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This collection of 45 short papers is the third published chapter of “Geological Sur-
vey Research 1970.” The papers report on scientific and economic results of current
work by members of the Geologic, Water Resources, and Topographic Divisions of the
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results of work done in fiscal year 1970, together with lists of investigations in pro-
gress, reports published, cooperating agencies, and Geological Survey offices.
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LATERAL DISPLACEMENT ON THE GARLOCK FAULT,
SOUTHEASTERN CALIFORNIA, SUGGESTED BY OFFSET
SECTIONS OF SIMILAR METASEDIMENTARY ROCKS

'By GEORGE I. SMITH and KEITH B. KETNER,

Menlo Park, Calif., Denver, Colo.

Abstract.—Similar sections of homoclinal east-dipping
eugeosynclinal metasedimentary rocks on opposite sides of
the Garlock fault and 30 to 40 miles apart suggest this
amount of left-lateral displacement. The metasedimentary
rocks on the north side belong to the Garlock Formation, in
part of Permian age; the undated rocks on the south side, in
Pilot Knob Valley, consist largely of chert with lesser
amounts of slate, quartzite, sandstone, limestone, and
stretched chert conglomerate.

The Garlock fault is a major left-lateral fault in
southeastern California (fig. 1). About 40 miles of
displacement on it has been suggested on the basis
of a dike swarm that appears offset by this amount
along the fault (Smith, 1962). The suites of pre-
Tertiary rocks on the north and south sides of the
fault also change along zones normal to the fault
trace, and the transitional zones also appear to be
offset about 40 miles along the fault (Smith, 1962,
p- 102; Smith, 1963). Fractured metamorphic rocks
in the Lava Mountains south of the fault (Smith,
1964, p. 10) are thought by Dibblee (1967, p. 115)
to be possible offset equivalents of the Garlock For-
mation in the El Paso Mountains north of the fault
and at least 17 miles to the west. The Rand Schist
in the Rand Mountains south of the fault is also
considered by Dibblee (1967, p. 115) to be possibly
an offset segment of the Pelona Schist in the
Tehachapi Mountains north of the fault and 30
miles west. About 40 miles of displacement was pro-
posed by Michael (1966) on the basis of the dis-
tance between similar tectonic discontinuities
inferred by him in blocks north and south of the
Garlock fault.

In view of these estimates of displacement, we
decided to compare the eugeosynclinal metasedimen-

tary rocks of the Garlock Formation, which crop
out north of the Garlock fault in the El Paso Moun-
tains (Dibblee, 1952, p. 15-19; 1967, p. 27-32),
with eugeosynclinal metasedimentary rocks which
crop out south of the Garlock fault in Pilot Knob
Valley and 30 to 40 miles east of the El Paso Moun-
tains (Smith and others, 1968, p. 9). Correlative
sequences of sedimentary rocks are inherently less
reliable than dike swarms for determining the lat-
eral displacement on a fault (Smith, 1962, p. 90),
but they can supply supplementary evidence. Fur-
thermore, an offset extension of the Garlock Forma-
tion would provide better evidence than most for-
mations because the Garlock is so distinct from
other formations in this region.

The Garlock Formation, described by Dibblee
(1952, p. 15-19; 1967, p. 27-32), consists of a
great thickness of phyllite, hornfels, chert, green-
stone, limestone, quartzite, and chert conglomerate.
Fusulinids about 12,000 feet up from the base indi-
cate that this part of the Garlock Formation is
Permian; crinoid stems occur in the overlying
14,000 feet. The lithologic similarity of the eugeo-
synelinal deposits that constitute the entire forma-
tion suggests that all of it is about the same age,
but the thickness of deposits is so great that a sig-
nificant part of the Paleozoic and early Mesozoic
could be represented. Although Dibblee includes
about 85,000 feet of rocks in the formation, 4,000
feet of the described section is intrusive(?) andes-
ite, and folding and faulting of the type mapped by -
Christiansen (1961) may have thickened individual
units and repeated parts of the section. The Garlock
Formation is broadly homoclinal; dips are mostly
50° to 70° to the northeast, and strikes average
about N. 30° W,
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EXPLANATION

Alluvium and other late Quaternary deposits

Geology modified slightly from Jennings.
Burnett, and Troxel (1962) and Smith (1962)

2|O MILES

Plutonic rocks N

" Dikes belonging to the swarm correlated

Sedimentary and volcanic rocks of Cenozoic
age and undivided pre-Cenozoic meta-
morphic rocks

Knob Valley

across Garlock fault (Smith, 1962) shown
diagrammatically

Metasedimentary rocks of the Garlock For-
mation (El Paso Mountains) and in Pilot

Contact

Fault

Dotted where concealed

FIGURE 1.—Generalized geology of the east half of the Garlock fault, showing location
of metasedimentary rocks discussed in this report, and area included in figure 2.

Both areas of eugeosynclinal rocks were visited
by us in the spring of 1966. A brief reconnaissance
of the Garlock Formation had been made previously
by Ketner, using Dibblee’s (1952) map and litho-
logic data. The rocks in Pilot Knob Valley had been
noted during earlier reconnaissance mapping by
Smith (¢n Jennings, Burnett, and Troxel, 1962). A
striking similarity between the two statigraphic
sections was evident, and subsequent work was
aimed at testing the degree of similarity. Data on
the Garlock Formation presented here are chiefly
from the reports by Dibblee (1952, p. 15-19; 1967,
p. 27-28 and 34-35) and Christiansen (1961), sup-
plemented by results of the short inspection
described above and a few later visits for study of
specific rock units. Data on the metasedimentary
rocks in Pilot Knob Valley presented in this paper
were collected by Smith during 6 days’ additional
geologic fieldwork and subsequent study of about 40
specimens in the laboratory.

The metasedimentary rocks in Pilot Knob Valley
crop out 2 to 8 miles south of the Garlock fault as
isolated small hills, 150 to 400 feet high, that proj-

ect through the alluvium. Because the outcrops lie
within a U.S. Navy testing range, fieldwork was
minimal and had to be done on weekends, some-
times with a military escort. The work consisted of
delineating the extent of metasedimentary rocks
and traversing the best-exposed sections. On each
traverse, the planimetric width of each separable
lithologic unit was measured by pace, and the pace
distance and lithologic description of each recorded
on a portable tape recorder to be transcribed later.
The traverses totaled about 16,000 feet. The pace
distances were obviously approximate, and most
rock descriptions are based only on criteria that
could be applied in the field. The measured trav-
erses described in table 1 and shown on figure 3 are
not stratigraphic sections in the conventional sense.
Not enough time was available to make reliable geo-
logic maps of the areas composed of these rocks;
and the many faults and small-scale folds observed
along the traverse lines, though not shown on figure
2, plus the large areas of poor exposure, limit the
confidence one could have in stratigraphic sections
made without geologic maps. Furthermore, the
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extensive areas of alluvial cover between hills make
it impossible to trace any part of a stratigraphic
section in one hill into the section exposed in
another. The data obtained are therefore analogous
to Rosiwal analyses, as the percentages and litho-
logic characteristics of the metasedimentary rocks
in this assemblage have been approximated by
making traverses across representative segments of
the outcrops.

DESCRIPTION OF METASEDIMENTARY ROCKS IN
PILOT KNOB VALLEY

The distribution of metasedimentary rocks in
Pilot Knob Valley is shown on figure 2. The rocks
consist of thick sequences of fine-grained to very
fine grained siliceous deposits such as chert, sili-
ceous slate, slate, and quartzite separated by thin-
ner sequences of sandy limestone and conglomerate.
In the southern third of the outcrop area, near the
intrusive contact of these rocks with plutonic rocks,
many of the metasediments are metamorphosed to
hornfels and calc-silicate rocks and are cut by
numerous veins of massive quartz. The lithologies
of rocks along the seven traverses are shown dia-
grammatically in figure 3; rocks along three trav-
erses are described in table 1. These data are based
on field descriptions and later laboratory study of
about 40 selected specimens. The total thickness of
the sequence is unknown, but if the average dip is
assumed to be 70°, the measured traverses shown
on figure 3 represent about 15,000 feet of metasedi-
ments if no part of the section is repeated.

Most of the metasedimentary rocks have a thick
coating of very dark gray or brown desert varnish;
some are lighter on fresh surfaces. The section is
broadly homoclinal, although small tight folds were
observed; beds generally strike within 20° of north
and dip east at 65° or more (the few dips toward
the west shown on figure 2 are thought to be on
overturned sections). Massive rock units are well
exposed along ridges;~but thin-bedded chert and
slate.units tend to be concealed by loose. regolith
composed of their own fragments.

Many of the chert units have beds that are only a
few inches thick; others are massive. Colors on
fresh surfaces range from black through shades of
brown, purple, red, or tan to nearly white; some
units have banded sequences of alternating colors,
with bands mostly 2 inches wide or less. Interbeds of
limestone or stretched chert-pebble conglomerate
are fairly common. Thin-section study of rocks
identified in the field as chert shows that they are
composed chiefly of quartz with some sericite and

D3

opaque minerals. Quartz crystals range from submi-
croscopic to sand size, and many of them have
shapes and size distributions suggesting that many
rocks called chert are actually pure to impure
quartzites. Many of the fine-grained massive beds
called chert have mineral assemblages that are more
characteristic of hornfels. Some of the light-colored
units may be metamorphosed tuff or rhyolite,
although relict igneous textures were not seen. Near
the western end of traverse E, one dark chert zone
about 10 feet thick and at least 1,000 feet long con-
tains abundant bedding-surface concentrations of
elongate diamond-shaped molds that are filled with
sericite and are of uncertain origin (fig. 4). They
may represent altered metacrysts of a mineral such
as andalusite. It is possible, however, that they rep-
resent deformed and replaced fusulinids, although
they now are not of the shape or size, nor do they
have any internal characteristics, of the Schwager-
ina found in the Garlock Formation (C. W. Mer-
riam, oral commun., March 1969). Rocks designated
in the field as chert therefore include a wide variety
of siliceous sediments. Their compositions probably
overlap those designated as siliceous slate, slate,
sandstone, and quartzite, and may include rocks
that are hornfels and siliceous metavolcanics.

The slates and siliceous slates are mostly thin
bedded. Their colors are similar to those of the
cherts, although the darkest colors are less common.
Many of the slates are calcareous. Interbeds of
chert and limestone are found. Microscopic study
reveals extensive recrystallization with the forma-
tion of muscovite, and many of the rocks are phyl-
litic. ‘

Most beds identified in the field as sandstone and
quartzite are dark brown to black. The quartzite
beds are mostly resistant and massive; the sand-
stones are less resistant, calcareous, and faintly to
well bedded. The medium to very fine sand grains
are fairly well sorted, subangular to round, and
nearly all quartz. The quartzite and quartz-rich
rocks are extensively recrystallized, and the quartz
grains in many have developed sutured boundaries
that obscure the distinction between grains and
matrix.

Limestone zones mostly weather dark brown and
are thin bedded. They generally contain conspicuous
amounts of well-rounded sand, both in beds and
disseminated, and some grade into calcareous sand-
stone. Interbeds of both sandstone and chert are
found. The calcite grains are recrystallized but,
with sporadic exceptions, have not grown to sizes
that characterize marble. The boundaries of the
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Base from U.S. Geological.Survey 1:62,500
PILOT KNOB. 1954 and WINGATE PASS,
1950

EXPLANATION

Qal

Alluvium and other late
Quaternary deposits

Cz

Undivided Cenozoic rocks
and sediments

South of Garlock fault, mostly Terti-
ary intrusive and, extrusive lavas
and pyroclastic rocks; tncludes some
younger gravels. Northof fault, most-
ly Pleistocene (?) Christmias Canyon
Formation and younger gravels.

Mesozoic plutonic rocks

Mostly bedded chert, sandy limestone,
and conglomerate. Considered equiv-
alent to Garlock Formation of
Permian and Permian (?) age

Contact

Fault

75—~ 50
Inclined Vertical Overturned

Strike and dip of beds

©—

Measured traverse

0 1 2

3 MILES
| — 1 1 |

FIGURE 2.—Map of Pilot Knob Valley area, showing location and attitudes of metasedimentary rocks, their position
relative to the Garlock fault, and location of traverses A through G.

quartz sand grains are generally sharp. Near the
west ends of traverses E and G, some of the lime-
stones are altered to wollastonite or wollastonite-
diopside mixtures.

The conglomerates consist of fragments of chert,
quartzite, and sandy limestone in a matrix of chert,
impure sandstone, or quartzite. Chert fragments are

most common; granitic fragments were not seen..

The pebble- to granule-size fragments are angular
to subround and are flattened parallel to bedding
with the long dimension commonly three to five
times the short dimension. In many exposures, frag-

ments make up 50 to 75 percent of the rock and are
of nearly uniform size.

AGE AND CORRELATION OF METASEDIMENTARY
ROCKS IN PILOT KNOB VALLEY

Identifiable fossils were not found in the metased-
imentary rocks in Pilot Knob Valley, and strati-
graphic evidence restricts the age only within broad
limits. Near the southeast limit of their outcrop
area, the metasedimentary rocks are intruded by
plutonic rocks (along and near traverse G, fig. 2).
Radiometric dates are not available for plutonic
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FIGURE 3.—Lithologies of rocks along traverses A through G, Pilot Knob Valley (fig. 2). Measured west to east and
plotted with west end at base of column.

rocks of this immediate area, but lead-alpha dates
on similar rocks
Range province and Mojave Desert are mostly
between 85 and 130 -million years (Jaffe and others,
1959, p. 87-90; Smith and others, 1968, p. 12). Plu-
tonic rocks in the Mojave Desert area intrude meta-
sedimentary rocks of probable Triassic or Jurassic
age and are found as fragments in rocks of Paleo-
cene age (McCulloh, 1954, p. 21; Smith, 1962, p.
101). It is reasonable to conclude that the metasedi-
mentary rocks in Pilot Knob Valley are older than
late Mesozoic, but the lower limit of their possible
age is less definite. Rocks in southeastern California
having the deformational and metamorphic charac-

in the southwest Basin and -

teristics of this assemblage may range in age from
late Precambrian to late Mesozoic. However, all
that contain diagnostic fossils are of late Paleozoic
(or possible early Mesozoic) age (Hewett, 1954, p.
7-15; McCulloh, 1954, p. 13-18; Dibblee, 1967, p.
14-28), and the ages of many unfossiliferous sec-
tions as well may lie within this range. If the elon-
gate molds found in one of the chert beds in Pilot
Knob Valley represent fusulinids, a late Paleozoic
age is indicated for these rocks.

The metasedimentary rocks in Pilot Knob Valley
cannot be correlated on the basis of lithology with
rocks of other sections described from areas south
of the Garlock fault. Most of the thick sections that



D6

STRUCTURAL GEOLOGY

TABLE 1.—Measured traverses of metasedimentary rocks in Pilot Knob Valley, Calif.

[Units listed from west to east; traverse lengths are estimated by pace and are approximately normal to strike; see fig. 2 for locations of traverses]

Traverse A

Sandstone, dark-
gray
Limestone, sandy, gray; beds 2
to 10 in, thick . ____________
Chert, black . _________________
Limestone, sandy, tan, massive __
Sandstone, black, calcareous;
weathers with blocky frac-
tures; dark-rusty-brown; indis-
tinct beds of finer grained
limestone . _______________
Limestone, sandy, grayish to tan;
locally thin-bedded with streaks
of sand or silt; lithologies per-
sistent in layers 3 to 5 ft thick;
bedding within layers very in-
distinet except on weathered
surfaces ____________________
Chert, thinly bedded, black to
tan; forms poor outerops ___.
Chert, massive to thin-bedded,
white, tan, or black __________
Limestone, thinly bedded, gray -
Chert, banded, thinly bedded;
beds 24 to 1 in. thick, tan,
brown ___
Limestone; beds 1 in. to 1 ft.
thick; 2 percent black chert
beds -
Limestone, tan, thin-bedded,
sandy, poorly exposed —_______
Chert, banded, black, brown, or
tan; forms resistant outcrops;

fine-grained,

1 percent interbedded fine-
grained limestone . ___________
Limestone and chert, thinly
bedded ____

Chert, black, bedded . _______
Slate, thin-bedded, pink to gray,
calcareous
Limestone, slightly sandy, tan,
fine-grained; black chert inter-

beds
Chert, black, orange or red,
greenish; indistinct zones of

stretched pebbles or boudinage
structures

Slate, calcareous, thin-bedded,
gray .
Limestone; about 15 percent

sand; beds thin in lower part
and as much as 1 in, thick in
upper part; interbeds of black
chert as much as 1 ft thick __
Quartzite, tan to dark-brown,
noncalcareous, massive _______
Chert, black to tan; massive near
top and bottom; beds about 1
in. thick near middle; quartz
veins common, especially in

Feet

40

160

220

80

340

160

140

80

50
40

60

40

120

60

130

30

Limestone,

upper part ——_______________
Slate or phyllite, noncalcareous,
gray to pinkish-gray, thin-
bedded, poorly exposed; inter-
beds of chert __.____________
Chert and thinly bedded slate;
about 25 percent brown sandy
limestone _._________________
Quartzite, black, slightly calcare-
ous, resistant _______________
Limestone, sandy, tan __________
Quartzite, tan to orange; weath-
ers black; massive ___________
Limestone, sandy, brown _______
Chert, black —_________________
Slate, gray to pink; 20 percent
sandy limestone _____________
Quartzite, black _______________

Slate, pink, tan, and purple;
paper-thin beds; forms poor
outerops — . ________

Conglomerate; pebbles form 50 to
70 percent of rock, mostly %
in. or less, sheared and flat-
tened parallel to bedding, com-
posed of multicolored chert;
small percentage of sandstone
and sandy limestone frag-
ments; matrix is chert and
sandstone; a few 1- to 6-in.
thick beds of silty limestone in
upper part of unit __________

sandy; darker and
more sandy near base ________

Slate, gray to pink, poorly ex-
posed

Limestone, sandy, gray to tan __

Slate, light-purple; paper-thin
beds

[End of section]
Traverse D

Chert, black; massive in lower
part and faintly bedded in up-
per part; orange beds near top

Chert, thinly bedded, black,
poorly exposed; beds 1 in. thick
(avg)

Chert or siliceous slate; dark
gray in lower part, light gray
in upper part; beds indistinct,
1 in, thick (avg) o ___

Chert; beds 1 in. thick (avg);
some %-in. white layers; spo-
radic sandy limestone partings
1 in, thick or less —__________

Chert, black; bedding indistinct
to massive . ________________

Limestone, sandy; weathers
brown

Sandstone, locally slightly cal-
careous; weathers brown; mas-
sive to faintly bedded ____.___

120

80

20
30

20
10

40
20

30

250
20

80

10

180

80
120
120

70

120

Chert, black; beds 1 to 6 in.
thick; several orange or red-
purple zones near top —.______

Slate, dark-gray; lighter gray
and brown in upper part; frac-
tures into beds a few inches
thick; weathers to duller sur-
face than chert _____________

Sandstone, gray, medium- to fine-
grained; uniform with thin
bedding-plane layers of sand
forming ridges about 1 in.
apart on weathered surfaces __

Slate or siliceous slate, dark-gray
to brown, poorly exposed, thin-

bedded ——
Chert, black, faintly bedded ____
Sandstone, calcareous; bedding
indistinct

Chert, black, thin-bedded; several
1-in. thick interbeds of white
chert in lower part —_________

Chert, massive, black; some thin
interbeds -

Chert, black; beds 1 in. thick
(avg) ; unit forms east slope of
southeast end of traverse ____

[End of section]

Traverse E

Chert, massive to thickly bedded,
possibly silty, black to dark-
brown; some zones (5 ft thick)
more red or brown __________

Chert, gray to dark-brown; beds
2 in. thick

Chert, black; beds 6 in. to 1 ft.
thick; forms prominent out-
crop; at east edge of unit is
zone of gray elongate diamond-
shaped casts at least 10 ft.
thick, with about 2 percent of
beds containing conspicuous
percentages of casts (fig. 4);
zone extends at least 2,000 ft.
south ___ __________________

Chert, like that below _____-___

Chert, light-brown to tan, faintly
bedded; beds 1 to 2 in. thick __

Chert, dark-brown; beds 1 to 2
in, thiek . __ _____________

Chert, mostly black, well-bedded;
some beds 1 to 2 in. thick; oth-
ers 1 to 2 ft. thick —________

Chert, orange-brown; beds 1 in.
to 1 ft. thick ———____________

Chert, orange-brown; beds 1 in. to
1 ft. thick '

Chert, dark; beds as much as 1 ft
thick __ .

