shown
on the geologic map of the quadrangle (Minard, 1964).
South of the Roosevelt quadrangle the gravel caps
another linear series of hills trending south to southeast
(fig. 1). These hilltop deposits, which are at progres-
sively lower elevations toward the south, appear to be
continuations of the deposits in the Roosevelt quad-
rangle.

The base of the formation ranges in altitude from
about 340 feet in the northern part of the Roosevelt
quadrangle (in the pit where the blocks are present)
to about 310 feet in the west-central part. The basal
contact is irregular and locally channel shaped, and the
basal 1 foot of material contains coarser gravel than
that in the overlying part. All the characteristics of
the gravel suggest that it now consists of erosional
remnants of deposits of a stream which formerly
flowed southward. Because of both the indurated
layers and the porosity of the gravel and sand, the
Beacon Hill is more resistant to erosion than the under-
lying formations, which are quartz sand of Miocene
age beneath the steep upper slopes and quartz and
glauconite sands of Cretaceous and Tertiary age be-
neath the gentle lower slopes (Minard, 1964). As the
surrounding land surface was lowered the Beacon Hill
remained to cap the hills.
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A maximum age of Pliocene is indicated for the
Beacon Hill Gravel by the stratigraphic position of the
deposit on the Cohansey Sand, which is of Miocene(?)
and Pliocene(?) age and overlies the Kirkwood Forma-
tion of middle Miocene age. Hollick (in Ries and
others, 1904, p. 138-139) correlated flora in the Cohan-
sey with certain European upper Miocene flora which
he believed to be comparable to Pliocene flora of
America. Therefore, if the Cohansey is upper Miocene
or Pliocene in age, the Beacon Hill, which unconform-
ably overlies the Cohansey, probably is at least as
young as Pliocene. The present hilltop position of
the Beacon Hill and the presence of adjacent broad,
deep valleys, particularly to the northwest, indicate
extensive erosion and reduction of the land surface
since deposition of the gravel. The time required for
such erosion, plus the presence in the valleys of fluvial
deposits of at least two glacial or interglacial stages,
suggests that the Beacon Hill Gravel is not younger
than early Pleistocene.

LOCATION AND DESCRIPTION OF THE BLOCKS

The blocks were found in a large excavation in the
Beacon Hill Gravel near the top of a hill 1% miles east-
northeast of Perrineville, N.J., in the northern part of
the Roosevelt 7%-minute quadrangle (fig. 1). The
highest part of the hill, which is the northernmost of
several summits of nearly equal altitude, is more than
360 feet above sea level and has a relief of more than 200
feet in a distance of % mile. The blocks were found
only on this hill, although the Beacon Hill Gravel also
caps several of the nearby hills.

The floor of the excavation is strewn by many
large blocks of iron-oxide-cemented gravel, some as
much as 9 feet long. Some of the blocks have faceted
and fluted surfaces (fig. 3), whereas others are merely
burnished. Sharp hairline ridges form the intersections
of wind-faceted and polished surfaces (fig. 4). The
surface features of the blocks are strikingly similar to
those reported from other regions, such as those by
Segerstrom (1962, fig. 93.2, p. C92), Thornbury (1954,
fig. 12.2, p. 300), and Denny (1941, p. 257), and to
surface features I saw in the Western Desert of Egypt
in 1961. Pebbles of quartz and chert have been scoured
part way through, and their surfaces are flush with the
softer matrix. Grooves and flutes in the sides and
upper surfaces of the blocks are typically % to 1% inches
wide and deep, and pits in the ends reach similar
depths. The pits are mostly the result of the impact
of particles driven perpendicularly against the ends of
the blocks. Near the edges of the ends of the blocks,
the pits grade into the grooves which tend to become
shallow farther along the sides of the blocks, probably
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Ficure 3.—Wind-eroded block whose surface has been
extensively grooved and fluted by wind-blown sand.
The block measures about 3 X 4 X 9feet. The grooves
tend to radiate from the windward (right) end.

Freure 4.—Near end of the block shown in figure 3. In ad-
dition to flutes and grooves, faceted and polished surfaces
separated by sharp ridges are evident.

because of a decrease in the abrading force of the grains
due to an oblique angle of impact.

