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This collection of 43 short papers is the second published chapter of “Geological Survey
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DETACHMENT FAULTS IN THE CENTRAL SANTA MONICA
MOUNTAINS, CALIFORNIA

By R. H. CAMPBELL, R. F. YERKES, and C. M. WENTWORTH,

Menlo Park, Calif.

Work done in cooperation with Los Angeles County, Calif.

Abstract.—The central Santa Monica Mountains are made
up of sedimentary and volcanic rocks of Late Cretaceous through
middle Miocene age that are probably underlain at depth by
older metasedimentary and igneous rocks of the sort exposed
in the core of the Eastern Santa Monica Mountains. Struc-
turally, these strata form an autochthon(?) and three de-
tachment thrust sheets that were emplaced during latest
middle Miocene time, apparently from a source to the north.
The thrust sheets are superimposed upon one another in a
stratiform sequence which, in turn, has been folded and
faulted, and dilated by igneous intrusion. On the south,
these rocks and structures are truncated by the Malibu Coast
fault, which trends east-west along the southern flank of the
range.

The Santa Monica Mountains trend east-west along
the north side of Santa Monica Bay and the northwest
side of the Los Angeles basin (fig. 1). The range lies
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Figure 1.—Outline map of part of southern California, show-
ing relation of the Santa Monica Mountains to geomorphic
provinces.

at the southern edge of the east-west-trending Trans-
verse Ranges province; farther south of the range the
general northwesterly trends of the Peninsular Ranges
province predominate in the largely submerged conti-
nental borderland. The rocks of the Santa Monica
Mountains are complexly. folded and faulted, and the
geology is further complicated by facies changes in
several of the time-stratigraphic units. Since 1961, the
U.S. Geological Survey, in cooperation with Los
Angeles County, has been mapping the geology of the
central part of the range at a scale of 1:12,000. Al-
though the mapping is far from complete and many
problems remain, the structural, stratigraphic, and
paleontologic data gathered to date clearly demonstrate
that thrust faults (detachment faults) dominate the
structure of the main mass of the central Santa Monica
Mountains. Low-angle thrust faults have not been
recognized in this area by earlier investigators (Dur-
rell, 1954; Bailey and Jahns, 1954; Soper, 1938; and
Hoots, 1931) ; nevertheless, most of the rock distribu-
tion shown on their maps is readily reconciled with the
structural framework described herein.

The main mass of the central Santa Monica Moun-
tains lies north of the west-trending Malibu Coast fault
(fig. 2), where the strata consist of sedimentary and
volcanic rocks of Late Cretaceous through middle
Miocene age (fig. 3) that are probably underlain by
older metasedimentary and igneous rocks of the sort
exposed in the core of the eastern Santa Monica Moun-
tains (Durrell, 1954). Structurally, these rocks form
an autochthon(?) and three superimposed thrust
sheets: in ascending order, the Tuna Canyon, Zuma,
and Malibu Bowl thrust sheets, each of which is named
for the thrust fault beneath it. This tectonic stacking
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COASTAL SEQUENCE
(South of Malibu Coast fault)

Upper and middle Miocene marine sedimentary rocks
(Monterey Shale)

Middle and lower Miocene marine sedimentary and
volcanic rocks

MOUNTAIN SEQUENCE
(North of Malibu Coast fault)

Upper middle Miocene intrusive rocks

Upper middle Miocene marine sedimentary rocks
(Upper Topanga Formation of Durrell, 1954)

=

Middle Miocene volcanic rocks (Middle Topanga
Formation of Durrell, 1954)

[

Middle and lower Miocene sedimentary rocks, pre-
dominantly marine (Lower Topanga Formation of
Durrell, 1954)

EXPLANATION

Middle Miocene to upper Eocene sedimentary rocks,

predominantly continental (includes Sespe Forma-
tion)

Eocene and Paleocene marine sedimentary rocks

Upper Cretaceous marine sedimentary rocks

Contact
Dashed where approximately located ;
dotted between formations in litho-
Sfacies units of this map