Chert, light- to dark-brown, thin-
bedded

100

210

40

70

10

40

50

100

80

270

50

30
50

10

30

100

120

120

50

240
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TABLE 1.—Measured traverses of metasedimentary rocks in Pilot Knob Valley, Calif.— (continued)
[Units listed from west to east; traverse lengths are estimated by pace and are approximately normal to strike; see figz. 2 for locations of traverses]

D7

Traverse E (cont.) Chert, tan, orange, or brown; Limestone; appears free of sand;
beds 1 to 2 in. thick —________ 160 weathers to bluish gray —____ 30
Feet Chert, silty, black, massive ____ 50 Rhyolite, white, fine-grained; in-
Slate, light-tan to orange-tan, Chert or siliceous slate; beds % truded as sill(?) into section;
flaggy; color bands 1 to'5 mm to 2 in, thick —______________ 50 1 or 2 percent phenocrysts of
thiek _______________________ 120 Slate, siliceous; weathers red quartz and feldspar; streaks of
Chert, black; beds 1 in. thick __ 70 brown; laminated to thinly biotite (?); probably Tertiary
Slate, flaggy, .tan to orange —___ 40 bedded c e snmmram s 30 i (1 - NS S 50
Zone of secondary white opaline Slate or siliceous slate; weathers Slate and siliceous slate grad-
material ____________________ 10 to grayish or smokey blue hue; ing up to black chert; slate and
Slate, tan to orange — . ________ 50 £ 127511 1o R S 130 siliceous slate are black, fissile
Chert, black, thin-bedded ______ 130 Chert, black —_________________ 10 near base of unit; beds 1 in.
Slate or siliceous slate, thin- Slate or siliceous slate, grayish to thick near top —_____________ 190
bedded ; weathers to bluish-gray bluish; fissile ——coceco 70 Chert, yellow to white, poorly ex-
hues except top 10 ft which is Calcareous sandstone or sandy posed; may be thin bedded —__ 50
orange ______________________ 150 limestone; weathers gray to Slate, bluish-weathering, fissile __ 20
Sandstone, calcareous; weathers tan; uniform with thin beds of Chert, yellowish to orange ____ 160
brown; medium to fine grained; sand forming streaks about 1 Chert, interbedded black and gray 80
grains are well rounded and in. or less apart ____________ 120 Quartzite, white to light-gray;
well sorted __________________ 130 Siliceous slate, black, dark-brown, indistinet color bands 1 in. to
Chert, black; thin-bedded except or orange, poorly exposed, LA thick - e 400
top 10 £¢ 170 thinly bedded; 6-in.-thick lime- [End of section]
Sandstone, like that below _____ 10 stone bed occurs in middle __ 150

have been studied are described by Hewett (1954, p.
7-15), McCulloh (1954, p. 13-18), Grose (1959, p.
1519-1523), and Dibblee (1967, p. 14-28) ; relative
to the section in Pilot Knob Valley, the rocks in
them generally include more dolomite and marble
but less chert, and their conglomerates contain plu-
tonic rock fragments but few or no chert frag-
ments.

North of the Garlock fault, outcrops of metasedi-
mentary rocks of comparable grade are scarce.
Except for the Garlock Formation, published

25mm

FI1GUure 4.—Sericite-filled molds on bedding surfaces of chert
samples. See table 1, traverse E, for rock description.

descriptions cite only three: quartzite-pebble meta-
conglomerates, hornfelsic metavolcanic rocks, and
other metasedimentary rocks in the western El
Paso Mountains (Dibblee, 1952, p. 19; Christiansen,
1961, p. 42-48; and Dibblee, 1967, p. 14-19) ; schist
and marble as isolated pendants in the southern
Sierra Nevada and northern Tehachapi Mountains
(Dibblee, 1967, p. 19) ; and schist, hornfels, phyllite,
and marble in the Slate Range (Smith and others,
1968, p. 9). Metasedimentary rocks not described in
the literature occur in a strip that may be less than
a mile wide along the northeastern end of the Span-
gler Hills (fig. 1) ; they are mostly massive hornfels
but include a few zones of hornfels-fragment brec-
cia and stretched breccia or conglomerate. Only the
rocks in the Garlock Formation and in the western
El Paso Mountains 8 miles west of the Garlock For-
mation have lithologies that are comparable to any
of the rocks described here from Pilot Knob Valley.

Strata that are much less metamorphosed but do
have similarities to those of the Garlock Formation
occur in the southern Inyo Mountains, about 75
miles north of the El Paso Mountains. They are of
Permian age and constitute the Owens Valley For-
mation (Merriam and Hall, 1957). Rocks of this
formation may also occur in the northern Slate
Range (Smith and others, 1968, p. 11). In addition
to limestone, shale, siltstone, and sandstone, the for-
mation contains sandy limestone, chert, and chert or
limestone conglomerate, The Owens Valley Forma-
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TABLE 2.—E'stimated percentages of rock types in metasedimentary sequences in Pilot Knob Valley and in the Garlock
Formation in the El Paso Mountains

Garlock
Pilot Knob Valley Formation
(El Paso
Rock Traverse Mountains)
types Weighted (Dibblee, 1967,
(field identifications) A B C D E F G average p. 27-28)
Phyllite, slate, and siliceous slate ____ 13 3 4 19 25 46 25 20 46
Hornfels (includes tactite) _________ 0 0 0 0 0 0 0 0 22
Chert 35 80 96 62 56 46 74 56 13
(Sum of siliceous fine-grained rock
percentages) (48) (83) (100) (81) (81) (92) (99) (76) (81)
Quartzite and sandstone ____________ 10 0 0 11 18 8 0 10 5
Limestone and marble ______________ 34 0 0 8 1 0 0 10 6
Conglomerate 8 17 0 0 0 0 1 4 2
Greenstone __ 0 0 0 0 0 0 0 0 16

1 Estimate of rock-type percentages in the Garlock Formation excludes 4,300 feet of andesite and related rocks considered by Dibblee (1967, p. 28;

oral commun, 1969) to be probably intrusive into the section.

tion is partly equivalent in age to the eugeosynclinal
Garlock Formation, and represents an assemblage
that is transitional between eugeosynclinal and mio-
geosynclinal facies. Permian rocks composed of
interbedded limestone and chert that are transi-
tional between eugeosynclinal and miogeosynclinal
-assemblages also crop out in the Soda Mountains,
60 miles east of Pilot Knob Valley (Grose, 1959, p.
1519-1523). If the Pilot Knob Valley rocks are of
the same age, they bear about the same facies and
areal relations to the Soda Mountains assemblage as
does the Garlock Formation to the Owens Valley
Formation.

There is more similarity between the metasedi-
mentary rocks in Pilot Knob Valley and the Garlock
Formation than between any other known sequences
in this part of California. Both are thick eugeosyn-
clinal sections that contain similar rock types. The
conglomerates containing abundant chert and sandy
limestone fragments but no plutonic fragments are
especially similar and  differ from all other.
described sections in the area.

Table 2 summarizes the estimated percentages of
the different rock types found in the Pilot Knob
Valley area and in the Garlock Formation in the El
Paso Mountains area. The differences between the
percentages of the siliceous fine-grained rock types
—phyllite, slate, siliceous slate, hornfels, and chert
—could be real, but quite possibly they reflect dif-
ferences in the criteria used for field identifications;
it is worth noting that the sums of the percentages
of such rocks are similar, 76 and 81 percent, respec-
tively. The percentages of quartzite plus sandstone
in the two areas are 10 and 5 percent, Limestone
and marble account for 10 and 6 percent of the
rocks in the two sections. Chert-pebble conglomer-
ates account for an estimated 4 and 2 percent of

each . assemblage. No altered basalt (greenstone)
was found in the Pilot Knob Valley area, although
some units may represent siliceous volcanic rocks.

CONCLUSIONS

The Garlock Formation in the El Paso Mountains
and the rocks in Pilot Knob Valley represent very
thick and distinctly eugeosynclinal facies. There is a
notable similarity in both the percentages of var-
ious rock types and the petrography of the compo-
nent rock types, especially the stretched conglomer-
ates. Furthermore, the two sequences may lie about
the same distances west or southwest from assem-
blages that are transitional between eugeosynclinal
and miogeosynclinal facies. '

The structural setting of the two sections is also
similar. Both the Garlock Formation and the meta-
sedimentary rocks in Pilot Knob Valley are pen-
dants with generally homoclinal steep easterly dips.
Although their strikes differ by 30° to 40°, a 20°
to 45° clockwise rotation of rocks in the block south
of the Garlock fault, suggested by differences in the
orientation of the correlated dikes (Smith, 1962, p.
95), would account for this difference.

Inasmuch as there are no other exposed sections
of metasedimentary rocks of these types exposed in
the area just north or south of the Garlock fault,
the best possible correlation is between the Garlock
Formation and the rocks in Pilot Knob Valley
described in this paper. It is therefore reasonable to
suggest that after emplacement of plutonic rocks in
late Mesozoic time, there was a north-trending pen-
dant containing homoclinally dipping late Paleozoic
eugeosynclinal rocks in the area later cut by the
Garlock fault, and that it was subsequently offset
left laterally 30 to 40 miles by that fault. '
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APOLLO 7 PHOTOGRAPHY IN ANTOFAGASTA PROVINCE, CHILE—

AN INTERPRETATION ‘

BY KENNETH SEGERSTROM, Denver, Colo.

Abstract.—As a result of 1969 field checking of Apollo 7
(October 1968) color photography of northern Chile, photo-
graphic tonal values were correlated with the natural colors
of surficial deposits and rock of the Salar de Atacama area.
An est-west linear feature on Apollo 7 photographs of the
Taltal-Salar de Gorbea area defies field identification because
it is largely concealed by sedimentary and volcanic deposits.
This- feature is interpreted as a transverse fracture which
has been inactive since Jurassic time. Fragmental evidence
from Peru and central Chile indicates that despite its poor
visibility on the ground and on conventional aerial photo-
graphs, an ancient structural trend transverse to the modern
circum-Pacific trend is real, and its distribution is broader
than has hitherto been recognized.

Several oblique color photographs of northern
Chile (fig. 1) taken by 70-mm cameras during the
Apollo 7 mission were examined in the field by the
author and several colleagues of the Instituto de
Investigaciones Geolégicas. The loan of vehicles and
camping facilities by the Instituto, and fruitful dis-

—Equator

FIGURE 1.—Index map of South America, showing Chile,
Peru, and the location of figure 6

cussions with the Director, Carlos Ruiz F., and the
Regional Geologist, Aldo Moraga B., are gratefully
acknowledged. In turn, Ruiz and Moraga have
acknowledged the timeliness of AS 7-7-1593, a fine

. color print of the Salar de Atacama (Atacama Salt

Pan) made available to them early in the course of
their high-priority economic study of the salar in
June-August, 1969. This study was also supported,
in part, by the National Aeronautics and Space
Administration. Walter M. Schirra, Jr., Don F.
Eisele, and R. Walter Cunningham, the Apollo 7
crew, took the photographs.

The photographs were also valued by resident
geologists of the International Telephone and Tele-
graph Co. and Texas Gulf Sulphur Co., in Antofa-
gasta, for use in exploration for porphyry copper
deposits, Some of the photographs are particularly
helpful to structural geologists from the California
Institute of Technology who are studying the dis-
placement along the great Atacama fault (fig. 5), in
an area near the port of Taltal, some 200 km south
of Antofagasta.

The objectives of this study were (1) to attempt
to correlate the color rendition displayed in Apollo 7
photographs with the natural colors of rock and

- surficial materials observed in the field; and (2) to

field-check and, if possible, assess the relationship
of major linear features observed in space photo-

: graphs to the’ reglonal -geologic structure of the' Ata-

cama Desert, Chile.

TONAL VALUES IN THE SALAR DE ATACAMA

A high-angle oblique color photograph, AS
7-7-1593, was taken October 21, 1968, at 19°01m
G.m.t.* (or 3:01 p.m. local time) from an altitude of
175 nautical miles. A black-and-white print of that
color photograph is shown as figure 3. It depicts an

1 Times are given in hours and minutes, Greenwich mean time.
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area of the Atacama Desert where Argentina,
Bolivia, and Chile join. Figure 2 shows 1969 field
observations by Aldo Moraga B. and colleagues of
the Instituto de Investigaciones Geolbgicas; Seger-
strom accompanied the field party for a few days.
Color portrayal in the original space photograph is
close to that observed in the field; the human eye
automatically corrects for a bluish cast which is
noted only in distant parts of the oblique view. The
area shown is that of the Salar de Atacama, a large
closed basin between the Cordillera de Domeyko, to
the west, and the Chile-Argentina boundary, to the
southeast. The original scale of the color photo-
graph was approximately 1: 1,200,000 in the Chilean
sector, and progressively smaller in the Bolivian
and Argentine sectors.

Table 1 shows the colors corresponding to the
classification of surficial materials made in the field
and shown by number in figure 2.

A lake in Bolivia, which was not visited because
of its inaccessibility from the Chilean side, is
rightly named “Laguna Colorada”—its color is
brownish red (possibly because of the surrounding
ignimbrite) . The lake is labeled on figure 3.

POSSIBLE TRANSVERSE FAULT NEAR TALTAL

A low-angle oblique color photograph, AS
T-71-1826, was taken October 16, 1968, at 22"14m
G.m.t. (6:14 p.m. local time) from an altitude of
117 nautical miles. A black-and-white print of that
color photograph is shown as figure 4. It depicts
much of the southern Atacama Desert and part of
the distant Argentine Pampa. The sun is low—
about 10° above the western horizon—producing
shadows which enhance a strong north-south topo-
graphic and structural grain. The view is southeast-
ward, from off the shore of the Peninsulade de Meji-
llones where the scale is nearly 1 : 1,000,000—almost
the same as that of the new edition of the geologic
mayp of Chile (Instituto de Investigaciones Geol6gi-
cas, 1968). Another oblique color photograph, also .
from Apollo 7, .is .represented .as+a black-and-white.
print in figure 5. The serial number and date and
time taken have been lost. This photograph shows
the coast from about 75 km north of the Peninsula
de Mejillones southward nearly to the Rio Copiapé.

On figure 6, a segment of the geologic map of
Chile, the approximate southwest limit of the area
covered by photograph AS 7-7-1826 (fig. 4) is
shown by a straight line. Figure 5 coverage extends
farther along the coast, but not as far inland as
that in figure 4. Looking at the map (fig. 6) of
these areas is like looking at the photographs, as
the same circum-Pacific fractures, generally parallel
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to the coast, are evident. Major features on the map
and photographs are (1) the Salar del Carmen
fault, which extends from slightly north of lat
21°00’ S. to slightly south of lat 25°00’ S., and (2)
the Atacama fault, which extends from just south
of lat 27°00’ S. northward through El Salado nearly
to Taltal. The Pacific Ocean conveniently covers a
gap in the mapping of the two faults. Recent
unpublished work by Walter Arabasz (written
commun., Aug. 6, 1969), of the California Institute
of Technology, indicates that the Atacama fault
zone is displaced left laterally- by a northwest-trend-
ing fault at Taltal.

One major feature which is apparent on the pho-
tographs but not heretofore mapped is a strong
lineament that runs westward from near the Salar
de Gorbea (fig. 4) to the coast near Taltal (fig. 5).
This is shown, for the first time on a geologic map,
at about lat 25°30” S. (fig. 5). The alinement exhib-
its a decided flexure south-southeast of Taltal, near
where the feature crosses the Atacama fault.

The author field-checked parts of the lineament
with Carl Ulrichsen, a geologist assigned to map
the Taltal quadrangle for the Instituto de Investiga-
ciones Geoldgicas. The field observations were sup-
plemented by study of vertical aerial photographs
which provided stereo image coverage at 1:60,000
scale. The only field evidence that was found for
fault displacement along the lineament was along
Quebrada Cifuncho, near the coast, where Paleozoic
granite and Lower Jurassic (Lias) marine sedimen-
tary rocks appear to be displaced right laterally
about 10 km. A little farther east, however, bedding
in volcanic and continental sedimentary rocks of
the La Negra Formation (Upper Jurassic) contin-
ues without interruption across the lineament. Else-
where, no evidence for faulting along the lineament
was seen either in outcrop or in stereo photograph
image. Where other watercourses (such as the Que-
brada de la Peineta) follow the lineament, the rocks
won both..sides are the.same.:Nevertheless,  dissemi-

"nated sulfide minerals iri the rocks seem to extend

farther east on the north side of the lineament than
on the south side (Nelson Aliste, International Tele-
phone and Telegraph Co., oral commun., June
1969).