Mather and others (1942, p. 1168-1169), during
studies of Pleistocene geology of western Cape Cod,
concluded that conspicuous development of grooves in
wind-eroded boulders reflects the coarse texture of the
rock but is independent of rock structure. Study of the
sandblasted blocks in New Jersey suggests, however,
that grooving was in part dependent on rock structure,
being facilitated where the direction of sandblasting was
somewhat parallel to weaker lines in the blocks (that is,
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to crude alinements of softer chert pebbles and to softer
matrix between pebble layers). The ridges are com-
monly along zones of quartz pebbles in the rock, whereas
most of the grooves have been carved along crude
alinements of softer chert pebbles and matrix. The
pits in the ends of the blocks are largely in the matrix,
and the pinnacles are held up by pebbles (as noted by
Sharp, 1949, p. 178), some of which, particularly the
chert pebbles, are etched.

The sandblasted blocks are unusual in several ways.
Other ventifacts in the coastal plain region of New
Jersey are small and were transported to or near their
present location prior to being shaped by the wind.
The blocks in the Roosevelt quadrangle are large, may
have been partly sandblasted while still in place as part
of the indurated layer, and are presently located within
a few feet of their original position. There are other
indurated layers in other coastal-plain formations but
of the few seen, none seemed to have been exposed or in
a position favorable to being sandblasted during
Pleistocene time.

ORIGIN OF BLOCKS AND AGE OF SANDBLASTING

The lack of evidence of wind erosion on the surfaces
of the indurated layer that have been exposed by recent
pit operations (fig. 2) suggests that the present expo-
sures of the layer were covered at the time that sand-
blasting occurred. Moreover, none of the sandblasted
blocks was found in its natural position; all appear to
have been bulldozed aside and left on the floor of the pit
(which is 10 to 15 feet below the parent ledge) as sand
and gravel were removed around them. Some blocks
around the edge of the pit appear to rest in lag positions
on the original hill slope. The blocks probably were
wind eroded either while resting on a flat or sloping
surface as lag material, or while still an integral but
exposed part of the ledge, or both.

The climate of the region during the existence of
this former surface must have been very different from
that of the present, for no such erosive processes are
taking place today in the area. The hills are now
covered by vegetation, and there is no modern aeolian
erosion or deposition. The latest time when such con-
ditions existed probably was during the last Pleistocene
glaciation when vegetation was sparse because of in-
tense cold, and strong winds blew from the nearby
continental ice mass. The fact that it was cold is
shown by involutions which I have seen in near-surface
materials at many places in New Jersey, both to the
west and south of the Roosevelt quadrangle; these
involutions are evidence of the former presence of
perennially frozen ground. Similar features were re-
ported from New Jersey by Wolfe (1953, plates 2A
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and 3A). The presence of the terminal moraine of
the Wisconsin Glaciation a short distance to the north
also indicates a former cold climate. The lack of
vegetation at that time is suggested by the existence of
ancient stabilized sand dunes in many areas on the
coastal plain in New Jersey, particularly on the outcrops
of the Cohansey Sand. Hack (1955, p. 17-21) describes
sand dunes in the Brandywine area of Maryland and
postulates that the sand was deposited when the cli-
mate differed from that of today—possibly during the
Pleistocene when vegetation was sparse. Mather and
others (1942, p. 1173) favor a cold semiarid climate
during late Wisconsin time for the formation of venti-
facts on Cape Cod.

Wind erosion in such cold places as Antarctica and
northern Greenland is presently very effective. Wil-
liam E. Davies, U.S. Geological Survey (oral commun.,
1965), reports an abundance of sandblasted boulders
on the sand and gravel plains in front of the ice in
northern Greenland. These boulders were eroded by
sand-laden winds, of a fairly constant direction, blow-
ing off the icecap. Because of the frost features, the
stabilized sand dunes, and the proximity of the Wis-
consin terminal moraine, the climate on the coastal
plain of New Jersey during the latest Pleistocene glacia-
tion is thought to have been similar to that of northern
Greenland today. If so, conditions conducive to wind
erosion of an intensity sufficient to sandblast the blocks
would have been present.

SUMMARY AND CONCLUSIONS

Sandblasted blocks on the coastal plain in New
Jersey are evidence of the former occurrence of climatic
conditions under which winds transported sand and
silt with sufficient force to flute, facet, and polish
exposed rock. The blocks probably were eroded during
the Wisconsin glacial age when the climate was cold,
the landscape was partly or largely bare of vegetation,
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and the abundant sand was easily moved by strong
winds. KEvidence for a cold climate includes the wide-
spread frost involutions in near-surface materials in
adjacent areas, and the presence of the Wisconsin
terminal moraine 20 miles to the north. Evidence
for a land surface devoid of vegetation is the presence
of many sand dunes in the coastal-plain region. The
surface features of the blocks are similar to those on rocks
in other regions, that are thought to have been eroded
by wind-transported sand during glacial times or in
an arid climate.
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PRE-WISCONSIN GLACIAL DEPOSITS IN NORTHERN KENTUCKY

By LOUIS L. RAY, Washington, D.C.