— s el

Malibu Coast fault
Dashed where approximately located

D S S

Thrust fault
Sawteeth on upper plate; dashed
where approximately located

High-angle fault
Dashed where approzimately located

Figure 2.—Generalized geologic map and sections of the south-central Santa Monica Mountains, Los Angeles County, Calif.
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AGE - COASTAL SEQUENCE MOUNTAIN SEQUENCE
South of Malibu Coast fault . North of Malibu Coast fault
Alluvium and beach deposits
> ] Sand and gravel
& < .UNCONFORMITY
z 2 ¢ ?—7— . Fluvial terrace deposits
& e 2 l_ 2 . Sand .
S QY N g and and gravel
=3 2 e I 28 UNCONFORMITY(?) -
> 3 A S8 o Marine terrace deposits
a L 2 : Gravel and sand
72— 2 UNCONFORMITY
AN ANy, .
Plioce Absent because of nondeposition, erosion, or
focene / combination of bogh///
? / . /

,/Absent. Marine shale and sandstone (Modelo
< 2 27 2 272 2 72727 2Ty 3 ) Formation) present on north flank of moun-
= ) tains, north of ma area///

Marine shale and sandstone, thin bedded to S S / /) /
laminated, with some interbedded diatomite REGIONAL UNGONFORMITY
and tuff. (Monterey Shale) Marine sandstone and siltstone, medium-bedded
UNCONFORMITY (7)————————— to laminated. (Upper Topanga Formation of
Durrell, 1954)
(]
= @
8 © . -
2 § Marine sandstone, mudstone, and sedimentary Basaltic and andesitic fragmental volcanic rocks.
> = breccia (San Onofre Breccia); interbedded with (Middle Topanga Formation of Durrell, 1954)
< a thick sequence of volcanic rocks. In some |
= : ; |
= places, volcanics seem most abundant in lower . [———————LOCAL UNCONFORMITY
w part of unit Heterogeneous marine siltstone and sandstone
and fluvial and lacustrine sandstone, mudstone,
and conglomerate. Apparently grades from
continental environment on the east to deep
- a~ ° UNCONFORMITY marine environment on the west. (Includes
s GuLA co § Lower Topanga Formation of Durrell, 1954, of
w = middle Miocene age and Vaqueros Formation
- of early Miocene age)
2
8
Oligocene Continental (fluvial?) sandstone and conglom-
B -E erate. (Sespe Formation)
g
Eocene Marine sandstone
? 7 2
. Marine conglomerate, sandstone, and siltstone—
Paleocene many turbidites (Martinez Formation)
AN
Marine sandstone (turbidites) with minor silt-
stone and conglomerate. (Chico Formation.)
Late Cretaceous Equivalept rocks to the east are more con-
5 glomeratic and are locally underlain by non-
e marine red conglomeratic sandstone
° ANGULAR UNCONFORMITY:
=] 2?2 22 2 2 2 2 22?2 7 2 22 7 ¢ . i .
z ] o Metasedimentary rocks of Jurassic age (Santa
» Metasedimentary and metavolcanic rocks of Monica Slate), intruded by granitic plutons of
3 Catalina Schist; inferred from record of drill early Late Cretaceous age. These rocks not
w hole on Point Dume, nearest surface exposures exposed in map area but crop out a few miles
= are on Santa Catalina Island and Palos Verdes to the east. Base not exposed in the Santa
b Hills.  Base not exposed; inferred to overlie Monica Mountains; inferred to overlie con-
o oceanic crust without pre-Franciscan sedi- tinental crust, including older Mesozoic,
mentary rocks. Not known to be intruded by Paleozoic, and Precambrian rocks like those in
Cretaceous granitic rocks San Gabriel Mountains farther east

Ficure 3.—Columnar chart showing the two stratigraphic sequences juxtaposed along the Malibu Coast fault.
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has resulted in a stratiform sequence that has subse-
quently been folded and faulted, and dilated by the
intrusion of mafic and intermediate igneous rock. The
Zuma sheet is the most widely exposed of the thrust
sheets; the autochthon(?) and the Tuna Canyon sheet
are exposed in windows cut through it, and the Malibu
Bowl sheet is represented by outliers on top of it. The
north, east, and west limits of the thrust sheets have
not as yet been ascertained. On the south, these rocks
and structures end abruptly at the Malibu Coast fault.