According to Arabasz (written commun., Aug. 6,
1969),
The age of the lineament may be difficult to judge ***
older granitic rocks of the Mesozoic batholithic sequence
(Jurassic?) * * * are affected by mineralization and altera-
tion along east-west fractures, especially between Taltal and
Paposo. Younger post-orogenic granodiorites don’t seem to
be similarly affected.
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The right-lateral displacements of Paleozoic granite
and Lias sedimentary rocks near the coast suggest a
post-Lias, Jurassic age for the lineament.

It seems worth considering, therefore, that the
lineament may represent an ancient fracture or
zone of crustal weakness along which no displace-
ment of blocks has occurred since La Negra (Late
Jurassic) time.

Farther to the south, outside the area of Apollo 7
photograph coverage, evidence of other right-lateral
displacement of similar magnitude along ancient
transverse faults lends support to this considera-
tion. Two Chilean Coast Range localities may pre-
sent such evidence: (1) At Quebrada Flamenco
(about lat 26°30” S.) no transverse structure has
been mapped, but right-lateral displacement of
Paleozoic granite seems to have taken place in an
east-southeast direction (fig. 6). (2) At San Anto-
nio-Melipilla (about lat 33°35’ S.), 656 km west-
southwest of Santiago, right-lateral displacement of
Paleozoic granite has taken place along a mapped
east-southeast-trending fault; Lower Cretaceous
sedimentary rocks crop out south of this fault, but
are absent immediately north of it. Both localities
are in areas of the massive Cretaceous “Andean

batholith,” which seems to be unaffected by the

transverse faulting.
Much farther to the north, in southern Peru, evi-
dence for concealed east-southeast-trending frac-

TABLE 1.—Color, color-chart designriion, and descmptzon of
surficial matemals of the Salar de Atacama area, Chile,
determined in the field

Geologic
material

Color-chart

Color designation 1

Relatively pure salt pre-
cipitated from brine.
Impure salt (deposited in
playa; forms hard,

rough surface).

Moderate brown ____ 5YR 3/4 Saline silt (in playa).
Pale brown _________ 5YR5/2 Saline silt (in delta).
Moderate brown _____ 5YR 4/4 Sandstone, shale, and
bedrock salt of the San
Pedro Formation
(lower Tertiary).
Medium gray and N5and N6 Alluvium and piedmont
medium light gray. deposits (lighter
are recent streambeds).
Dusky blue _________ 5PB 3/2 Sandstone and conglom-
erate of the Purilactis
Formation (Cretace-
ous), and alluvium
derived therefrom.
Palered —___________ 10R 6/2 Ignimbrite (partly cov-

ered with somewhat

darker lahars).
Andesite volcanoes and

lahars (modern).
Andesites (Jurassic).

Between browish gray 5YR 3/1
and brownish black.
Darkgray . _________

1 Goddard and others (1948).
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Volcano 1O
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FIGURE 2.—Map of western part of area of photograph AS
7-71-1593, showing color-chart values (Goddard and others,
1948) observed in the field. Scale variable: north-south
distance across mapped area is approximately 140 km.
Source of data: unpublished map by Aldo Moraga B. and
associates of the Instituto de Investigaciones Geoldgicas.
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Figure 3.—Black-and-white print of Apollo 7 color photograph AS 7-7-1593. Scale variable.
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F1GURE 4.—Black-and-white print of Apollo 7 color photograph AS 7-7-1826, looking southeastward across the southern
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Peninsula de
Mejillones

F1cure 5.—Black-and-white print of an Apollo 7 photograph (serial number unknown), showing faults
north and south of Antofagasta. Arrows indicate lineament referred to in text.
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FIGURE 6.—Map of Chile between Antofagasta and Chafiaral, showing faults and lineament
referred to in text, and distribution of Paleozoic granite. Sources: Instituto de Investiga-
ciones Geoldgicas (1968) ; Walter Arabasz (written commun., 1969) ; Aldo Moraga B. (oral
commun., 1969); and observations by the author.
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tures was described by E. A. Stephens, Photogeolog-
ical Unit, Institute of Geological Sciences, London
(written commun. to W. A. Fisher, U.S. Geological
Survey, June 20, 1969), after he examined Gemini
IX photograph C38, the coverage of which extends
from Lima southward:

This photograph shows a dominant negative lineament direc-
tion trending ESE. Rivers near the coast follow this direc-
tion, and some of the lineaments can be traced for many
miles across the whole width of the satellite photograph.
This direction, however, does not correspond with prominent
geological features. The main Andean trend shows up well
in the sediments and is roughly parallel to the coast, and
the main faults in this area trend NE.

It would seem that the main ESE-trending lineaments are
not faults. They do correspond, however, with internal con-
tacts within the coastal batholith. For instance, the contact
of diorite and tonalite follows this direction. Movements at a
much larger scale have occurred along this trend to the
south of the area covered by the satellite photographs, The
Excelsior Series (metamorphic rocks) and the granitic rocks
of the batholith are displaced eastwards. The displacement is
not by faulting but by a very large-scale kinking of the
structures along the ESE trend.

It seems likely that the satellite photographs are showing
major fractures of deep-seated origin which do not displace
the sediments and are, therefore, not picked up in normal
photogeological or field mapping.

In order to give an objective analysis of the east-
west lineament at about lat 25°80” S., the considera-
ble evidence which invalidates it as a throughgoing
structure should be stated. Most, if not all, of the
field evidence for a fault along the lineament is con-
fined to the coastal area; inland, the observer cannot
see the lineament either from the earth’s surface or,
in effect, from 30,000 feet up, where the 1:60,000
aerial photographs were taken. Although in figure 4
most of the lineament is a ruler-straight line and
looks like a fault, it is somewhat less straight in
figure 5 and, there, could be interpreted as acciden-
tal alinement of small playa lakes and dry water-
courses. The apparent lack of displacement where
the lineament is crossed by the Atacama and Taltal
faults suggests that the lineament represents two
accidentally alined structures, rather than a single
throughgoing one. Displacement along the linea-
ment, though right lateral like that of Quebrada
Flamenco and San Antonio-Melipilla, is counter to
the left-lateral displacement along most of the
known transverse faults in the circum-Pacific belt;
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for example, the “transverse” (northwest-striking)
Taltal fault has left laterally displaced the north-
striking, right-lateral Atacama fault by as much as
10 km (Walter Arabasz, written commun., Aug. 6,
1969).

Despite the counter arguments that can be mar-
shalled, the conclusion that the lineament has major
structural significance is almost inescapable. A
strong argument can thus be made for two epochs
of transverse faulting—one producing right-lateral
displacement which ended in Jurassic time, and the
other producing left-lateral displacement which is
Cenozoic. It may be difficult or impossible to per-
ceive the lineament at the altitude of the earth’s sur-
face or from 30,000 feet above the surface, but
from the altitude of a satellite a single field of
vision can encompass features of subcontinental,
continental, or even planetary scale. The lineament
at about lat 25°30’ S. in the Atacama Desert can
thus be compared to ancient Indian pictographs in
the California desert which were first reported in
1932 by George Palmer, a private pilot, and
described by Deuel (1969, p. 248) :

Some eighteen miles from Blythe, flying at an altitude of
five thousand feet, he suddenly saw a huge human figure
lying spread-eagled on the desert flats as if basking in the
sun. Palmer swung his plane over, took a closer look, and a
four-legged creature beside the giant swam into his view.
Both figures appeared to him about one hundred feet long.
Curiously, although these figures were scraped into
the ground, they were only visible from the air.

In summary, there is mounting evidence, some of
it inconclusive, of the existence of major east-to-
southeast-striking faults in western South America
from about Lima, Peru (lat 12°S.), to Santiago,
Chile (lat 33°30’ S.). These faults were active
during the Mesozoic Era, but they have been inac-
tive since. They are difficult to trace; hence, most of
them have not been mapped. There seems to be no
continuity between these faults and known struec-
tural features of the floor of the Pacific.
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LIMESTONE TURBIDITE OF KINDERHOOK AGE AND ITS
TECTONIC SIGNIFICANCE, ELKO COUNTY, NEVADA

By KEITH B. KETNER, Denver, Colo.

Abstract.—A limestone unit of Kinderhook (early Early
Mississippian) age is exposed in the Swales Mountain quad-
rangle, southern Independence Range, Nev. This unit, here
termed the Camp Creek sequence, is underlain concordantly by
the Roberts Mountains Formation and is overlain by thrust
plates composed of Ordovician and Devonian rocks. Sedimen-
tary features of the Camp Creek indicate that it was depos-
ited by turbidity currents which flowed from the miogeosyn-
cline toward the eugeosyncline. All thrust faults in the area
are younger than the Camp Creek sequence and, therefore,
younger than the Roberts Mountains thrust as dated in the
neighboring Pifion Range.

The rocks of central Elko County, Nev., like those
of the Pifion Range (Smith and Ketner, 1968),
record a middle Paleozoic revolution of the Cordil-
leran geosyncline. This event, widely known as the
Antler orogeny (Roberts and others, 1958),
involved both uplift of eugeosynclinal rocks and
thrusting of these rocks over contemporaneous
rocks of the miogeosyncline. Paleozoic sediments
laid down after the beginning of the Antler orogeny
characteristically contain recognizable debris
derived from uplifted eugeosynclinal rocks, and the
time of initial exposure to erosion of provenance
terranes can be determined by the age of the oldest
beds that contain such debris.

In the Pifion Range (fig. 1) the oldest formation
that contains eugeosynclinal debris is the Webb

Formation -of -Kinderhooks (early . Early, Missis- -

sippian) age. The minimum age of the oldest thrust
in the Pifion Range, termed the “Roberts Mountains
thrust” (Smith and Ketner, 1968), is fixed by the
Webb Formation which overlaps the thrust and lies
with depositional contacts on both the upper and
the lower plates. Thus, the Webb Formation is a
key to dating both the uplift and the thrust phases
of the Antler orogeny in the latitude of the Pifion
Range. Although beds similar to the Webb Forma-
tion have not been found in the area north of the

Pifion Range, a correlative unit of different lithol-
ogy was found in the Swales Mountain quadrangle
of the southern Independence Range. This unit,
which is the subject of the present report, is here
informally termed the Camp Creek sequence. It is
exposed in a window below thrust plates composed
of parautochthonous Devonian limestone and al-
lochthonous Ordovician chert and shale (fig. 2). The
Swales Mountain area was studied by the author
and J. G. Evans at intervals during 1966-68.

ROBERTS MOUNTAINS FORMATION

Carbonate rocks in the Camp Creek area re-
garded as autochthonous, or nearly so, comprise
two concordant stratigraphic units—the Roberts

Mountains Formation and the Camp Creek
sequence. Upper beds of the Roberts Mountains
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FIGURE 1.—Index map of Elko County, Nev., showing loca-
tion of the Camp Creek sequence in the Swales Mountain
quadrangle (C).
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Ficure 2.—Contrasting structural and stratigraphic setting
of the correlative Webb Formation and Camp Creek se-
quence in the Pifion Range (modified from Smith and
Ketner, 1968) and the southern Independence Range, res-
pectively.

Formation crop out along Camp Creek, but the

lower beds are known only from core drilling. .The

lithology of the Roberts Mountains Formation,
which is very uniform throughout its observable
thickness, is predominantly black -calcilutite and
subordinately gray calcarenite. Noncalcareous con-
stituents are illite, quartz silt, and carbon. The base
of the Roberts Mountains Formation was not
reached by drilling, but the minimum thickness is

2,700 feet.

The Roberts Mountains Formation in the type
locality is regarded as Silurian (Merriam, 1940),
but recent data indicate an age span that includes a
significant part of the Devonian in the area of the
type locality (Murphy, 1969; Johnson and Murphy,
1969). North of the type locality the Roberts Moun-
tains Formation may represent a more significant
part of the Devonian (T. E. Mullens, oral commun.,
1969). Graptolites collected by J. G. Evans from the
Roberts Mountains Formation in the southern Inde-
pendence Range 12 miles southwest of Camp Creek
include the Early Devonian form Monograptus her-
cynicus Perner, identified by W. B. N. Berry
(USGS colln. D269SD). In the author’s opinion the
Roberts Mountains Formation of the Camp Creek
area could represent the entire Devonian Period, as
well as the Silurian, because it seems to be grada-
tional with the overlying Camp Creek sequence of
Mississippian age. Alternatively, the contact is
inconspicuously disconformable.

CAMP CREEK SEQUENCE

The Camp Creek sequence crops out on both
banks of Camp Creek in sec. 4, T. 35 N, R. 53 E,,
in the Swales Mountain quadrangle (fig. 1).
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The Camp Creek consists almost entirely of
repeated graded cycles of quartz-sandy bioclastic
calcarenite and argillaceous calcisiltite and calcilu-
tite. The graded cycles are from 1 to 5 feet thick.
Commonly, the basal beds of each cycle are com-
posed of well-sorted sand-sized grains. Most. of the
grains are angular to rounded calcite, but well-
rounded quartz grains constitute a small part of the
rock. Basal beds in some graded cycles include small
chips eroded from the upper surfaces of earlier
formed cycles. A very few of the basal beds are
edgewise conglomerates composed of large plates of
earlier formed consolidated material. Convolute
lamination and crossbedding are common in the
coarser grained parts of graded cycles. Upper beds
of graded cycles are composed of silt- to clay-sized
carbonate, less commonly of clay-shale. The fine-
grained uppermost beds of graded cycles are
marked by differential pressure pits, flute marks,
tool marks, and worm trails (figs. 8, 4). Although
some of these markings are preserved as positive
molds of calcilutite, most are preserved as negative
casts in the overlying calcarenite. Load casts and
fluting are the most common types of sole marks.
Many forms of fluting are directional in plan, and
the few directional measurements which could be
made on outcrops indicate a current direction from
the northeast quadrant.

The thickness of the unit from the base, arbitrar-
ily fixed among the transitional beds between the
typical Roberts Mountains lithology and the first
distinctly graded cycle to the overthrust parautoch-
thonous Devonian carbonate, is about 650 feet.

The Camp Creek sequence is of Kinderhook
(early Early Mississippian) age as indicated by the
following collection of conodonts from the middle
part:

Tield No. 2593 (USGS 22702-PC), Swales Mountain quad-
rangle, T. 35 N., R. 53 E., east edge of SE%NW% sec. 4,
on south-facing slope. Identified by J. W. Huddle.

Number of specimens

Bryantodus sp 1
Gnathodus sp 1
Polygnathus inornatus Branson o 1
P. communis Branson and Mehl —___________._. 3
Pseudopolygnathus Sp——— e~ 1
Siphonodella obsoleta Hass 10
Spathognathodus —_—— 1

According to J. W. Huddle (written commun,,
1968), a comparison of this fauna with that of the
Webb Formation (Smith and Ketner, 1968) fails to
indicate a significant age difference. Referring to
collections from both units, Huddle stated, “Both
collections could be as old as the upper Hannibal
Shale or as young as uppermost Chouteau Lime-
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FI1GURE 3.—Bedding surface features, Camp Creek sequence.
Top, obstacle scour casts on underside of basal calcarenite
of graded cycle. Middle, load structures on underside of
calcarenite probably formed by load pressure of sand on
underlying soft calcareous clay. Bottom, worm(?) trails
common only at top of graded cycles.

STRUCTURAL GEOLOGY

stone in the upper Mississippi Valley. The presence
of an advanced species of Gnathodus in both collec-
tions suggests that they are both equivalent to some
part of the Chouteau Limestone.”

The Kinderhook age of the Camp Creek sequence
was confirmed by C. G. Tillman, of Virginia Poly-
technic Institute, Blacksburg, Va., who identified
the genus Siphonodella in eight samples taken from
the base to the top of the sequence. Tillman identi-
fied the following species from the Camp Creek:

Siphonodella obsoleta—common
S. isosticha—common

S. cooperi

S. duplicata(?)

Gnathodus delicatus
Polygnathus communis

ORIGIN AND SIGNIFICANCE OF THE CAMP CREEK
SEQUENCE

Conspicuous lithologic features of the Camp
Creek sequence, such as graded bedding, sole marks,
and convolute lamination, suggest that the sequence
was deposited by turbidity currents. The northeast-
ern provenance of the Camp Creek indicated by
directional sole marks and the location of the
sequence between the miogeosyncline and the eugeo-
syncline suggest that the sequence was deposited by
currents flowing from the edge of the miogeosyn-
cline toward the eugeosyncline.

Because the Camp Creek sequence is a deposit
derived from the east and is free from detritus of
eugeosynclinal rocks, its deposition must have pre-
ceded the first local emergence of the eugeosynclinal
rocks. However, the evident instability of sediments
near the edge of the miogeosyncline, which is sug-
gested by turbidity currents, may have resulted
from early pulses of the Antler orogenic episode.
The Mississippian Chainman Shale (Waterpipe
Canyon Formation of Kerr, 1962) in the northern
Independence Range and in the neighboring Adobe
Range (Ketner, 1970) contains abundant debris of
eugeosynclinal rocks. Therefore, the initial local
emergence of eugeosynclinal rocks must have
occurred shortly after the Camp Creek sequence
was deposited.

If the Webb Formation of the Pifion Range and
the Camp Creek sequence of the southern Independ-
ence Range are precisely contemporaneous, as their
conodont faunas indicate, then the initial uplift and
erosion of eugeosynclinal rocks in the latitude of the
southern Independence Range lagged behind the
corresponding events in the latitude of the Pifion
Range. A presentation of all the evidence bearing
on the date of earliest thrusting in central Elko
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FIGURE 4.—Bedding surface features, Camp Creek sequence, showing flute casts displayed on undersides of basal calcarenite
beds of graded cycles. Evidently these were formed where calcareous sand filled current-scoured depressions at the top of
previously deposited graded cycles. These depressions are strikingly similar to those figured by Dzulyfiski and Walton
(1965, p. 44, 64, 67, 78).
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County is beyond the scope of this report, but one
thing is clear from the relations in the southern
Independence Range. The earliest thrusting in that
area postdates the deposition of the Camp Creek
sequence, .and again, if the Webb Formation and the
Camp Creek are precisely contemporaneous, the
oldest thrust fault in the latitude of the southern
Independence Range is distinctly younger than the
oldest thrust fault in the latitude of the Pifion
Range. This is consistent with evidence from the
northern Independence Range (Kerr, 1962) which
indicates that the earliest thrust faulting in that
more northern latitude is younger than the Chain-
man Shale of Mississippian age.
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STRATIGRAPHY AND GEOCHRONOLOGY OF MIOCENE VOLCANIC
ROCKS IN NORTHWESTERN NEVADA

By DONALD C. NOBLE'; EDWIN H. McKEE, JAMES G. SMITH;
and MARJORIE K. KORRINGA?, Cambridge, Mass.;
Menlo Park, Calif.; Stanford, Calif.