Abstract.—Three tills of pre-Wisconsin age are present in Ken-
tucky. The oldest, the Nebraskan, is most widespread and most
deeply weathered, and occurs on remnants of a preglacial upland.
Till of Kansan age is less widespread and less deeply weathered,
overlies the Nebraskan till on the upland near Cincinnati, and
is present elsewhere at subsuminit positions in valleys cut in
the glaciated upland during Aftonian time. The youngest till,
the Illinoian, is least weathered, and is present at a few places
within the Ohio Valley, entrenched during Yarmouth time, and
on the adjacent hills southeast of Cincinnati.

PREVIOUS INTERPRETATIONS

To understand the present interpretation of the
glacial history of northern Kentucky, a brief review of
the previous interpretations is helpful, for in many ways
the changes in ideas parallel the conceptual growth of
glacial geology.

As early as 1847, Christy (1848) described the south-
ern boundry of the area of erratic pebbles of “primary”
rock that could be traced from northwest Pennsylvania
across Ohio to Cincinnati, on to Madison, Ind., and then
generally westward to the Mississippi River. He
intimated that between Cincinnati and Madison (fig.
1) similar erratics probably were present across the Ohio
Valley in northern Kentucky. South of the area of
erratics, Christy reported quartz pebbles that might be
mistaken for “Diluvium.” Absence of stratification
led him to conclude that they had not been deposited
by icebergs but that deposition resulted from “the force
of the currents of the receding water at the period
of the second and last grand (continental) elevation”
(Christy, 1848, p. 8).

Twenty-five years later, glacial drift had been recog-
nized in northern Kentucky. Warder (1872, p. 390)
suggested that the so-cailed Split Rock conglomerate
within the Ohio Valley southwest of Cincinnati was
possibly a terminai moraine—a suggestion made again
3y Durredl (1956).  Sutton (1877, p. 226) believed that
ke congiomerate was not of the same age as a similar

ont the nearby hills, for “fl
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mation of the present Ohio Valley: the other after the
river had cut down its channel to nearly its present
depth.” Thus, glacial drift of two ages, separated in
time of deposition by a major interval of valley cutting,
was suggested for northern Kentucky-—a suggestion not
accepted by Leverett (1929, p. 55).

In 1883, G. F. Wright postulated glacial damming of
the Ohio River at Cincinnati, with development of a
backwater lake of such proportions that the site of
Pittsburgh, Pa., was inundated by some 300 feet of
water—a postulate in which White (1884) concurred.
When Wright’s comprehensive report on the glacial
boundary in the region from Ilinois to Pennsylvania
was published (1890}, the concept of glacial damining of
the Ohio was challenged by T. G. Chamberlin in his
introduction to the report.

Wright made no attempt to separate the moraines
and associated fresh drift to the north from the weath-
ered attenuated drift south of the moraines. Where
attenuated drift on the uplands of northern Kentucky
contained only scattered quartz pebbles, he was
uncertain of its relationship to glacial ice. Presumably
this was the material that Christy (1848) thotght might
be mistaken for “Diluvium” and that today is inter-
preted to be deeply weathered drift, or silttil (Leighton
and Ray, 1965). Chamberlin (in Wright, 1890, p. 15)
paved the way for later workers by suggesting that the
attenuated drift was not only older than the moraines
and the associated fresh drift to the north, but that it
might represent more than one drift deposit.

By the end of the century the glacial boundary in
northern Kentucky had been mapped by Leverett
(1899). Although he toyed with the possibility of a
pre-Illinoian drift, the deposits were mapped as being of
illinoian age (Leverett, 1929), and as such they are
shown on the Glacial Map of North America (Flint and
others, 1945). Levereit’s boundary, with modifi-
cations, is that used today (fig. 1.

On the “Glacial Map of the United States East of the
Bocky Mountains” [#lint ana others, 1959), arift of
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Figure 1.—Map of northern Kentucky, southeastern Indiana, and southwestern Ohio, showing critical exposures of pre-Wisconsin
till (dots).

belt on the hills above Cincinnati. Elsewhere, drift
formerly mapped as Illinoian was assigned a Kansan age
except for a small area downstream from Cincinnati
where Durrell (1956) proposed that a tongue of ice of
Illinoian age, the Harrison lobe, extended from the
Miami Valley into and down the Ohio Valley to the
conglomerate at Split Rock, Ky. There are, however,
other masses of Illinoian till within the Ohio V