The Tuna Canyon, Zuma, and Malibu Bowl thrusts
are detachment faults (following the usage of Pierce,
1963, p. 1226) that, for the most part, bring younger
rocks over older rocks along surfaces that are parallel
or nearly parallel to bedding in the rocks of the upper
plate. The thrusts are unambiguously recognizable
only where they break across the bedding of the upper-
plate rocks (for examples see figs. 4 and 6). From the
relatively few localities where these discordant rela-
tions are found, the thrusts have been traced through
contiguous areas of accordant relations, and correlated
across discontinuities of exposure by the rather distine-
tive stratigraphic intervals associated with each thrust
sheet. Ixposures of the actual thrust surfaces are
rare; the few found expose either a zone of brecciated
rock (generally less than 2 feet thick, but locally
thicker) or a filling of intrusive igneous rock. The
traces of the faults are, however, sufficiently controlled
by outcrops of the juxtaposed rock units to establish
that gentle dips predominate. In localities where beds
in the upper plate are accordant with the underlying
fault surfaces, and where lower-plate rocks are older
than upper-plate rocks, the detachment thrusts might
be misinterpreted as unconformable sedimentary con-
tacts, perhaps complicated by high-angle faults. In
such areas consistency with the regional structural and
stratigraphic framework is the best guide to the nature
of unexposed contacts.

South of the Malibu Coast fault, a greatly different
sequence of strata is present (fig. 3). Although un-
doubtedly widespread beneath the waters of Santa
Monica Bay, the rocks are known best from exposures
in the narrow strip of relatively low-lying coastland
extending east and west from Point Dume. The
strata of this coastal strip correlate with those of the
western part of the Los Angeles basin (see Woodford
and others, 1954), whereas the strata of the main mass
of the mountains correlate with those to the north and
east in the Transverse Ranges, and with those of the
eastern part of the Los Angeles basin. The geologic
structures of the coastal strip trend generally east,
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approximately parallel to the general trend of the Santa
Monica Mountains. There is, however, no evident
direct association of these structures (including at least
one thrust fault—the Escondido thrust) with the thrust
faults to the north. Indeed, the structures of the
coastal strip involve rocks that are younger than the
probable youngest thrusting of rocks in the main moun-
tain mass. They are most probably intimately associ-
ated with the Malibu Coast fault.

THE AUTOCHTHON(?)

The autochthon( ?) is below the lowest of the recog-
nized thrust faalts of the tectonically layered sequence.
It is exposed in windows through the overlying thrust
sheets in Topanga Canyon and in an elongate irregular
area extending about 3 miles west-northwest from the
mouth of the Topanga Canyon. Windows in Zuma
Canyon and Trancas Canyon (fig. 5) expose rocks that
also belong to the autochthon(?) unless the Tuna Can-
yon thrust is present below the deepest exposures. The
rocks of the autochthon(?) are chiefly sandstone of
Late Cretaceous age, overlain conformably (%) in a few
places by conglomerate and sandstone of Paleocene
age. The beds are folded and faulted. Strikes and
dips vary widely, but west to northwest strikes are
most common, and a general asymmetry of the folding,
with north-dipping axial planes, is suggested by the
overall predominance of gentle dips of the north-facing
beds and steeper dips of the south-facing beds. More-
over, the only recognized overturned beds face south-
ward and dip steeply northward. In most places, ex-
posures are inadequate to obtain a complete, detailed
understanding of the structure within the autoch-
thon(?). Nevertheless, the rocks seem to have been at
least gently folded before the lowest overlying thrust
sheet was emplaced.

THRUST SHEETS

Tuna Canyon thrust sheet

The Tuna Canyon thrust sheet and the Tuna Canyon
thrust fault at its base are named for exposures in Tuna
Canyon. The Tuna Canyon sheet is the lowest of the
recognized thrust sheets. It isexposed in windows that
have been eroded through the younger overlying thrust
sheets in an irregular area extending from the east side
of Topanga Canyon westward for about 4 miles. To
the north and southeast it is overlain by the rocks of
the two higher thrust sheets. It is inferred to be
present southeast of Saddle Peak, in a window bound-
ed by the North and South Las Flores thrust faults
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Ficure 4.—The Zuma thrust fault; view southwestward of the east side of a ridge east of Trancas Canyon.

the west side of the same ridge and on the hillside in the background.

thrust.