Abstract.—A thick succession of ash-flow and air-fall tuff
and mafic, intermediate, and silicic lavas in western Hum-
boldt and northern Washoe Counties, Nev., has been subdi-
vided, using widespread ash-flow sheets, four of which are
named herein, as key stratigraphic markers. The approxi-
mate original areal extent and definite or probable source
areas have been determined for many of the ash-flow sheets.
Potassium-argon age determinations show that most of the
volcanic rocks were erupted between 14.5 and 16 million
years ago, but that the lowest ash-flow unit described in this
paper is about 24 million years old. These ages indicate a
Miocene age for the volcanism.

A stratigraphically complex and chemically
diverse succession of pyroclastic rocks and lavas of
Miocene age that is well exposed by pervasive nor-
mal faulting in western Humboldt and northern
Washoe Counties, Nev. (fig. 1), was studied in
reconnaissance. The purposes of this preliminary
paper are: (1) to outline the Tertiary stratigraphy
of northwestern Nevada, with particular attention
to the major ash-flow sheets; (2) to present K-Ar
age data on certain of the volcanic units; and (3) to
report certain preliminary petrographic and chem-
ical observations on the tuffs and lavas.

The ash-flow sheets in northwestern Nevada
range from relatively thin “high-energy” (Noble,
1969) sheets of great areal extent to ‘low-energy”
sheets of very limited original distribution. Each of
the ash-flow sheets constitutes a single cooling unit;
no evidence for the existence of a composite sheet
has yet been recognized. (Terminology descriptive
of ash-flow units—for example, “cooling unit”,
“sheet”, and related terms—follows Smith, 1960, as
supplemented by Noble, Bath, Christiansen, and
Orkild, 1968, p. C61.) With several notable excep-

1 Department of Geological Sciences, Harvard University.
2 Department of Geology, Stanford University.

tions, the various sheets are lithologically distinc-
tive and readily identified in isolated outcrop.
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LOWER MIOCENE OR OLDER TERTIARY VOLCANIC
ROCKS

The oldest rocks exposed in the area include a
sequence of olivine basalt flows that underlie the
unit herein named the Ashdown Tuff in the central
part of the Black Rock Range, and a thick sequence
of locally altered lavas and subordinate pyroclastic
rocks that form the southern part of the Calico
Mountains. A K-Ar age of 31.3 = 1.2 million years
has been obtained on an intermediate rock from west
of the Calico Mountains (Bonham, 1969). These
rocks may in part correlate with minor air-fall, ash-
flow, and reworked tuffs along the western and
southern flanks of the Pine Forest Range and per-
haps with certain of the rocks included in the Oli-
gocene (?) and Miocene Pike Creek Formation in
southeastern Oregon (Walker and Repenning, 1965).
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FIGURE 1.—Index map of part of northwestern Nevada. A,
type locality of the Ashdown Tuff; I, type locality of the
Idaho Canyon Tuff; S, type locality of the Summit Lake
Tuff; SM, type section of the Soldier Meadow Tuff. Light
dashed lines show the boundaries of published U.S. Geo-
logical Survey 15-minute quadrangle maps, which should
be referred to for exact locations. For other locations, refer
to the Vya 1:250,000-scale map.

Ashdown Tuff

The Ashdown Tuff is here named for the Ash-
down mine on the west side of the Pine Forest
Range (fig. 1), where the unit forms a conspicuous
west-dipping hoghack. The formation 1is also
exposed along the western and southern flanks of
the Pine Forest Range and in scattered localities in
the northern, central, and southern parts of the
Black Rock Range. In the northwesternmost and

STRATIGRAPHY

southeasternmost parts of the Pine Forest Range,
the unit underlies mafic lavas that are the southern
extension of the Steens Basalt exposed on Steens
Mountain in southeastern Oregon (Fuller, 1931; Wil-
liams and Compton, 1953; Baldwin, 1964; Walker
and Repenning, 1965; G. W. Walker, oral commun.,
1969). The Ashdown Tuff forms the thickest cooling
unit exposed in the canyon walls of Cove Creek
(NE1; sec. 2, T. 42 N., R. 27 E.), designated its
type locality (fig. 2) directly northwest of Cove
Meadows. It also forms the thickest cooling unit on
the west face of the Black Rock Range southeast of
Summit Lake. Maximum observed thickness is
about 200 feet. The thickness and persistence of the
formation suggests that it is also present beneath
the northern part of the Calico Mountains, Big
Mountain, and the Black Rock Desert and in inter-
vening areas. The original volume probably was
approximately 30 to 60 cubic miles.

In most localities the Ashdown Tuff forms a
dark-tan- to reddish-brown-weathering cliff that is
densely welded and devitrified throughout most of
its vertical extent. Discontinuous horizontal jointing
is present in most exposures, but vertical columnar
jointing generally is poorly developed. Partial cool-
ing breaks are present locally. The basal glassy zone
is thin in most places.

In most places the tuff contains 15 to 25 percent
phenocrysts; a few ash flows within the unit con-
tain as few as 5 percent. Most of the phenocrysts
are unzoned and sparsely twinned phenocrysts of
anorthoclase (table 1) as large as 1 cm in greatest
dimension. Biotite, typically highly oxidized, and
uncommon grains of clinopyroxene make up 1 per-
cent or less of the rock. Lithic fragments of fine-
grained tan, pink, or gray lava of intermediate

FIGURE 2.—The Ashdown Tuff (dark rock at top of cliff) in
its type locality, the canyon of Cove Creek directly north-
west of Cove Meadows.
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TABLE 1.—Partial chemical analyses and molecular ab/ab+or
ratios of alkali feldspar phenocrysts
[Na:0 and K:0 analyses by L. B. Schlocker using flame-photometer

methods; Sr analyses by M. K. Korringa using X ray fluorescence
methods]

Tuff of Soldier

Rock unit —.____ Ashdown Craine Summit Lake Meadow
Tuff Creek Tu Tuff

Sample No. ______ N9-150-S N-42-8 N-25-S NR-11-8
Naz0 ___(wt percent) 7.47 6.65 7.44 S
K20 ____(wt percent) 5.84 6.88 5.64 7.54
ab/abtor __________ 0.685  0.595 0.692 N

[ b o S (ppm) 13. Te 35. <2.

composition make up from several percent to about
10 percent of the rock. In addition to the large
anorthoclase phenocrysts, the Ashdown Tuff contains
a second generation of distinctive lath-shaped sani-

dine microphenocrysts (fig. 3). The presence of

these microphenocrysts and the uncommon twinning
in the larger anorthoclase phenocrysts serve in thin
section to readily distinguish rocks of the Ashdown
Tuff from rocks of the megascopically similar
Summit Lake Tuff, described in a later section.

Two K-Ar age determinations on anorthoclase
gave an approximate age of 24 m.y., which suggests
that the formation is early Miocene.

Local unnamed ash-flow units

At least five unnamed ash-flow cooling units
which appear to be genetically related to the Ash-
down Tuff are locally present in the northern part
of the Black Rock Range and in the southern Pine
Forest Range (fig. 4). Although lithologically very
similar to the Ashdown, these units can be distin-

FIGURE 3.—Photomicrograph (crossed polarizers) of thin
section of the Ashdown Tuff, showing abundant lath-
shaped sanidine microphenocrysts characteristic of the
unit. Anorthoclase phenocryst in upper right-hand corner.
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guished in megascopic and microscopic examination
by small differences in petrology.

Source of Ashdown Tuff

Reconnaissance study suggests that the Ashdown
Tuff was erupted from a vent area centered about 5
miles east of Summit Lake in the northern part of
the Black Rock Range. Evidence for this location is
the distribution pattern and thickness variation of
the formation and the presence of the local ash-flow
units and thick intercalated air-fall tuffs and silicic
lavas in the area (compare Christiansen and others,
1968).

UPPER MIOCENE VOLCANIC ROCKS
Tuff of Craine Creek

Near Craine Creek (fig.1) an ash-flow unit, here
informally called the tuff of Craine Creek , is sepa-
rated from the underlying Ashdown Tuff by small
unnamed ash-flow sheets, and locally by silicic
lavas. In the vicinity of Idaho Canyon, along the
southern and western flanks of the Pine Forest
Range, and in the southern Pueblo Mountains, the
unit overlies mafic lavas.

The tuff of Craine Creek consists of a simple cool-
ing unit, less than 100 feet thick, having a rela-
tively thick basal zone of platy-weathering, partly to
densely welded, grayish-green to gray glassy tuff.
Crystallized tuff is generally light to medium tan.
Phenocrysts of sodic sanidine, quartz, and distine-
tive phenocrysts of micrographically intergrown
quartz and sanidine make up about 10 percent of
the rock. Altered mafic phenocrysts are present in
trace amounts. Fine-grained vapor-phase and
groundmass arfvedsonite is present in the crystal-
lized tuffs, indicating that the rock is peralkaline. A
K-Ar age determination on sanidine gave an
approximate age of 16 m.y., which suggests late
Miocene.

Stratigraphic relations (fig. 2), similar distribu-
tion pattern, and close similarity in phenocryst min-
eralogy suggest that the tuff of Craine Creek may
be genetically related to the Idaho Canyon Tuff,
described later in this report.

Tuff of The Mesa

In the southeastern part of the Pine Forest
Range and locally along the eastern flank of the
Black Rock Range, mafic lavas petrographically
resembling the Steens Basalt overlying the Ash-
down Tuff are in turn overlain by a thin cooling
unit of moderately phenocryst-poor comendite ash-
flow tuff. A lithologically identical unit of tuff is
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(Calico Mountains) (Northern Calico Mountains, Black Rock Range)

Younger tuffs and lavas
Soldier Meadow Tuff
Tuff of Trough Mountain

Tuff of Indian Spring
Summit Lake Tuff

Tuff of The Mesa and tuff of Craine Creek

(Northern Black Rock Range, Pine Forest Range) (Pueblo Mountains)

Tuff of Big Mountain

Idaho Canyon Tuff

Steens Basalt

Lat 41° N 0

Lat 42° N

15 20 25 MILES
— 5 S

FI1GURE 4.—Diagrammatic cross section extending from the southern part of Calico Mountains north-northeast to the southern
part of the Pueblo Mountains, showing stratigraphic relations of ash-flow units. Some rock units are projected into the
section. Local unnamed ash-flow units which may be genetically related to the Ashdown Tuff are shown by dashed lines.

locally intercalated with the lavas in the southeast-
ern Pine Forest Range. These tuffs, informally des-
ignated tuff of The Mesa, are megascopically and
microscopically very similar to the tuff of Craine
Creek except that they contain considerably more,
approximately 1 percent total, mafic phenocrysts—
iron-rich clinopyroxene, fayalite, and magnetite.
The units probably are of restricted areal extent
and very small original volume.

Idaho Canyon Tuff

The Idaho Canyon Tuff is here named for expo-
sures at Idaho Canyon, Big Mountain (figs. 1, 5).
At the type locality, in the center of sec. 1, T. 43 N.,

F1GURE 5.—Exposures of Idaho Canyon Tuff (arrows) near
the mouth of Idaho Canyon. Ash-flow tuffs of the tuff of
Big Mountain are on the skyline. View west.

R. 26 E., the formation directly overlies the tuff of
Craine Creek, forming the upper part of the north-
trending ridge east of Idaho Canyon and directly
south of the mouth of the canyon. North of the type
locality, the Idaho Canyon Tuff forms a prominent
dark-colored cliff low on the eastern flank of Big
Mountain. From a maximum thickness of about 400
feet at the type locality, the formation thins east,
south, and southeastward and pinches out in the
Pine Forest Range and the northern part of the
Black Rock Range. Thick and extensive exposures
of the formation north and northeast of Gooch
Table (for example, at lat 41°54’00” N.; long
119°17/20” W.) in northwestern Humboldt County,
and northeastern Washoe County, Nev. (fig. 1),
thin northward into Oregon, where the Idaho
Canyon Tuff is stratigraphically above the Steens
Basalt (Walker and Repenning, 1965).

In most localities the Idaho Canyon Tuff is
densely welded and granophyrically crystallized
throughout nearly all of its vertical extent. The
rock is grayish green, gray, or tan, weathering to a
very dark brown. Highly flattened lenticular gas
cavities, localized by pumice fragments (Noble,
1968b), are present in the central part of the unit;
and in many places one or more zones of spherical
to somewhat flattened lithophysal cavities are found
near the top of the formation. Phenocrysts of soda-
rich sanidine, quartz, and rare micrographically



NOBLE, MCKEE, SMITH, AND KORRINGA

intergrown quartz and sanidine constitute several
percent of the tuff in most places, and near the top
of the unit they are commonly as much as 5 to 15
percent, Lithic fragments are rare. In composition

the tuff is comendite, the peralkaline character of -

the rock being shown by the presence of vapor-
phase arfvedsonite in the gas cavities and fine-
grained sodic amphibole and pyroxene in the
groundmass, The Idaho Canyon Tuff is remarkably
similar in physical appearance to the Grouse
Canyon Member of the Belted Range Tuff in south-
ern Nevada (Sargent and others, 1965; Noble, Sar-
gent, and others, 1968 ; Noble, 1970).

The Idaho Canyon Tuff thickens from the south-
east and northwest toward Virgin Valley (fig. 1),
which is in the approximate center of the distribu-
tion of the formation. Although these thickness
relations suggest that the source is in the general
vicinity of Virgin Valley, no exposures of the Idaho
Canyon Tuff have yet been recognized in the area.
The Idaho Canyon presumably is present at depth
beneath the upper Miocene vertebrate-bearing
strata (Merriam, 1910) exposed in the Virgin
Valley area.

No K-Ar dates were obtained on the Idaho
Canyon Tuff. However, the stratigraphic relations
indicate that it is younger than the tuff of Craine
Creek and older than the Summit Lake Tuff (fig.
4). Thus the age of the Idaho Canyon is considered
to be late Miocene (about 15.5 m.y.).

Summit Lake Tuff

The Summit Lake Tuff is here named for expo-
sures in the vicinity of Summit Lake, Rock Spring
Table quadrangle. The type locality is 'in the
SW1,NW1, sec. 35, T. 43 N.,, R. 26 E., Idaho
Canyon quadrangle, in the northwestern part of the
Black Rock Range, where the formation directly
overlies the Idaho Canyon Tuff. An easily reached
section in the southeastern part of the Calico Moun-
tains is at lat 41°10°00” N., long 119°09’15” W. The
formation has been traced from the west-central part
of the Pine Forest Range to the southernmost part
of the Black Rock Range and to lat 41°08’ in the
southern part of the Calico Mountains. Extensive
exposures of the Summit Lake Tuff are present in
the general vicinity of Massacre Lake in northern-
most Washoe County, Nev., and the formation also
has been recognized at several locations farther to
the south in Washoe County. The original areal ex-
tent of the Summit Lake Tuff exceeds 3,000 square
miles. Only in a few places, however, does the for-
mation exceed 100 feet in thickness, and its original
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volume probably was no greater than 50 cubic miles.
Based on the presently known distribution pattern,
the source of the Summit Lake Tuff would appear
to be located in westernmost Humbolt County at a
latitude of about 41°25’ N.

The Summit Lake Tuff typically forms a single
well-defined, though somewhat rounded, cliff of
densely welded very dark brown to dark-reddish-
brown-weathering tuff. Discontinuous horizontal
jointing is conspicuous in most exposures, and lenti-
cular gas cavities are well developed in many out-
crops. Densely welded devitrified tuff tends to disin-
tegrate into equant blocks averaging 3 to 10 mm in
diameter. A relatively thin basal vitrophyre is pres-
ent locally.

Rocks of the formation contain about 20 to 25
percent total phenocrysts, mainly anorthoclase
with distinctive polysynthetic twinning (fig. 6, table
1). Biotite, strongly oxidized in devitrified rocks,
clinopyroxene, and amphibole compose 1 to 2 per-
cent of the rock, and generally light-colored lithic
fragments of intermediate volcanic rock compose
from 2 to about 10 percent of the rock.

K—-Ar determinations on anorthoclase give an
approximate age of 15.5 m.y., which suggests a late
Miocene age for the unit.

Tuff of Indian Spring

A cooling unit of light-gray- to tan-weathering,
phenocryst-poor ash-flow tuff, ranging in thickness
from 10 to approximately 100 feet, locally overlies
the Summit Lake Tuff in the northern Black Rock
Range, south of Big Mountain, in the western Pine
Forest Range, and along the east flank of the Black
Rock Range. In most places the unit has an unu-
sually thick, partly welded basal glassy zone. Pheno-
crysts consist mainly of soda-rich alkali feldspar.
Presently available data do not indicate whether
these exposures belong to one or to more than one
ash-flow sheet.

Tuff of Big Mountain

A partly welded, subalkaline ash-flow tuff, 300
feet thick, caps the eastern edge of Big Mountain
near the mouth of Idaho Canyon (fig. 5). The unit,
designated the tuff of Big Mountain, thins markedly
to the north, south, and west, and probably origi-
nally covered an area of less than 100 square miles.
The tuff is tan to gray, contains 10 to 15 percent
phenocrysts of sanidine and quartz, and exhibits
well-developed vapor-phase crystallization, particu-
larly of the pumice fragments. North of Big Moun-
tain, the unit overlies the Summit Lake Tuff and a
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FI1GURE 6.—Photomicrographs (crossed polarizers) of anor-
thoclase phenocrysts from the Summit Lake Tuff, showing
characteristic coarse twinning.
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cooling unit here assigned to the tuff of Indian
Spring, and in turn is overlain by the Soldier
Meadow Tuff.