The fault here is a
nearly flat surface as is well defined by its sinuous trace along a fixed altitude on the slope of the ridge; it is also found on

Marine Paleocene rocks (Tma) are exposed below the

Above the thrust, marine lower Miocene rocks (Tva) overlie continental sandstone and conglomerate of the Sespe
Formation (Ts) at A, an accordant depositional contact (dotted where concealed beneath landslide, Qls).

Both the bedding

within the Sespe (B) and the contact (A) are truncated at their contact—the Zuma thrust—with the older rocks below.

(fig. 5). It has not been recognized in the windows
of Zuma and Trancas Canyons, and its continuation
at depth is not inferred to extend that far west (struc-
ture section C-C’, fig. 5).

The rocks of the exposed segments of the Tuna Can-
yon thrust sheet are almost exclusively Paleocene in
age. Conglomerate, overlain by sandstone and silt-
stone, predominates in the Topanga and Tuna Can-
yon areas. Farther west, conglomerate is less abun-
dant and sandstone predominates. A small thickness
of Cretaceous sandstone belonging to the Tuna Canyon
sheet is exposed beneath Paleocene conglomerate in
a small area in the head of Tuna Canyon. The con-
tact appears to be conformable, except for minor
scour features. The same depositional contact is ex-
posed in the autochthon(?) on the east side of To-

panga Canyon and on the east side of Tuna Canyon
(fig. 2). The Tuna Canyon thrust sheet is the only
one that contains rocks and a contact that are also
found in the autochthon(?), and, therefore, it might
be regarded as parautochthonous in comparison with
the allochthonous Zuma and Malibu Bowl sheets.

Although the Tuna Canyon thrust fault is parallel
or nearly parallel to the bedding of the upper-plate
rocks in many places, it locally cuts across that bed-
ding. The relations suggest gently folded beds cut
by a nearly planar fault that was subsequently folded
and faulted.

Zuma thrust sheet

The Zuma thrust sheet and the Zuma thrust fault
at its base are named for exposures between Zuma
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and Trancas Canyons (figs. 4 and 5). There, the
Zuma sheet overlies rocks that apparently belong to
the autochthon(?). Farther east it overlies rocks of
the Tuna Canyon thrust sheet except in a few small
areas where it cuts out the Tuna Canyon sheet and lies
directly on the autochthon(?).

The fluvial(?) continental sandstone and conglo-
meratic sandstone of the Sespe Formation (fig. 3) are
the most distinctive and widespread rocks of the Zuma,
thrust sheet. The Sespe is known only in the Zuma
thrust sheet and has not been found in the autoch-
thon(?) or in the other thrust sheets. The Zuma sheet
also carries marine and continental sandstone, siltstone,
and mudstone of early and middle Miocene age (the
Lower Topanga Formation of Durrell, 1954), which
overlie the Sespe Formation and are, in turn, overlain
by basaltic and andesitic volcanic rocks of middle
Miocene age (the Middle Topanga Formation of Dur-

rell, 1954) (fig. 3). The only place where pre-Sespe’

rocks are probably included in the Zuma thrust sheet
is in the upper part of Solstice Canyon. There, fossi-
liferous conglomerate, sandstone, and siltstone of
Paleocene and Eocene age underlie the Sespe apparently
in a normal depositional sequence.

The rocks of the Zuma thrust sheet were probably
folded before, as well as after, the displacement on
the Zuma thrust occurred. Although the thrust fault
is parallel or nearly parallel to the bedding of the
upper-plate rocks in most places, it locally cuts across
bedding and faults of the upper plate, with relations
suggesting that previously folded and faulted beds
were cut by a nearly planar fault. Locally, the Zuma
thrust cuts out the Tuna Canyon thrust sheet (fig. 5,
section C-C"; fig. 6). The Zuma thrust sheet was also
folded and cut by high-angle faults prior to the em-
placement of the higher Malibu Bowl thrust sheet (fig.
5, section C-C'; fig. 6).

Malibu Bowl thrust sheet

The Malibu Bowl thrust sheet and thrust fault are
named for a topographic amphitheater at the head of
Corral Canyon. Newton (1958) mapped the Malibu
Bowl fault from there westward to Zuma Canyon
and southeastward to its intersection with the Malibu
Coast fault. The largest single exposure of the Malibu
Bowl sheet is an elongate area about 2 miles wide,
extending from about 114 miles west of Malibu Can-
yon westward to the east side of Zuma Canyon. Ex-
posures farther east are restricted to the extreme north-
east corner of the map area (fig. 2), to small outliers
i the Topanga quadrangle, and to a narrow strip
near the coast.

The rocks exposed in the Malibu Bowl thrust sheet
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include lower and middle Miocene marine sandstone,
siltstone, and minor conglomerate (Lower Topanga
Formation of Durrell, 1954), overlain by basaltic and
andesitic extrusive volcanic rocks of varying thickness
(Middle Topanga Formation of Durrell, 1954) suc-
ceeded by and intertonguing with marine sandstone
and siltstone of middle Miocene age (Upper Topanga
Formation of Durrell, 1954) (fig. 3). Several outliers
and horses (bounded by thrust faults), chiefly of lower
Miocene marine sandstone and siltstone appear to be
slivers peeled from the base of the Malibu Bowl sheet.

The Malibu Bowl thrust cuts both the Tuna Can-
yon and Zuma thrust faults. The Malibu Bowl thrust
is commonly parallel or nearly parallel to the bedding
in the upper plate. Although the fault locally cuts
across bedding in the upper plate, there is no clear
indication that upper-plate folds are truncated. The
underlying thrust sheets, however, were probably
folded prior to emplacement of the Malibu Bowl sheet.
At the anticline that crosses Topanga Canyon, for ex-
ample, the Zuma and Tuna Canyon thrust faults are
arched with greater amplitude than that of the Malibu
Bowl thrust (fig. 6).

Age and origin

Crosscutting relations suggest a chronologic sequence
of thrust sheets, with the Tuna Canyon thrust sheet
first, followed by the Zuma and Malibu Bowl sheets.
Nevertheless, they may be very close in age. The
Malibu Bowl sheet includes rocks of middle Miocene
age and, from interpretation of maps published by
Hoots (1931) and Durrell (1954), the thrust faults
are cut by the unconformity at the base of the Modelo
Formation of late Miocene age, about 2 miles north
of the map area of figures 2 and 5. The thrust sheets
were, therefore, probably emplaced during late middle
Miocene.

The thrust plates are tentatively inferred to have
moved from north to south. This is based on the
absence, south of the Malibu coast fault, of strata that
could have provided the rocks in the thrust sheets, and
on the present general east-west structural trends which
are presumed to be approximately perpendicular to the
direction of movement. This presumption assumes, of
course, that the late middle Miocene trends were not
greatly different from, nor obscured by, those formed
in subsequent deformation. The general younger-
over-older sense of displacement of the thrust sheets
indicates detachment and translation of relatively
shallow younger strata over more stable, deeper, older
rocks, and, therefore, suggests that the thrusting was
a near-surface phenomenon of the sort often con-
sidered to be associated with gravity tectonics. To
the north, the nearest uplifted area that might have
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I't, middle Miocene marine sandstone and silt-

stone; Ttv, interbedded volcanic rocks; Td, middle Miocene fluvial, lacustrine, and estuarine(?) sandstone, mudstone, and
conglomerate; Ts, sandstone and conglomeratic sandstone (Sespe Formation); Tms, Paleocene siltstone and sandstone; Tmc,
Paleocene conglomerate and sandstone; Kc, Upper Cretaceous sandstone and minor conglomerate.

served as a source for gravity thrust sheets is the
Simi Hills; however, much more work must be done
to test the validity of speculations concerning origin.