Tuff of Trough Mountain

A thick sequence, locally exceeding 1,000 feet, of
air-fall tuff, nonwelded ash-flow tuff, and numerous
cooling units of partly to densely welded tan, gray,
or greenish- or bluish-gray ash-flow tuff overlies the
Summit Lake Tuff in the vicinity of Trough Moun-
tain (fig. 1). Most of the tuffs are aphyric or pheno-
cryst-poor, but a few units contain as much as 10
percent sanidine phenocrysts. In most places the
welded tuffs are granophyrically crystallized. Sodic
amphibole is present in most of the primarily crys-
tallized rocks, showing that the tuff of Trough
Mountain is of peralkaline chemical character. The
tuff of Trough Mountain overlies and is intruded by
aphyric to phenocryst-poor peralkaline lavas which
may prove to be genetically related to the tuffs.

The unit thins in all directions from Trough
Mountain; original areal extent probably did not
exceed 400 square miles. Welded airfall tuffs are
present within the tuff of Trough Mountain
between the western flank of Trough Mountain and
the Soldier Meadow Ranch (fig. 1), suggesting that
the unit was erupted from a north-south-trending
series of small vents.

Soldier Meadow Tuff

The Soldier Meadow Tuff is here named for
exposures west of Soldier Meadow (fig. 1). The
type section is located in the northern part of the
Calico Mountains, 5 miles west-southwest of the
Soldier Meadow Ranch, at lat 41°22’30” N., long
119°15740” W. (fig. 7). A good reference section for
the formation in the northern part of its areal

F1GURE 7.—Type section of Soldier Meadow Tuff, 390 feet
thick, exposed west of Soldier Meadow.
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extent is located at lat 41°34’30” N., long
119°11/30” W. The ash-flow sheet has been traced
from the Calico Mountains at lat 41°12’ N. for
nearly 40 miles to points directly south of Big
Mountain and west and northeast of Badger Moun-
tain (fig. 1). Erosional remnants of the Soldier
Meadow Tuff cap the central part of the Black Rock
Range. Very large lithic fragments of Soldier Mea-
dow Tuff in local air-fall tuffs, thickness variations
in the unit, and the location of the vent area (see
below) suggest that the formation is also present
at depth over perhaps 500 square miles in north-
eastern Washoe County.

The Soldier Meadow Tuff typically shows very
regular and well-developed vertical columnar joint-
ing and conspicuous, laterally persistent horizontal
jointing. In the type locality and in other localities,
the multiple ash-flow character of the sheet is
clearly shown by numerous partial cooling breaks
and partings and by minor lithologic differences
between successive depositional units.

Rocks of the Soldier Meadow Tuff are bluish
gray, tan, and, in a few localities, grayish green,
very light gray, or medium orange brown; in most
localities they weather to a very deep brown. Phen-
ocrysts of smoky quartz and soda-rich sanidine
make up 20 to 25 percent of the rock, arfvedsonite
and iron-rich clinopyroxene less than 1 percent
each. Most rocks are granophyrically crystallized.
Well-developed vapor-phase arfvedsonite and
groundmass sodic amphibole and clinopyroxene
clearly demonstrate the peralkaline character of the
unit, and preliminary chemical data (Noble, Chip-
man, and Giles, 1968 ; M. K. Korringa, unpub. data)
show that the rock is comendite rather than pantel-
lerite. Cognate lithic fragments composed of earlier
formed, welded Soldier Meadow Tuff are present in
certain ash flows and locally constitute as much as
50 percent of the flow.

Detailed field study shows that the Soldier
Meadow Tuff was erupted from a north-south-
trending series of vents centered 5 miles north of
the Soldier Meadow Ranch (Korringa and Noble,
1970). The vents are defined by fluidal-flow patterns
in very fluid comendite lavas that were erupted
immediately after the Soldier Meadow Tuff and by
the local presence of abundant welded air-fall tuff
in the upper part of the Soldier Meadow Tuff. The
lavas are identical with the Soldier Meadow Tuff
petrographically, chemically, and in general megas-
copic appearance and in most places cooled and
crystallized in continuum with the underlying tuff
as shown by the absence of a complete cooling
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break. No discernible subsidence followed eruption.

Two K-Ar age determinations, one on sanidine
and one on nonhydrated glass from the Soldier
Meadow Tuff, gave an approximate age of 15 m.y.,
which suggests that the unit is late Miocene.

Younger tuffs and lavas

In northeastern Washoe County and westernmost
Humboldt County, the Soldier Meadow Tuff is over-
lain by a distinctive unit of nonwelded, phenocryst-
poor, glassy air-fall tuff and by reworked tuff.
These tuffs are intruded and overlain by dikes,
domes, and flows of comendite lava (Noble, Chip-
man, and Giles, 1968 ; Bonham, 1969). Most of these
lavas are aphyrie, but some contain as much as 10
percent sanidine phenocrysts. Biotite-bearing silicic
lavas, presumably subalkaline, locally are abundant
north of Gooch Table, Virgin Valley, and Big Moun-
tain (fig. 1). The silicic lavas in turn are overlain by
intermediate and mafic lavas that appear to become
progressively more abundant westward towards the
Nevada-California border. The youngest igneous
rock recognized in northwestern Nevada is the Mesa
Basalt of Merriam (1910), which has a K—Ar age
of 1.2 m.y. (Walker and Swanson, 1969).

PRELIMINARY PETROCHEMISTRY

The silicic tuffs and lavas in northwestern Nevada
include both subalkaline and peralkaline types
(Noble, Chipman and Giles, 1968; Noble, McKee
and Creasy, 1969). The subalkaline rocks include
the Ashdown and Summit Lake Tuffs, the tuff of
Big Mountain, rhyolite lavas which overlie the Ash-
down Tuff througout the Black Rock Range, and
late Miocene rhyolites in northwestern Humboldt
County. The peralkaline rocks all contain less than 4
weight percent iron as FeO and thus should be
termed comendites (Noble, 1968c). The close asso-
ciation in space and time of peralkaline and subal-
kaline silicic volcanic rocks is similar to that
observed in late Miocene and Pliocene volcanic ter-
ranes in southern Nevada (Noble and others, 1965;
Noble, 1968a). The peralkaline and many of the
subalkaline rocks are very highly differentiated.
This is shown most obviously by the persistent
absence of plagioclase phenocrysts and is corrobor-
ated by the very low Sr content of sanidine pheno-
crysts (table 1) and of whole rocks and groundmass
material (Noble, Haffty, and Hedge, 1969; M. K.
Korringa and D.C. Noble, unpub. data).

Intermediate rocks include aphyric and pheno-
cryst-poor high-potash andesite that is petrographi-
cally and chemically similar to rocks from south-
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eastern Oregon and northwestern Nevada described
by Fuller (1931) and LeMasurier (1968) and, in
the southern part of the Calico Mountains, pheno-
cryst-rich calc-alkalic rocks which appear to be sim-
ilar to rocks described from other parts of the
Great Basin (see, for example, Thompson and
White, 1964 ; Anderson and Ekren, 1968). The mafic
rocks are mainly diktytaxitic lavas, some containing
large blade-shaped plagioclase phenocrysts, presuma-
bly chemically similiar to the high-alumina and
somewhat low-magnesia basalts found in southeast-
ern Oregon (Fuller, 1931; Walker, 1970).

The eruption of silicic voleanic rocks with and
immediately after voluminous mafic lavas, which
themselves appear to have undergone appreciable
differentiation (Gunn and Watkins, 1970), is of
considerable petrogenetic interest, suggesting as it
does that the silicic melts may have been produced
by extreme fractional crystallization of mafic
magma. Also notable is the intimate association in
space and time of these rocks (which comprise a
bimodal basalt-rhyolite association similiar in many
ways to those, for example, of Yellowstone National
Park, Wyoming, and Iceland) with high-potash
andesites and quartz latites of the cale-alkalic suite
which do not appear to be differentiation products
of the basaltic magma.

K-Ar AGE DETERMINATIONS

Ages were determined on six sanidine separates
and three specimens of nonhydrated glass using
standard isotope dilution procedures on a Nier-type,
6-inch-radius, 60°-sector mass spectrometer (table
2). A K-Ar age of 15.6 m.y. has been determined by
Evernden, Savage, Curtis, and James (1964, p. 189
Bonham, 1969, p. 18) on sanidine from a pumicite
from near Massacre Lake in northern Washoe Coun-
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ty. This sample was probably from the Summit Lake
Tuff, which is the only conspicuous ash-flow unit ex-
posed in the area.

The isotope data show that most of the Tertiary
volcanic rocks in mnorthwestern Nevada were
erupted during the late Miocene, about 15 or 16
m.y. ago. Following this intense pulse of igneous
activity, there was a hiatus of several million years
before the reinception of mafic volcanism in the
Pliocene. The Ashdown Tuff represents an earlier
volcanic episode, perhaps the same episode that pro-
duced the voluminous subalkaline silicic lavas in the
Black Rock Range. Basalt very similar to the Steens
Basalt was erupted at a number of places in north-
western Nevada during a restricted interval of
time. In the southern Pueblo Mountains, along the
west flank and southeastern portion of the Pine
Forest Range, in the Idaho Canyon area, in the
southern Calico Mountains, and in various places in
the Black Rock Range, basaltic volcanism postdates
the deposition of the Ashdown Tuff. In most of
these areas, the basalts are overlain by the tuff of
Craine Creek, the tuff of The Mesa, or the Idaho
Canyon Tuff. In the southern part of the area, how-
ever, where the tuff of Craine Creek and the Idaho
Canyon Tuff are not present, the basalts are over-
lain by the Summit Lake Tuff. No K-Ar determina-
tions have been made on the mafic or intermediate
lavas. However, comparison with the Steens Basalt,
for which numerous age determinations of approxi-
mately 15 m.y. have been obtained (Evernden and
others, 1964 ; Baski and others, 1967), suggests that
most of the mafic lavas in northwestern Nevada
belong to the late Miocene period of volcanic activ-
ity. The absence of K-Ar ages in the 16-24-m.y.
interval reflects the marked decrease in volcanic
activity in the Great Basin during the middle Mio-

TABLE 2.—Potassium-argon age determinations on rocks from mnorthwestern Nevada

K20 Radiogenic Radiogenic
Latitude Longitude (weight Ar® r Age
Unit Field No.1 (N.) (W.) percent)? (moles/g) (percent) (m.y.)

Young comendite lava ___________ NN-21B-NG 41°1820”  119°35'00” 4.52 1.016 x 10-10 79.95 15.1%=0.5
N-13A-NG  41°21'40” 119°21'55" 4.55 1.038 x 10-10 66.28 15.3%= .5

Soldier Meadow Tuff ____________ NR-11-8 41°2125"  119°04’40” 7.54 1.651 x 10-10 12.51 147+ .5
Soldier Meadow Tuff3 ___________ M-90-NG 41°27°00” 119°09'15” 4.60 1.061 x 10-10 16. 15.6+1.7
Summit Lake Tuff ______________ N-25-S 41°34'10” 119°01'15” 5.64 1.264 x 10-10 72.25 151+ .5
Tuff of Craine Creek ____________ N-42-S 41°3515” 118°5500” 6.88 1.598 x 10-10 52.68 157+ .5
Ashdown Tuff N9-150-S 41°3540” 118°51'10” 5.84 42.198 x 10-10 60.25 2563+ .9
42.054 x 10-1© 54.31 23.7x 7

N-SL-C3-S 41°30'00” 119°01’00” 5.96 2.117 x 10-10 51.48 23.9+ .7

Ae = 0.585 x 10-10 yr-1
AB = 4.72 X 10-10 yr2
Abundance ratio: K4/K = 1.19 x 10-* atom per atom

K+ decay constants:

1 NG, nonhydrated glass; S, sanidine.

2 Determined by flame photometer methods with lithium internal standard,
L. B. Schiocker, analyst.

4 From Marvin and others (1970).

4+ Two-argon analysis from the same sanidine separate.
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cene (McKee and others, 1970) before resumption
of volcanism toward the margin of the Great Basin
(Armstrong and others, 1969).

RELATIONSHIP OF BASIN-RANGE FAULTING
AND VOLCANISM

The Tertiary structure in northwestern Nevada is
dominated by closely spaced north-, northwest-, and
northeast-trending high-angle faults. The faults
define a complex pattern of intimately related
horst-and-graben structure, major tilted fault
blocks, and relatively undeformed plates character-
ized by the presence of two systems of high-angle
faults intersecting at a high angle (compare
Donath, 1962). Faulting is particularly intense in
the vicinity of through-going grabens that appear
to be the principal loci of late Cenozoic deformation
(compare Stewart, 1969).

A major fault bounds the west side of the Black
Rock Range, where the Soldier Meadow Tuff has
been offset more than 3,000 feet; more than 3,000
feet of displacement has been recognized by Willden
(1964) in the Pine Forest Range.

Faulting has continued from the late Miocene
through the Quaternary. The oldest faulting so far
recognized was contemporaneous with the deposi-
tion of the late Miocene ash-flow sheets. This is well
shown in the southwestern Pine Forest Range by
angular discordance and progressive offlap relations
between the Ashdown Tuff, the tuff of Craine Creek,
the Idaho Canyon Tuff, and the Summit Lake Tuff.
Comparable relations in lava flows have been
observed by G. W. Walker (oral commun., 1969) at
Steens Mountain and adjacent areas in southeastern
Oregon. Major late Quaternary faulting is demon-
strated by numerous vertical offsets of as much as
several hundred feet in the Mesa Basalt of Merriam
(1910) between Idaho Canyon and Summit Lake
(fig. 1) ; Willden (1964) reports faults that offset
alluvium along the west side of the Jackson Moun-
tains (fig. 1). The long duration of high-angle fault-
ing is similar to that observed in south-central
Nevada, where faulting continued through much of
the Miocene and Pliocene (for example, Ekren and
others, 1968). Such evidence as (1) the remarkable
lack of erosion of most of the fault blocks, (2) the
presence of major nondissected landslides along the
western side of the Black Rock Range, the eastern
Flank of Big Mountain, the southern part of the
Pine Forest Range, and elsewhere, and (3) the
ubiquitous tectonic control of drainage (see, for
example, Willden, 1964, p. 77-78) shows that much

of the major high-angle faulting in the area was
very recent. :
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OUTLIER OF CASEYVILLE SANDSTONE NEAR PRINCETON,
KENTUCKY, MAY BE BETHEL SANDSTONE

By J. J. CONNOR and R. D. TRACE,

Denver, Colo., Princeton, Ky.

Abstract.—Geochemical studies indicate that an isolated
outcrop mapped as Caseyville Sandstone (Lower Pennsyl-
vanian) near Princeton, Ky., is more closely allied in its
composition to sandstones of Mississippian age. Recent
regional geologic studies suggest that it may in fact be part
of the Bethel Sandstone of Late Mississippian age.

Recent studies have shed light on the strati-
graphic relation of an isolated outcrop of sandstone
northwest of Princeton, Ky. (fig. 1). The sandstone
crops out in a narrow northeast-trending graben in
limestones of the Renault Formation and Ste. Gene-
vieve and St. Louis Limestones (Upper Missis-
sippian). Most of the sandstone in this outlier has
been mapped as part of the Caseyville Sandstone of
Early Pennsylvanian age (Sample, 1965; see also
Jillson, 1927), although its true stratigraphic posi-
tion has long been uncertain. The purpose of this
report is to present evidence suggesting that the
sandstone is in fact an outlier of the Bethel Sand-
stone of Late Mississippian age.

The outcrop lies near the southeastern edge of
the extensively faulted western Kentucky fluorspar
district. Discontinuous outcrops of sandstone are
common throughout the fluorspar district, but the
outcrop near Princeton is unusual in that its strati-
graphic isolation and lack of diagnostic fossils made
stratigraphic assignment difficult. Assignment of
the sandstone in this outcrop to the Caseyville
Sandstone is justified principally because of the
presence of locally contained conglomeratic and
coarse-grained sandstone. Such sandstone is gener-
ally considered to be diagnostic of a Pennsylvanian
age in this part of Kentucky.

Two lines of evidence, however, suggest that the
sandstone in question is not part of the Caseyville
Sandstone. Connor (1969, p. 30), in a study of geo-
chemical differences between Mississippian and

Pennsylvanian sandstones in Kentucky, concluded
that the sandstone in this outcrop is more closely
allied in its chemical composition to sandstones of
Mississippian age. This study made use of a discrim-
inant function based on relative content of ALO,,
MgO, H.O+, TiO,, and Cr, which correctly assigned
(in a preliminary study) 133 out of 159 hand speci-
mens of Mississippian and Pennsylvanian rocks col-
lected from outcrops across the State. Applied to
four hand specimens from the outcrop in the Prince-
ton West quadrangle, this function classified three
as Mississippian and one as Pennsylvanian by com-
position.

The second line of evidence is structural. If sand-
stone in the graben is in fact part of the Caseyville,
the total throw on the bounding faults seems
excessive. If a normal stratigraphic sequence of
Chester and Meramec rocks underlies the outecrop,
displacement here must exceed 1,300 feet; faults
with throws of this magnitude are not unknown in
this part of the State (indeed, there is just such a
fault in the southeast corner of the Olney quadran-
gle), but they are uncommon. Moreover, the partic-
ular fault zone bounding the outcrop has been
traced nearly 25 miles to the southwest (Sample,
1965; Rogers, 1963; Hays, 1964; Fox and Olive,
1966) and stratigraphic offset elsewhere does not
exceed 600 feet. Thus, 1,300 feet of throw near
Princeton seems unrealistic, particularly for a
graben of such narrow proportions.

If one provisionally accepts the fact that the
sandstone in question is not Pennsylvanian, then
the sandstone most likely is Late Mississippian
(Chester) because it lacks the abundant gravel con-
tent and weak cementation of the Tuscaloosa For-
mation (Cretaceous) which constitutes the only
realistic alternative in the immediate area. Chester
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FiGURE 1.—Map showing relation of Caseyville(?) Sandstone
outcrops to Bethel channel. Modified from Rogers (1963),
Sample (1965), Reynolds and Vincent (1967), Trace and
Kehn (1968), and Sedimentation Seminar (1969).

rocks of the fluorspar district include at least seven
named sandstones (Trace, 1962), and it seems highly
probable that this sandstone is one of them. Figure
1 demonstrates that the outcrop lies on a line with a
sinuous channel sandstone that has been traced
(partly in subsurface) for more than 200 miles to
the northeast (Reynolds and Vincent, 1967). This
sandstone has been identified as a channel facies of
the Bethel (Mooretown) Sandstone. Near the Ohio
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River the sandstone ranges in thickness from 150 to
200 feet and rests in a steep-sided channel, more
than a half mile wide, which has been cut into the
underlying Paoli, Ste. Genevieve, and St. Louis
Limestones (Sedimentation Seminar, 1969, p. 9). In
the subsurface north of Princeton, the same channel
is cut at least 50 feet into the Ste. Genevieve Lime-
stone (Trace and Kehn, 1968) and is filled with as
much as 210 feet of sandstone. In view of the loca-
tion of the outcrop in the Princeton West quadrangle
and its juxtaposition with the Ste. Genevieve and
St. Louis Limestones, it is here proposed that the
outcrop of mapped Caseyville Sandstone northwest
of Princeton, Ky., is in fact a part of the channel
facies of the Bethel Sandstone of Late Mississippian
age.

The presence of coarse or conglomeratic sand-
stone in the outcrop in the Princeton West quadran-
gle is consistent with assignment to either the Cas-
eyville or the channel facies of the Bethel
Sandstone. Near Fort Knox, Ky., the lower part of
the channel fill contains some quartz granules and
pebbles (Sedimentation Seminar, 1969, p. 11). As
an area of higher than average environmental
energy, the channel might be expected to serve as a
conduit and resting place for coarser than average
sediments.

Finally, it may be noted that Trace and Kehn
(1968) have mapped an additional ambiguous out-
crop of Caseyville(?) Sandstone in the southwest
corner of the Olney quadrangle. This outcrop also
lies near the edge of the Bethel channel, and
although the temptation to assign the outcrop to the
channel facies of the Bethel Sandstone is strong, its
proxinity to known Caseyville and lack of corrobor-
ative evidence (such as geochemical affinity) pre-
clude such a proposal here.
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PLEISTOCENE STRATIGRAPHY OBSERVED IN A PIPELINE
TRENCH IN EAST-CENTRAL CONNECTICUT AND ITS

BEARING ON THE TWO-TILL PROBLEM

By MAURICE H. PEASE, JR., Boston, Mass.

Abstract—Four lithostratigraphic units—bedrock, lower
till, upper till, and glaciofluvial deposits—were exposed in a
17-mile-long pipeline trench in east-central Connecticut
during 1966. Bedrock is generally overlain by till in the
uplands and by glaciofluvial deposits in valleys. The lower
till, most extensive in uplands between bedreck highs, is oxi-
dized, olive brown, and compact. The upper till, which forms
a thin veneer above bedrock and lower till almost every-
where in the uplands, is less oxidized, olive gray, and fria-
ble. Glaciofluvial deposits consist of crudely stratified gravel
and sand having few fine-grained constituents. At many
localities in New England the presence of an oxidation pro-
file as much as 40 feet deep beneath an upper unoxidized till
and the occurrence of contorted and truncated structures in
the underlying till indicate that an older till probably was
deposited during an early ice advance and was overridden by
a later ice sheet. Such evidence for two ice advances was not
apparent in the trench, but the lower and upper tills in the
trench have been correlated with the older and younger tills
on the basis of lithology, texture, and stratigraphic position.

A 17-mile-long, nearly continuous, shallow cross
section of the Pleistocene deposits of east-central
Connecticut was exposed for a few weeks during
the summer of 1966 in a trench excavated for a
pipeline by the Algonquin Gas Co. The writer had
an opportunity to examine the geology of the trench
during the brief period that it was open. During
this same summer, the Connecticut State Highway
Department provided a rotary drill rig to investi-
gate the distribution of bedrock formations beneath
Pleistocene deposits along the Spring Hill-Hampton
quadrangle border south of the trench. Seven holes
were drilled to a maximum depth of 72 feet into
bedrock (fig. 14), and Pleistocene material and
bedrock were examined. The report that follows is a
description and interpretation of the Pleistocene
deposits. Thomas F. McGuire assisted in the field.

The trench was excavated for a gas transmission
line from New York across Connecticut to Boston.

The segment of the trench open in 1966 extended
from Spring Hill on State Route 195 in the south-
west part of the Spring Hill quadrangle, northeast
through the Hampton and Danielson quadrangles,
to the southwest corner of the Putnam quadrangle,
Connecticut (fig. 14). The average width of the
trench was 5 feet; its average depth was 8 feet, but
locally it reached depths of 15 feet.

The nearly continuous profile of Pleistocene
deposits provided an unusual opportunity to exam-
ine their distribution relative to bedrock and topo-
graphic relief and to study the lateral configuration
of stratigraphic contacts. The vertical dimension of
this profile, however, is limited by the shallow depth
of the trench. The Highway Department drill holes
and water wells in the vicinity of the trench pro-
vided additional data on depth to bedrock and thick-
ness of surficial deposits.

Low rounded hills dissected by southward-flowing
streams characterize the topography of the area.
Major streams are the Fenton and Mount Hope
Rivers in the Spring Hill quadrangle and the Nat-
chaug River in the Hampton quadrangle. The lowest
altitude along the trench is 240 feet in the Fenton
River valley; the highest is 710 feet about 114 miles
east of the Natchaug River. Local relief is generally
slight; a maximum slope of about 16° is traversed
on the west side of the Fenton River valley.

Exposures in the trench have been assigned to
four principal lithostratigraphic units: bedrock,
lower till, upper till, and glaciofluvial deposits.
Bedrock was exposed in about 12 percent of the
trench, including a 114-mile stretch of continuous
outcrop in the Hampton quadrangle. Outcrops as
much as 14, mile long were exposed on a few steep
slopes, but most were only 50 to 100 feet long. Rock
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FI1GuRe 1.—Index map, A, showing location of trench. Numbered localities indicate Connecticut Highway Department drill
holes. B, Topographic profile of trench. Numbered localities projected from surface to baseline of section (line shows ap-
proximate length of locality). Symbols indicate deepest lithostratigraphic unit (see text) exposed in trench. Distribution
of upper till not shown, but it is generally present except in major stream valleys and on largest rock exposures.

rarely crops out above trench level, and no bedrock present in less than 5 percent of the trench, include
was observed in the major stream valleys. Till was ice-contact deposits, preserved along the principal
exposed along 90 percent of the trench, and com- valley margins above present stream level, and
monly both tills were present. Glaciofluvial deposits, small isolated deposits in the uplands. Recent allu-
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vium and swamp deposits were poorly preserved in
the trench because they were either disturbed by
excavation or covered by water.

LITHOSTRATIGRAPHIC UNITS
Bedrock

Exposures west of the Mount Hope River in the
Spring Hill quadrangle are interlayered medium-
grained quartzofeldspathic gneiss and biotite schist
and minor gneissoid pegmatite. Pegmatite is rarely
exposed east of the Mount Hope River. Nonlayered
felsic gneissoid quartz monzonite occurs east of
the Mount Hope River and the East Branch of
Stonehouse Brook. From this brook to the end of
the trench in the Putnam quadrangle, the rock is
mostly schist except for the 114,-mile exposure in the
center of the Hampton quadrangle which is gneis-
soid quartz monzonite. Two types of schist are pres-
ent west of the long quartz monzonite exposure:
strongly foliated biotite-muscovite (staurolite)
schist and granular biotite schist containing layers
rich in calc-silicate minerals. East of the gneissoid
quartz monzonite, thin-layered to laminated fine-
grained biotite schist containing trace amounts of
muscovite predominates.

The hard, competent, and felsic quartzofeld-
spathic rocks are resistant to weathering and to
abrasion and erosion by overriding ice. They com-
monly form bedrock highs. The schists readily
weather to brown micaceous saprolite and silty
clayey soil and were readily quarried by ice.

Lower till

The lower till is homogeneous, olive brown, mas-
sive, very poorly sorted, and stony. Anastomosing
joints containing hard dark-brown platy deposits of
iron and manganese are characteristic. Most are
roughly parallel to the local topography and are so
closely spaced as to form a crude fissility in the till.
The matrix of the till is hard compact sand, silt,
and clay having a pronounced olive-brown iron oxi-
dation; subangular to subrounded pebbles, cobbles,
and boulders generally amount to less than 25 per-
cent by volume. Most are from local bedrock, but
glacial erratics account for as much as 10 percent
of the volume. Resistant quartzofeldspathic stones
are most common; schist apparently is so readily
ground up that schist slabs are present only directly
above schist bedrock. No systematic vertical or hor-
izontal variation in the color or texture of the lower
till was observed, but it is locally mottled light and
dark olive brown. No deposits of Pleistocene age
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were observed in the trench below the olive-brown
lower till.

Upper till

The upper till is olive gray to light gray, massive
to crudely stratified, and stony. It is characteris-
tically sandier and more friable than the lower till.
The matrix is chiefly sand mixed with silt and clay
showing little or no evidence of oxidation; stones
compose 25 percent or more of the till and are
mostly resistant little-weathered quartzofeldspathic
pebbles, cobbles, and boulders of gneiss and igneous
rock. Less resistant schist fragments are rarely
incorporated in the till more than 2 feet above
schist bedrock. Rock types typically reflect a more
varied source than that of the lower till. Lenses of
pebble gravel and sand bearing almost no silt or
clay are common within the upper till. Most are a
few feet long and less than 6 inches thick, but sev-
eral as much as 3 feet thick were observed. The
upper till locally is mottled by streaks rich in olive-
brown clay or yellowish-gray sand. Sand forms
yellow- to orange-gray halos around a few rusty
weathered stones. The maximum thickness of upper
till exposed in the trench is about 8 feet, and in
most exposures it is less than 4 feet. Weak oxida-
tion is apparent in the upper part of this till in
some exposures.

Glaciofluvial deposits

Glaciofluvial deposists consist of interstratified
sand and gavel containing little or no clay, silt, or
fine sand. Crudely stratified gravel predominates in
most exposures; it is poorly sorted and contains
well-rounded pebbles, cobbles, and boulders and 10
to 60 percent medium- to coarse-grained sand.
Stones are a heterogeneous assortment of hard,
resistant quartz-rich metamorphic and igneous rock.
Distinct layers and lenses of moderately well sorted,
fine- to coarse-grained sand a few inches to several
feet thick are interlayered with the gravel. The
sand consists chiefly of quartz and feldspar but con-
tains minor mica and garnet; it is stained shades of
yellowish orange. High-angle crossbedding and
channeling are common.

. DESCRIPTIVE GEOLOGY
Bedrock
Distribution of outerops in the trench (fig. 1B)
shows that bedrock is near the surface and overlain
mostly by till in the upland areas and is deeper and
overlain mostly by sand and .gravel in the major
stream valleys. Data supporting this were provided
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by the seven holes of the Connecticut State High-
way Department and by wells near the trench. Two
holes were drilled on each side of the East Branch
of Stonehouse Brook where it is crossed by Pump-
kin Hill road, and except for about 10 feet of sand
and gravel and a few inches of possible till in hole 6
nearest the stream, weathered bedrock was reached
in these four holes within a few feet of the surface.
Hole 1, (fig. 14) however, which is on a south-fac-
ing slope on Pumpkin Hill road about 114 miles
south of the trench, penetrated about 50 feet of till
before bedrock was reached. In the Hampton quad-
rangle, hole 2 at the south end of a drumlin-shaped
hill on the north side of State Route 198 penetrated
50 feet of till above bedrock, and hole 3 at the base
of a steep west-facing slope penetrated 18 feet of
till. Water test wells in the Fenton River valley, on
the other hand, bottomed in bedrock at about 60
feet 2 miles north of the trench and at about 130
feet 114 miles south of the trench, both wells
having penetrated sand and gravel but no till.

The shape of rock exposures is controlled by the
orientation of joint surfaces and foliation and bed-
ding planes. No rounded waterworn surfaces were
observed, but circulation of considerable water at
the bedrock-till interface was evident from the local
presence of a thin layer of yellowish-gray well-
sorted sand and gravel. This water-washed material
is 2 to 4 inches thick and follows irregularities in
the bedrock surface, thickening in the pockets (loc.
7, fig. 1B and fig. 2). At locality 9 (fig. 1B), a 2
foot-thick deposit of sand grading upward into
pebble gravel rests against a vertical bedrock face
and grades upward into upper till.

Most bedrock exposed in the trench is overlain by
sandy olive-gray upper till and shows little evidence
of weathering except for rust stains along joints
and oxidation of micaceous foliation surfaces. At a
few localities, however, lower till rests on bedrock,

SW NE
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FIGURE 2.—Section of northwest wall of trench at locality
7 (fig. 1B). Upper till overlies layered biotite gneiss.
Well-sorted sand 2 to 4 inches thick at interface is joint
controlled. Lenses of sand and gravel common in till.
Lithology: s, sand; sg, sand and gravel; tu, upper till; r,
bedrock. Vertical exaggeration x 2.
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and in some exposures till was observed to rest on
weathered bedrock or saprolite. Representative
examples of bedrock -exposures in the trench are
described below in order from southwest to north-
east.

Olive-brown friable sandy saprolite rests on
dark-gray layere(d quartzofeldspathic biotite gneiss
at the western end of the trench (loc., fig. 1B).
Relic foliation in the saprolite, parallel to bedrock
foliation, is shown by dark and light banding and
by preferred orientation of abundant bleached gold-
en-brown biotite. The transition from fresh gneiss
to saprolite takes place across a single parting par-
allel to foliation. Evidently the saprolite represents
a less weather resistant, more biotite rich schist
resting on the gneiss. The saprolite grades upward
into olive-brown lower till containing 1- to 3-inch
slabs of schist 6-18 inches long.

At locality 12, partly weathered, gneissoid quartz
monzonite is overlain by olive-brown lower till
having irregular platy jointing. It is sandier than
typical lower till because of sandy detritus from the
quartz monzonite, but it appears to be lower till in
place, not upper till or flowtill.

Saprolite of the gneissoid quartz monzonite is
exposed for almost 100 feet in the trench on the
west bank of the East Branch of Stonehouse Brook
at locality 15 (fig. 3). The saprolite is a light-gray
to yellowish-gray, friable, and coarse-grained bioti-
tic quartzofeldspathic sand; it grades into hard but
still weathered bedrock through a thickness of sev-
eral feet. Foliation in the saprolite is accentuated
by staining along foliation planes. The overlying
upper till is light gray, sandy, and friable, and is
composed entirely of quart monzonite detritus. It
is difficult to distinguish the till from saprolite
except that the till is generally fresher; perhaps the
till was derived from a fresher bedrock nearby.

On the east bank of the East Branch of Stone-
house Brook, at locality 16 (fig. 3) lower till rests
on bedrock, Here olive-brown compact till overlies
leucocratic quartz monzonite but contains few
quartz monzonite fragments, although the overlap-
ping upper till is composed mostly of quartz mon-
zonite.

Bedrock exposed in the trench in the Putnam
quadrangle is weathered but not to saprolite. At
locality 23, fine-grained friable biotite schist grades
upward from medium gray to brownish gray, and
the overlying till is a rubble of brown schist frag-
ments in silty sand.
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FIGURE 3.—Section of north wall of trench across the East Branch of Stonehouse Brook at localities 15 and 16.
Thickness of surficial deposits exaggerated. At locality 15, upper till composed of nonweathered quartz mon-
zonite debris rests on quartz monzonite saprolite. On east side of valley at locality 16, oxidized olive-brown
lower till rests on leucocratic quartz monzonite and is overlapped by upper till composed mostly of nonweathered
quartz monzonite debris. Lithology: sg, sand and gravel; tu, upper till; tl, lower till; sap, saprolite; and r, bedrock.

The two tills

Exposures of the lower till in the trench are most
extensive on steep valley walls, but scattered expo-
sures on hillcrests and gentle slopes suggest that
the lower till is present in the upland areas at or
just below the bottom of the trench throughout
much of its length. The thickness of the lower till
generally could not be determined because the
trench bottoms in lower till. At locality 12, however,
where the trench is 15 feet deep and bedrock is
exposed in the bottom, the lower till is about 8 feet
thick and grades upward into sandy upper till.

The lower till generally is overlain by upper till or
glaciofluvial deposits. Only rarely is lower till
exposed at the surface. The upper till is 8 to 10 feet
thick were it extends the full depth of the trench,
but in most exposures it is restricted to the upper 2
to 5 feet and is underlain by lower till or bedrock.
Till-bedrock contacts have been described above.
The contact between upper and lower till is exposed
in the trench throughout much of the upland area.

Most of the till collected Trom the holes drilled by
the Connecticut State Highway Department (fig.
14) has the texture and compactness of the lower
till exposed in the trench. In hole 1, till collected
from a depth of 46 feet is olive brown, compact,
and indistinguishable from the lower till in the
trench. At 56 feet, friable saprolitic quartz monzon-
ite shows little evidence of oxidation discoloration,
and black biotite appears unweathered. Apparently
oxidized till rests on weathered but only slightly
oxidized quartz monzonite gneiss. In hole 2, drilled
at the down-ice end of a northeast-trending stream-
line hill, four samples of till were recovered at 10-
foot intervals to a depth of 40 feet. These show a
gradational color change with depth from olive
brown to olive gray that strongly suggests a weath-
ering profile. The olive-brown oxidized till near the

top could not be distinguished from samples of
lower till exposed in the trench.

The only till that might be correlated with upper
till was yellowish-gray sandy friable till recovered
from hole 3. No lower till lithology was identified
from this hole. Evidently the upper till was gener-
ally either absent or too friable to recover by
coring. As stated above, virtually no till was
recovered from holes drilled in the upland at the
East Branch of Stonehouse Brook.

The contact between upper and lower till in the
trench is generally irregular and poorly defined by
an indistinct zone of lateral and vertical gradation.
This mixed zone commonly is 2 or 8 feet thick. In
many exposures, however, the contact is in part
sharp and clearly defined by an abrupt subhorizon-
tal change in color and texture from olive brown to
olive gray and from compact to friable. Lenses and
layers, or streaks, of olive-brown compact till simi-
lar to lower till are found in the upper till, and
lenses of olive-gray to yellowish-gray friable sand
and silt characteristic of the upper till occur in the
lower till. This interlayering is most common in the
mixed zone or within 2 feet of an abrupt contact.