LATER DEFORMATION AND IGNEOUS INTRUSION

Deformation of a different style followed the em-
placement of the Malibu Bowl thrust sheet. A large
asymmetric anticline, trending east-west and having
a north-dipping axial surface, distorted the tectonical-
ly layered sequence (fig. 6). The anticline extends
from as far west as Trancas Canyon eastward beyond
the edge of the mapped area, and its crest commonly
lies from 1 to 114 miles north of the Malibu Coast
fault (see sections A~A’ and B-B’, fig. 5). The anti-
cline apparently began to form after the emplacement
of the Tuna Canyon thrust sheet and continued to
grow during and after the emplacement of the Zuma
and Malibu Bowl sheets. The Las Flores thrust faults,
which carried older rocks from the crestal zone of the
anticline southward (section B-B’, fig. 5), are prob-
ably break thrusts associated with the late stages of
the anticlinal folding.

Large quantities of diabase, andesite, and basalt
were forcibly intruded, probably at about the same
time or slightly' later than movement along the Las
Flores faults. Some intrusives were probably em-
placed earlier, and intrusion may have begun even
before the earliest thrusting; but one of the largest
igneous masses was intruded along the Malibu Bowl
thrust (fig. 6), and some small bodies were intruded
along the Las Flores faults. The igneous rocks were
forcibly emplaced, dilating the section. Dikes, most
only a few feet thick, and small irregular bodies are
abundant; the larger intrusive bodies are sill-like
masses, filling thrust faults or bedding planes.

Very large displacement along the Malibu Coast
fault postdates virtually all the structures of the moun-
tain mass to the north of it. This fault clearly cuts
many structures that intersect it from both sides, but

their offset segments have not been recognized. The
stratigraphic sections juxtaposed along the fault are
greatly different (fig. 3), and Yerkes and Wentworth*
conclude that it is a deep-seated thrust along which
the southern margin of the Transverse Range province
overrides the continental borderland to the south.
Very large displacement along the Malibu Coast fault
certainly postdates the deposition of the upper Miocene
(Mohnian) beds of the Monterey Shale now exposed
on Point Dume. Although the Malibu Coast fault
may well have originated earlier, the local evidence
does not require movement prior to latest Miocene.
Upper Pleistocene deposits are cut in a few places
by minor faults that are probably associated with
Malibu Coast fault deformation, but the deposits are
generally not offset more than a few feet to a few
tens of feet. The deposits are thus younger than the
very large displacement of the upper Miocene rocks.
In a few places, especially just east of the mouth of
Topanga Canyon, minor displacement of Pleistocene
deposits has occurred along segments of the older
thrust faults that apparently provided preexisting
planes of weakness along which there was some ad-
justment in response to the late deforming forces.
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MIOCENE STRUCTURAL MOVEMENTS IN THOMAS COUNTY, GEORGIA

By CHARLES W. SEVER, Tifton, Ga.

Prepared in cooperation with the Georgia Department of Mines,

Mining, and Geology

Abstract.—Rocks of Oligocene and Miocene age in Thomas
County, in the Coastal Plain province in southwestern Geor-
gia, are gently folded and are transected by at least one
northeast-trending fault. Maximum displacement along the
fault is at least 190 feet and may be somewhat greater.
Structural deformation began during Oligocene time, or at
least before the Tampa Limestone (early Miocene) was de-
posited, and continued spasmodically through middle Mio-
cene and possibly through late Miocene time. The trends of
the Miocene structures parallel those of late Paleozoic struc-
tures in the Appalachian tectonic province in Georgia. The
parallel trends suggest that the older Paleozoic structures in
some way have controlled the Miocene structures.

Evidence for a northeast-trending fault and for
downwarping to the northwest and upwarping to the
southeast of it has been collected during a study of
the ground-water resources of Thomas County, Ga.
The purpose of this paper is to describe and name the
structural features, to indicate their geologic age, and
to relate them to the regional structural framework.
Thomas County, which is in the southwestern part of
the State at the Georgia-Florida boundary, is situated
between the Chattahoochee anticline and the Ocala
uplift, both of which are important structural features
of the Coastal Plain physiographic province.