At locality 2 (fig. 1B) the contact is poorly
exposed on the steep northeast-facing slope of
Spring Hill, from the crest of the hill almost to the
glaciofluvial deposits in the Fenton River. In gen-
eral, olive-gray friable sandy till overlies olive-
brown compact clayey till, but the contact is
extremely irregular, and diffuse. Near its base the
upper till is mottled olive gray to olive brown. The
brown material appears more clayey. Also near the
contact in the upper till are lenses of brown clayey
material. The upper till grades downward into typi-
cal olive-brown compact lower till with conspicuous
iron and manganese-stained platy jointing parallel
to the slope of the hill.
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An abrupt change from olive-brown compact till
to olive-gray friable till defines the contact between
lower and upper till at locality 4 (fig. 4) on the east
side of the Fenton River valley. This sharp contact
follows the contour of the hill in the trench for sev-
eral tens of feet, but the contact then becomes
obscure and gradational over a vertical distance of
about a foot for at least 1,000 feet. Stones in the
upper till are generally more rounded than in the
lower till; sand lenses a few inches thick are
common. The lower till appears more clayey than
the upper till, and irregular iron- and manganese-
stained platy joints subparallel to the hill are
common. Lenses with color and texture like the
upper till occur as much as 2 feet below the contact
in the lower till, and at least one irregular “dike” of
upper till extends down into the lower till locality 4
(fig. 4).

Locality 5 on the same slope has a sharply defined
color change at the contact from olive gray above to
deep olive brown below. Pebbles and cobbles in the
upper till are rounded resistant rock types that
show. little evidence of weathering, whereas the
lower till contains slabs of rotted biotite schist, and
the more resistant rock types are subangular. The

FIGURE 4.—Section of southeast wall of trench at locality 4,
showing well-defined contact between upper and lower till.
“Dike” of upper till extends into lower till, and tongues of
upper till are subparallel to contact and platy jointing in
lower till. Lithology: tu, upper till; t, lower till. -
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contact between the two tills becomes diffuse in
both directions along the trench as the color con-
trast is lost.

Only upper till is exposed in the trench on the
west slope of the hill west of Wormwood Hill Road,
but at locality 8 near the crest of the hill the olive-
gray friable till becomes browner and more compact
with depth. It lacks the platy structures and
appears sandier than the lower till, but a lens of
dark-brown compact till with platy structures is
present near the bottom of the trench. Possibly the
lower till is not far below.

Exposures on the west slope of the hill just west
of State Route 89 (loc. 10) showed a sharp color
and textural change from upper to lower till, 2 to 4
feet down in the trench. Near the crest of the hill,
however, the lower till gradually becomes more fria-
ble, although subhorizontal platy structures are still
apparent. At this locality a lens of olive-gray sandy
material occurs in the olive-brown compact lower
till. The lens grades laterally into typical lower till
with no evidence of shearing or squeezing.

Intertonguing of the two tills is clearly apparent
at locality 14 (fig. 5, C and D) on the west slope of
the hill west of Pumpkin Hill Road. At C the upper
till interfingers northeastward into lower till over a
lateral distance of about 15 feet. At D the reverse is
true. The olive-brown, hard, and compact lower till
progressively is more mottled and changes north-
eastward into light-olive-gray friable upper till.

Both tills were exposed at localities 17 and 18 on
a small knoll near the center of the Hampton quad-
rangle. On the west side of the knoll, color and tex-
tural changes define a sharp contact, but toward the
crest and on the east slope these changes become
gradational over a vertical distance of about 2 feet.
On the west side the contact is 2 to 3 feet from the
top of the trench, but it slopes eastward toward the
base of the trench. The lower till is olive brown,
compact, and has typical iron-stained platy sur-
faces. A few weathered schist pebbles as well as the
more quartzofeldspathic stones are present. The
upper till is light olive gray, streaked rusty yellow-
ish gray; it is exceptionally sandy and friable, and
stones are mostly pebble to small cobble size, hard,
quartzose, and well rounded. Six-inch lenses and
14-inch-thick streaks in the upper till that have the
color and compactness of the lower till occur above
the contact.

In the northeast corner of the Hampton quadran-
gle at locality 19, a mottled friable sandy till shows
a gradational decrease in chroma (olive gray to
light gray) upward from the bottom of the trench.
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FIGURE 5.—Sections in north wall of trench on east bank of Stonehouse Brook at locality 14.
A. Flowtill and earth-flow deposits overlie glaciofluvial deposits of iron-stained sand and gravel that abut downslope

against silty clay.
. Tongue of glaciofluvial sand in upper till.

. Lower till intertongues eastward with upper till.

SISIeYY

Lower till intertongues westward with upper till; contact is diffuse; lower till mottled brown and light gray.

. Quartz monzonite overlain by till composed almost entirely of quartz monzonite debris with streaks of brown

clayey material; till grades upward into normal sandy upper till that grades eastward into olive-brown lower till.
F. Yellowish- ollve—g'ray sandy till with abundant quartz monzonite clasts resting on quartz monzonite bedrock.

Lithology:

ef, earth-flow deposits; ft, flowtill; s, sand; slc, silt and clay; sg, sand and gravel; tu, upper till; tqm, till of

quartz monzonite debris; tl, lower t111 r, quartz monzonite bedrock.

This is the reverse of a weathering profile and sug-
gests that the upper part has been leached of iron.
This sandy upper till appears to grade laterally
eastward by diffuse intertonguing into the olive-
brown compact lower till having platy iron- and
manganese-stained surfaces.

Both tills are well exposed at localities 21 and 22
near the Danielson and Putnam quadrangle bound-
ary. The contact is 2 to 5 feet deep and is sharp to
gradational. At locality 21 the upper 2 feet of
olive-brown lower till is mottled by neutral-gray
patches with rusty-brown iron-stained halos.

Glaciofluvial and younger deposits

Glaciofluvial deposits in the trench consist chiefly
of sand and gravel in terraces along the margins of
major stream valleys. Sand and gravel, overlain by
silt and clay, are also present at higher levels

perched in; topographlc lows of the uplands. The‘

‘glaciofluvial-terrace deposits in the major stream
valleys mostly overlie or interfinger with the upper
till. The contact is commonly covered by earth-flow
deposits at the break in slope between the steep
valley wall and glaciofluvial terrace. These earth-
flow deposits are composed mostly of sandy upper
till and a jumble of large blocks of rock 2 to 5 feet
in diameter. Tongues of flowtill (Hartshorn, 1958)
interfinger with and overlie stratified sand and
gravel (fig. 5). Large blocks of rock in a matrix of
eolian silt and sandy till rest on terrace surfaces.

Eolian deposits as much as 2 feet thick are pre-
served locally in topographic lows. They may be
more extensive but probably are thin and were
largely destroyed during excavation. In valley bot-
toms and upland swamps most surficial deposits are
either under water or were disturbed beyond recog-
nition during excavation. Well data indicate that
glaciofluvial sand and gravel deposits resting
directly on bedrock are more than a hundred feet
thick beneath the trench in the major stream val-
leys.

Glaciofluvial terraces in the Fenton and Mount
Hope River valleys occur at altitudes of 300 to 310
feet and 350 to 360 feet. Two levels mapped by
Pessl (Dixon and Pessl, 1966) in the Natchaug

River valley in the Hampton quadrangle are consid-

erably higher, at 400 to 450 feet. Deposits in the
valley at Stonehouse Brook are at.about 450 feet. A

-high-level, glaciofluvial - deposit, “not ‘mapped by

Pessl, is exposed in the trench at 520 feet on the
east wall of the Natchaug River valley. It evidently
is only sparsely preserved on this steep slope.
Detailed descriptions of glaciofluvial and younger
deposits and contact relationships are given below.

On the west side of the Fenton River valley (loc.
2), poorly stratified, poorly sorted glaciofluvial
deposits at an altitude of 360 feet are overridden by
earth-flow . deposits. This incoherent material is
exposed in the trench on the steep slope of the hill,
and at the break in slope it is mixed with and has
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flowed out over sand and gravel; it is exposed inter-
mittently in the trench down to the lower 300-foot
terrace where thicker more extensive well-stratified
glaciofluvial deposits butt against the earth-flow
material. Evidently the colluvial slump that formed
these earth-flow deposits was active during deposi-
tion of glaciofluvial deposits.

On the east side of this valley (loc. 3, fig. 6)
well-stratified sand and gravel rests unconformably
on olive-brown lower till in the trench at an altitude
of 280 feet; the contact slopes 20° downhill, and
uphill it flattens and disappears below trench level.
At an altitude of 300 feet, near the top of the gla-
ciofluvial terrace, sand and gravel intertongue with
the sandy upper till. Tongues of sandy friable flow-
till are underlain and overlain by subhorizontal
stratified sand and gravel. Unlike the west side of
the valley, no glaciofluvial deposits are exposed in
the trench at the 350- to 360-foot level on this side
of the valley.

A very similar relationship exists in the Mount
Hope River valley. An incoherent earth-flow deposit
of sandy till containing abundant angular biotite
gneiss blocks several feet in diameter is exposed on
the west side of the valley (loc. 11) at an altitude of
about 350 feet. It overlies and is in part mixed with
poorly sorted deposits of sand and gravel at the
break in slope. Deposits of a lower glaciofluvial ter-
race at 310 feet appear to rest on earth-flow mate-
rial. On the east side of the valley (loc. 12), earth-
flow material underlies sand and gravel at 300 feet.
This material is mostly gneissoid quartz monzonite
derived from bedrock exposed in the trench a few
tens of feet uphill. No glaciofluvial deposits are
exposed at the 350-foot level on the east side of the
valley.

SwW
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A 6-foot-thick deposit of unevenly stratified sand
and gravel is exposed on both sides of the swamp
along Stonehouse Brook (locs. 13 and 14). This gla-
ciofluvial deposit is at 460 feet in the trench, an
altitude comparable to the altitude of a glaciofluvial
deposit in the Natchaug River valley. On the west
side of the swamp (loc. 13, fig. 7) the sand and
gravel rest on sandy upper till and contain several
large blocks of gneiss that apparently slumped from
till upslope. The contact between till and glacio-
fluvial deposits is irregular; the till is exposed only
locally in the bottom of the trench. Brown eolian
silt about 2 feet thick is exposed in a sag upslope of
the sand and gravel in contact with till.

On the east side of the valley, at locality 14, stra-
tigraphic relations are more complex. At about
swamp level in the trench (fig. 54), clean sand and
gravel are overlain by sandy flowtill which grades
southwestward into an incoherent earth-flow mix-
ture of brown eolian silt, sandy till, and large
blocks. This earth-flow material rests on ponded
deposits of sandy, clayey silt. The contact between
silt and sand and gravel is sharp and nearly verti-
cal except for a thin tongue of rusty sand -that
extends part way over the silt beneath the flowtill
and earth-flow material. The ponded material and
sand and gravel are essentially contemporaneous
glaciofluvial deposits laid down before colluvial
slump from uphill. About 200 feet northeast in the
trench (fig. 5B), sandy upper till is exposed the full
depth of the trench -except for a thin wedge of
well-sorted sand and gravel. '

The upper till exposed in the trench on the broad
hill northeast of the Fenton River contains numer-
ous lenses of clean yellow sand as much as 3 feet
thick. The sand is well sorted but contains sparse

20 ) 4]0 FEET

FIGURE 6.—Section of northwest side of trench on east bank of the Fenton River at local-
ity 3. Glaciofluvial sand and gravel overlie and intertongue with upper till and con-
tain tongues of flowtill. Farther downhill, sand and gravel rest on a 20° slope in lower
till. Lithology: sg, sand and gravel; ft, flowtill; tu, upper till; ti, lower till. No vertical

exaggeration.
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FIGURE 7.—Section of northwest side of trench on west bank of Stonehouse Brook at locality 13. Glaciofluvial sand and gravel rest on irregular
surface of upper till. Sag on upslope side of glaciofluvial deposit is filled with brown eolian silt. Large gneiss blocks from upslope till mixed
with eolian debris and upper sand and gravel beds. Lithology: e, eolian debris; sg, sand and gravel; tu, upper.till.
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FIGURE 8.—Schematic section across major
RELATIONSHIPS

Bedrocl}tl surface, irregular in detail, conforms generally to present topo-
graphy. .

Lower till fills irregularities of bedrock surface; thickest on sides of valleys.
Upper till blankets upland surfaces and valley walls.

Contact between the two tills locally sharp but generally diffuse with inter-
tonguing relations.

Flow till interstratified with glaciofluvial sand and gravel.
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exaggerated

stream valley in east-central Connecticut.
DEMONSTRATED

Colluvial slump from upland till forms earth-flow deposits at break in slope
between uplands and glaciofluvial valley fill. Deposits overlie and inter-
tongue with sand and gravel.

Glaciofluvial deposits of sand and gravel thickest in valley where they rest
direcltlly on bedrock. Thin glaciofluvial deposits also present in upland rest
on till.

More than one glaciofluvial terrace in valley. Recent alluvium generally
restricted to narrow band along present stream.
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pebbles and cobbles. Pebble gravel and lenses of
clayey silt are also present. Deposits in the small
high-level valley on the eastern side of this hill are
mostly glaciofluvial material. At locality 6, coarse
sand and minor gravel are overlain by fine-grained
sand and silt. At the break in slope to the south-
west, earth-flow deposits consist of gneiss blocks 2
to 6 feet in diameter mixed with sand and gravel
but little silt or clay. The small hill on the northeast
side of the stream consists of very sandy unsorted
unstratified olive-gray to yellowish-gray till with
little silt or clay. This till evidently was flushed of
its fines by melt water without appreciable sorting
or stratification.

Small isolated high-level deposits of sand and
gravel were exposed at several other localities in
the trench, as for example, at altitudes of 520 feet
(loc. 21) and 460 feet (loc. 20) in the northwest
corner of the Danielson quadrangle.

DISCUSSION
General

A composite of the stratigraphic relations of
Pleistocene and younger deposits observed in the
trench is illustrated by figure 8. This is a schematic
cross section of a major stream valley in which the
vertical scale is four times the horizontal and the
thickness of the surficial deposits is further exag-
gerated to demonstrate the relationships.

Bedrock in the trench is generally within a few
tens of feet of the surface as indicated by the distri-
bution of bedrock exposures. The Connecticut State
Highway drill holes south of the trench, however,
show as much as 50 feet of till on slopes of these
upland surfaces, and in major stream valleys sand
and gravel deposits are known to be as much as 100
feet thick.

The lower till is most extensively exposed and
probably thickest on hillsides where bedrock is not
exposed; it rarely was observed resting on bedrock
in the trench. The lower till generally smooths out
irregularities in the bedrock topography. The upper
till forms a thin veneer on bedrock and lower till. It
intertongues with lower till, and the contacts, both
lateral and vertical, appear gradational, particularly
on steep slopes. Till apparently is absent in the
major stream valleys because water wells show
sand and gravel resting directly on bedrock. Either
till never was deposited in these valleys or it was
removed by streams that subsequently deposited the
gravels.

Most glaciofluvial deposits in the trench are ice-
contact terraces laid down when ice remained in the

major valleys but was absent or very thin in the
uplands. Two terrace levels at 300-310 and
350-360 feet in both the Fenton and Mount Hope
Rivers suggest that during ice wasting both streams
responded to the same outlets at two slightly differ-
ent base levels. Higher levels in the Natchaug River
valley at 400 and 450 feet suggest that melt water in
this valley also responded to two base levels, per-
haps to the same outlets or to higher level outlets
when the lower reaches of the three rivers were
still buried by ice. Deposits in Stonehouse Brook
may be related to the latter sequence. There may
have been a still earlier, higher outlet represented
by the sand and gravel at 520 feet in the Natchaug
valley.

Earth flow and flowtill mixed with glaciofluvial
deposits at most till-terrace breaks in slope suggest
that during deposition of the glaciofluvial deposits
melt-water runoff caused large-scale colluvial slump
along valley walls. Eolian deposits are thin or
spotty and were recognized only where mixed with
the colluvial material or in shallow swales against
the break in slope. Alluvium and alluvial-terrace
deposits in major stream valleys record deposition
of post-Pleistocene sediments after the disap-
pearance of ice. Swamp deposits commonly drained
by small streams now fill irregularities in the
upland till surface.

Origin of the two tills

The two tills recognized in the trench are distin-
guished by stratigraphic position, color and degree
of oxidation, composition, texture, and internal
structures. They are correlated with two superposed
tills with similar distinguishing features recognized
at many localities elsewhere in southern New Eng-
land (White, 1947; Flint, 1961 ; Oldale, 1962, 1964,
and Koteff, 1964), and particularly in the upland
areas of southern Connecticut (Pessl, 1966; Pessl
and Schafer, 1968).

Exposures in the trench suggest that the lower
till is lodgement till and that the upper is ablation
till, both of which were deposited by a single ice
sheet. Extensive deep cross sections of the two tills,
however, have been exposed at several localities in
New England (Pessl and Schafer, 1968), and these
indicate that the upper till must have been depos-
ited by a later ice sheet after deep weathering of
the lower till.

The lower till in the trench appears to be a lodge-
ment till deposited in lows between local resistant
bedrock highs, and it could be considerably thicker
than the depth of the trench. It is hard and com-
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monly has a strong subhorizontal fissility probably
caused by compaction and shearing beneath an
overriding ice sheet. The olive-brown oxidation color
of the lower till persists with little variation
throughout the length of the trench.

Many features of the upper till are indicative of
ablation till. It is sandy, friable, and shows little
evidence of compaction. Pervasive circulation of
melt water in this till is demonstrated by winnow-
ing of fines, crude stratification, and numerous
lenses and layers of clean well-sorted sand and
gravel. The common occurrence of well-sorted sand
and gravel at the base of upper till on bedrock is
evidence for considerable melt-water circulation at
this interface. The near absence of oxidation sug-
gests that the upper till was derived mostly from
unweathered resistant bedrock.

In the trench there is no evidence of unoxidized
or weakly oxidized lower till that might indicate the
postdepositional weathering profile that has been
noted in deep cuts elsewhere in New England. The
difference in color between the two tills, though
generally distinct, is not great. It could readily be
attributed to a slightly greater content of brown
clayey material in the lower till. At locality 1 the
lower till rests on saprolite of biotite schist, and the
color of the till and saprolite is about the same.
This color is indistinguishable from the olive-brown
color of typical lower till. Thus, the color difference
might be attributed in part to differences in. the
source material of the two tills.

Contact relations between the two tills observed
in the trench do not clearly support either the
hypothesis that both tills were deposited during a
single ice advance or the hypothesis that each till
represents deposition from a separate ice sheet with
a nonglacial period represented by weathering of
the lower till. No evidence was observed in the
trench for significant tectonic disturbance at the
contact, as might be expected beneath an overriding
ice sheet; such disturbance has been found else-
where in New England (Schafer, 1969).

It is also difficult to explain by either hypothesis
the formation of the mixed zone so typical of most
contacts between upper and lower till. The contact
zone is extremely irregular through several feet,
and the two lithologic types grade into one another
both laterally and vertically. Moreover, lenses of
each lithologic type are found in the other, and
although these are clearly distinguishable, their con-
tacts are typically diffuse, particularly where they
feather out laterally.

This mixed zone might either represent a blend
of subglacial and superglacial till from a single ice
sheet or incorporation of the upper part of an old
till in younger till by an overriding ice sheet. The
mixed zone can be attributed at least in part to col-
luvial creep after deposition. Pessl and Schafer
(1968) use the presence of angular blocks of lower
till in the upper till as one argument for a second
ice advance. No such discrete inclusions were
observed in the trench.

The writer has examined many of the two-till
localities in Connecticut, including several deep cuts
showing an oxidation profile, and he has mapped
both tills in the Eastford quadrangle north of the
trench. The striking similarity between the oxidized
lower till of the Eastford and Hampton quadrangles
(Dixon and Pessl, 1966) and that in the trench
strongly suggests that they are correlative. Cores
from the Connecticut State Highway Department
drill holes not far south of the trench, moreover,
are distinctly less oxidized at depth than mnear the
surface, which suggests that unoxidized lower till
may be present below trench level.

Pessl and Schafer (1968) show that the two tills
must represent deposits from separate ice advances
even though the lower till is predominantly lodge-
ment till and the the upper till predominantly abla-
tion till. Although they use the terms lower and
upper till for the early or late ice advance, I have
called them old and young tills to distinguish them
from the lower and upper tills in the trench.

Their argument for two ice advances is summa-

rized below :

1. The old till commonly is browner and more
strongly colored than the olive-gray young
till at the contact. The color contrast is
attributed to oxidation of the old till before
deposition of the young till. The oxidized
zone evidently is very thick because neutral
gray nonoxidized old till is found only in a
few deep exposures. Oxidation of the old till
before young till deposition is also indicated
by the presence of strongly oxidized dark-
brown inclusions of old till in young till that
shows no evidence of oxidation.

2. Truncation and contortion of the old till at the
contact and inclusions of old till in young till
suggest that the old till was overridden by
ice.

3. The young till probably includes subglacial as
well as superglacial facies, as indicated by
strongly developed fabric lineation and
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almost massive structure in some exposures
of the young till. (See Pess], 1971).

4. Differences between orientations of till fabrics,
striations, and streamline hill axes suggest
differences in directions of ice movement for
the young and old tills. The validity of this
as an argument for two ice advances is
weakened by evidence for an upward change
in the fabric lineation within the young till,
which suggests that such changes can occur
during a single ice advance.

Further analysis, however, reveals several draw-
backs to the two-ice-advance hypothesis. There is
a persistent distinctive, though slight, textural dif-
ference between the old and young till. According to
Pessl and Schafer (1968) the old till generally is
more compact, less sandy, and contains fewer stones
than the young till. If not attributed to a difference
between subglacial and superglacial modes of depo-
sition, then possibly it can be attributed to a differ-
ence in source material or physical conditions
during the two ice advances.

It is preferable to assume, as apparently do Pessl
and Schafer (1968), that the old till is subglacial
and the young till is chiefly superglacial. This
assumption, however, leads to the question of why
no superglacial till or glaciofluvial deposits related
to the early ice advance have been recognized in
Connecticut. Could erosion cut so deep into subgla-
cial till that no trace of the overlying superglacial
till and associated sand and gravel deposits was
left? If such erosion did take place after formation
of the deep weathering profile in the old till, a
younger ice sheet would be the logical agent of this
erosion.

Considering the total evidence, however, particu-
larly the superposition of nonweathered upper till
over deeply weathered lower till and structural
truncation of the older till, one must assume that
the two tills represent deposits from two separate
ice sheets.

SUMMARY

The Algonquin Gas Co. trench in east-central
Connecticut exposed Pleistocene deposits and var-
ious bedrock and Holocene deposits. Bedrock is
everywhere near the surface in the upland area;
there are few drumlins. The Pleistocene cover is
probably less than a few tens of feet thick in the
uplands. Bedrock in the major valleys is overlain by
as much as 130 feet of glaciofluvial and alluvial
sand and gravel of Pleistocene to Holocene age. The
lower of the two tills exposed in the trench appears

to fill bedrock lows, rounding the contours of a
somewhat more rugged bedrock topography. The
upper till forms a thin skin draped across bedrock
and lower till, mostly in the uplands. The lower till
is a lodgement till; it is hard, compact, olive brown,
and has a characteristic platy texture. The upper
till is an ablation till; it is sandy and contains
numerous lenses of sand and gravel.

The depositional history of the two tills could not
be determined from observations in the trench
alone. Exposures in the trench did not provide con-
clusive evidence whether the olive-brown compact
lower till was derived from an early ice advance
that underwent deep erosion and weathering during
a nonglacial period before a later ice sheet depos-
ited the upper till, or whether both tills were depos-
ited by the same ice sheet and the lower till is
simply a subglacial till containing relatively more
oxidized material than the superglacial till.

Exposures elsewhere in New England, however,
have provided evidence that an older till does exist.
On the basis of striking lithologic and textural simi-
larities and the relative stratigraphic position of the
lower till in the trench to the old till, it seems prob-
able that the lower till in the trench was deposited
by an early ice sheet. The geologist mapping till in
eastern Connecticut, therefore, should be aware that
an old till, which is a recognizable lithostratigraphic
unit, probably does exist and that the evidence for
the early age of this till may not be apparent in
shallow exposures, particularly in areas underlain
by iron-bearing schist.
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DELTAIC DEPOSITS OF THE BORDEN FORMATION
IN CENTRAL KENTUCKY

By WARREN L. PETERSON and ROY C. KEPFERLE,

Lexington, Ky., Cincinnati, Ohio

Prepared in cooperation with the Kentucky Geological Survey

Abstract.—The Borden Formation (Lower Mississippian)
in central Kentucky is a deltaic deposit consisting of three
main sedimentary units, in which most beds seem to have
had initial southwestward dips. These units are the Muld-
raugh Member and the underlying shale member, which has
two parts. The top of the shale member preserves a rela-
tively steep southwest-facing, northwest-trending slope which
is interpreted to be an ancient delta front. To the northwest,
the front is continuous with a front on Borden deltaic sedi-
ments in the Indiana and Illinois subsurface. It continues
southeastward to at least a few miles southeast of Camp-
bellsville, Ky.; beyond there it probably coincides with a
southeasterly trending line of lithologic change across which
the carbonate-poor Borden Formation passes laterally south-
westward into the stratigraphically equivalent, and carbon-
ate-rich, Fort Payne Formation.

Geologic mapping since 1960 by members of the
U.S. Geological Survey in cooperation with the Ken-
tucky Geological Survey has shown in detail the dis-
tribution of lithologies in the Borden Formation
over many Tl4-minute quadrangles in Kentucky.
The purpose of this report is to summarize the
deltaic aspects of the Borden Formation in central
Kentucky. Part of the information on which this
report is based has appeared in published geologic
maps (Peterson, 1966a, b, 1967, 1968; Kepferle,
1966a, b, 1967a; Moore, 1968). The deltaic origin of
Lower Mississippian strata in the subsurface of Illi-
nois and Indiana has been described by Swann,
Lineback, and Frund (1965) and Lineback (1966,
1969).

BORDEN FORMATION

The Borden Formation, particularly the upper
two-thirds, is well exposed in the east-facing Muld-
raughs Hill escarpment (fig. 1) and the hills, or

“knobs,” east of it. Good exposures and the sharp
conformable contact at the base of the Borden have
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FIGURE 1.—Index map of central Kentucky and adjacent
areas, showing location of towns, quadrangles, a core hole,
and position of the area of abrupt thinning of the shale
member of the Borden Formation (stippled area). Mul-
draughs Hill escarpment coincides approximately with the
area of abrupt thinning.
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made it possible to determine the thicknesses and
the stratigraphic relations of units making up the
Borden.

In central Kentucky the Borden Formation is
between the New Albany Shale of Devonian age and
the Harrodsburg Limestone of Mississippian age. It
consists of a lower shale member, which is divided
into two units, and the Muldraugh Member, which
is composed of siltstone and carbonate (figs. 2 and
3). These three units correspond approximately to
the New Providence, Brodhead, and Muldraugh
Formations of Stockdale (1939).

The Borden Formation thins southwestward from
more than 400 feet to 280 feet across the area of
outcrop considered here (figs. 2, 3, and 44).

Shale member

The shale member consists of a lower clay shale
unit and an upper silt shale unit. It thins south-
westward, abruptly across a northwest trending
belt 1-6 miles wide, shown on the index map (fig.
1) and the isopach map (fig. 4B). The shale
member is very thin or missing in the subsurface to
the west; it is not present in a core hole drilled at
Summit (Moore, 1964).

The lower unit of the shale member consists of
soft, gray, greenish-weathering silty clay shale and
subordinate amounts of siltstone and crinoidal and
bryozoan limestone. It thins irregularly southwest-
ward as shown by the isopach map (fig. 4C). Large
ironstone concretions are locally abundant, and a
persistent layer of phosphatic nodules occurs at the
base of the unit (fig. 3).

Siltstone occurs in well-defined tabular beds in a
zone 4-8 feet thick, which is as much as 40 feet
thick locally. The zone descends southwestward
about 14 feet per mile relative to the base of the
unit, as shown in the cross section (fig. 2) and the
isopach map (fig. 4D). The siltstone beds are gener-
ally megascopically structureless, although faint
lamination  parallel to bedding, crossbeds, ripple
marks, and faint upward decrease in grain size.

: -have beerx-gbserved.’ The' bottoms “6f? the=beds Have

abundant flow and load casts. Origin of the siltstone
beds has been ascribed to southwest-flowing turbid-
ity currents by Kepferle (1967b).

The upper unit of the shale member is silt shale
containing lesser amounts of siltstone and minor
amounts of crinoidal and bryozoan limestone. The
silt shadle is gray, weathers greenish gray, and is
composed mostly of quartz silt. Coarser grain size,
distinct lamination or thin bedding, and lack of
ironstone concretions distinguish it from the clay
shale of the lower unit. Siltstone occurs in a large
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body in the upper part of the unit in the northern
part of the Lebanon Junction quadrangle and north
of there. It differs in many aspects from siltstone
in the lower unit of the shale member, primarily in
that it is not in well-defined beds intercalated with
shale and does not show current structures. Lime-
stone occurs in discontinuous beds in silt shale,
mainly in the upper 20 feet of the unit; many of the
crinoidal limestones are crossbedded.

At the close of shale member deposition, an
abrupt southwest-facing, northwest-trending slope
interpreted to be a delta front had formed on the
sea bottom (figs. 2, 3, 4B). This slope is apparent in
the field and on published geologic maps but is
probably nowhere steeper than 2° and nearly every-
where less than 1°.

Glauconitic zone

A conspicuous glauconitic zone occurs in the
upper few inches of the shale member and in places
in the lower few inches of the Muldraugh Member;
locally, it is missing. The zone consists of shale, silt-
stone, limestone, or dolomite containing abundant
glauconite. It is the more abundantly glauconitic
part of the Floyds Knob Formation of Stockdale
(1939). In the Howardstown quadrangle, it rises
northeastward from 60 feet above the base of the
Borden Formation to 260 feet above the base within
about 6 miles (figs. 8, 4B). It is the presence of this
glauconitic zone which has made possible the confi-
dent tracing of the delta front on the shale member.

Glauconite is scattered throughout the Borden
Formation, and its concentration presumably
occurred when little land-derived sediment was
being deposited. Its local absence is probably the
result of removal by scour currents.

Muldraugh Member

The Muldraugh Member is composed of siltstone,
dolomite, limestone, and chert that thickens
abruptly southwestward across. the same narrow
northwesterly = trending= Jelt where the shale

menbetthing5¢figs..2,-3) .. The.dominant rock type:. .-

is a strongly indurated greenish-gray to olive-gray
siltstone composed of quartz, dolomite, calcite,
chert, and minor silicate minerals; voids between
the silt grains are filled with a very fine grained
matrix of silica and carbonate. Silicification is vari-
able but present in every thin section. Insoluble res-
idues commonly make up 70 to 85 percent of the
rock, but much of this is secondary silica in silt-
sized or smaller grains. Because of the silicification,
dolomitization, and fine-grained matrix, the original
composition of the rock is difficult to determine, but

1
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probably nearly half the original sediment was cal-
citic (or aragonitic) skeletal debris.

Limestone occurs in lenses, beds, and large bodies
in the Muldraugh Member and is interstratified
with the siltstone. Much of it is nearly free of ter-
rigenous clastic materials, but it also grades into
siltstone. The limestone is dominantly calcirudite
composed mainly of whole or fragmental crinoid
columnals; lesser amounts are calcarenite composed
largely of crinoidal skeletal fragments. Large whole
fossils are rare.

The coarser grained limestones of the Muldraugh
are generally crossbedded. Cut-and-fill structures
are common in the limestones and siltstones. These
current structures are mainly in the upper one-
third of the Muldraugh where the member is thick
and in the entire Muldraugh where it is thin.
Crossbeds dip generally southwest.

SEDIMENTARY HISTORY

After deposition of the organically rich muds
which are now the New Albany Shale, a thin wide-
spread layer of fine clastic sediments containing
phosphatic nodules accumulated on the sea bottom.
This layer was overridden by clay-rich prodelta sed-
iments of the lower unit of the shale member,
coming from the northeast. The prodelta deposit
advanced toward the southwest with gentle (5-20
feet per mile) southwest-facing slopes on which
silt-laden turbidity currents came to rest. As sedi-
mentation, mainly silt, continued, the upper unit of
the shale member was deposited. This deposit
advanced with somewhat steeper foreset slopes
(1%5°-2°) toward the southwest across the older
sediments, at the same time contributing clay to the
prodelta deposits. The silt and clay shales are inter-
preted to be comparable with the delta front silty
clay and prodelta clay of a modern delta (Fisk and
others, 1954). At the close of deposition of the shale
member, a distinct southwest-facing front on the
accumulated sediments trended mnorthwestward

FIGURE 4.—Isopach maps of total Borden Formation and
units within Borden; each map shows same area as quad-
rangle group shown on figure 1. 4, isopach of total Borden
Formation. B, isopach of the shale member of the Borden
formation; A-A’ is line of cross section shown on figure
2; B-B’ is line of cross section shown on figure 3. C,
isopach of the lower unit of the shale member of the Bor-
den Formation. D, isopach of the interval between the top
of the New Albany Shale and the top of the zone of abun-
dant siltstone beds in the lower unit of the shale member
of the Borden Formation; dotted line shows areal limit of
well-defined zone containing abundant siltstone beds. Iso-
pachs long dashed where data are widely spaced, short
dashed where inferred from established trends. Isopach
interval 20 feet.
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across the area. An episode of light sedimentation
ensued, during which the glauconitic zone accumu-
lated.

A pronounced change in conditions followed. Ter-
rigenous sediments and shell debris from abundant
organisms, which lived in shallower waters to the
northeast, were swept southwestward across the
earlier sediments. Strong currents are indicated by
cut-and-fill structures and crossbedded limestones.
The glauconitic zone was probably scoured away
from some areas. The Muldraugh Member was built
southwestward across the deltaic front on the shale
inember.

The Harrodsburg Limestone (Sable and others,
1966) later blanketed the upper surface of the
Borden Formation. Its relatively even thickness and
generally pure composition indicate that deltaic
infilling by terrigenous clastic material had ceased
and that the calcitic skeletal debris was deposited
on a nearly even surface in shallow water.

REG!ONAL RELATIONSHIPS

The deltaic front defined by the contact between
the carbonate-poor rocks of the shale member and
the carbonate-rich rocks of the Muldraugh Member
of the Borden Formation in central Kentucky is
continuous with a similar front in the subsurface of
Indiana and Illinois delineated by Swann, Lineback,
and Frund (1965) and Lineback (1966, 1969). The
front in the Indiana and Illinois subsurface, how-
ever, is not reported to be marked by a glauconitic
zone.

The deltaic front continues southeastward from
central Kentucky to at least a few miles southeast
of Campbellsville, Ky., where roadcuts along Ken-
tucky Highways 70 and 76 expose the glauconitic
zone and show that it drops stratigraphically to the
southwest. The front probably continues farther
southeast and coincides with a southeasterly trend-
ing line of lithologic change across which the car-
bonate-poor Borden Formation on the northeast
passes laterally into the stratigraphically equiva-
lent, and carbonate-rich, Fort Payne Formation on
the southwest.
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LOCAL STRATIGRAPHIC AND TECTONIC SIGNIFICANCE OF
LEPTOCERATOPS, A CRETACEOUS DINOSAUR IN THE
PINYON CONGLOMERATE, NORTHWESTERN WYOMING

By MALCOLM C. McKENNA' and J. D. LOVE,
New York, N.Y., Laramie, Wyo.

Abstract—An unabraded tooth of Leptoceratops, a small
hornless dinosaur of latest Cretaceous age, was found in
place 150 feet above the base of the Pinyon Conglomerate
in its principal reference section on the east side of Pinyon
Peak, northwestern Wyoming. This discovery necessitates a
reevaluation of the age of at least part of the Pinyon Con-
glomerate, because 30 miles to the southeast of Pinyon Peak
the Pinyon contains Paleocene fossils at its base and top.
The lack of abrasion of the specimen and the absence of
dinosaurs from rocks of undisputed Paleocene age suggest
that at least the basal 150 feet of the 3,700-foot-thick
Pinyon Conglomerate in the type locality is of Cretaceous
age. The angularity of the unconformity at the base of the
Pinyon ranges from very little at the dinosaur locality to
90° about 3 miles southeast. It thus seems probable that the
tectonic activity that produced the Washakie Range and the
Buffalo Fork thrust fault began as early as latest Creta-
ceous time.

The Pinyon Conglomerate was named and first
described by W. H. Weed (in Hague, 1896) from
exposures on Pinyon Peak (fig. 1), 5 miles south of
Yellowstone National Park, northwestern Wyoming.
The conglomerate has, in recent years, been con-
sidered to be of Paleocene age on the basis of Paleo-
cene pollen and mollusks in underlying strata and
Paleocene vertebrate