LOCATION AND AGE OF GEOLOGIC STRUCTURES

The evidence of faulting and folding in Thomas
County can be presented best in the form of structure-
contour maps and a cross section which illustrate the
folds and a break in each of two stratigraphic zones.
These zones — the Suwannee Limestone of Oligocene
age and the Tampa Limestone of early Miocene age —
each are easily recognized stratigraphic units.

In Thomas County the Suwannee Limestone, the
principal aquifer, generally is a white, nonsandy,
porous, oolitic, fossiliferous limestone that at places

is almost a microcoquina. The foraminifer Pararo-
talia mexicana mecatepecensis Nuttall (Rotalie mexi-
cana of former usage) generally can be found in cut-
tings from the upper part of the Suwannee Limestone
throughout Thomas County. This foraminiferal species
is considered by Herrick and Vorhis (1963, p. 13) to
be diagnostic of the Oligocene in Georgia. Other diag-
nostic species listed by them include Quéngueloculina
leonensis Applin and Jordan, Camerina dia (Cole and
Ponton), Asterigerina subacuta Cushman var. flor-
idensis Applin and Jordan, and ZLepidocyclina man-
telli (Morton). The Suwannee Limestone can be dis-
tinguished from overlying Miocene limestone by the
absence of sand in the Suwannee and by diagnostic
Foraminifera.

Contour lines drawn on the top of the Suwanne Lime-
stone (fig. 1) show that the formation is downfolded
into a northeast-plunging basin near Meigs, in north-
western Thomas County. This structure, here named
the Meigs basin, is part of a much larger, generally
southwest-plunging trough called the Gulf trough by
Herrick and Vorhis (1963, p. 55 and 67). The contour
lines also show that in the central part of Thomas
County the Suwanee Limestone has been unfolded
along a northeast-trending arch. This structure is
here named the Barwick arch. Separating these two
structures is a northeast-trending fault that is here
named the Ochlockonee fault, after the river of this
name.! Rocks on the southeast side of the fault are
upthrown; the amount of displacement generally in-
creases to the northeast.

Along the Ochlockonee fault the top of the Suwan-
nee Limestone has been displaced 100 to 190 feet.

1The U.S. Board on Geographic Names official spellings of the
town and the river of this name are slightly different. The name of
the town Ochlocknee, (figs. 1 and 2) does not contain a third ‘“o0.”
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Thus faulting occurred after this formation was de-
posited. Although data are inadequate to determine
whether any of the faulting occurred earlier, partial
dolomitization of Eocene and Oligocene limestones
within the Meigs basin, together with other evidence,
indicates that the basin may have been downwarped
prior to Miocene time.

Throughout Thomas County—except near the axis
of the Meigs basin—the uppermost 3 to 10 feet of the
Suwannee Limestone is very permeable. Probably the
permeability is the result of solution during exposure
of the formation to weathering during earliest Miocene
time. That the weathering did not produce significant
relief is indicated by the nearly uniform thickness
(150 to 180 feet) of the Suwannee throughout the
county. Upwarping of the Barwick arch southeast
of the Ochlockonee fault is postulated tentatively be-
cause the contours on the top of the Suwannee (as
well as those on the top of the overlying Tampa Lime-
stone) indicate possible deformation of a weathered
or erosional surface that presumably had been nearly
horizontal.

The Tampa Limestone of early Miocene age overlies
the Suwannee Limestone. The lower member of the
Tampa is predominantly yellowish-gray to greenish-
gray sandy marl with interbedded thin, white, very
sandy beds of limestone, and the upper member is an
easily recognized gray to brown, dense, cherty, phos-
phatic, sandy limestone. This upper member (the
Chattahoochee Formation of previous usage) is easily
distinguished from other Miocene limestone units by
its color; by its sand content; by its dense cherty tex-
ture, which causes a prominent high anomaly on elec-
tric logs; by its phosphate, which contains traces of
uranium that cause a distinctively high anomaly on
gamma-radiation logs; and by its fossils, which include
specimens of the Foraminifera Archaias sp. and So-
rites sp., and numerous fragments of large shells.

Contour lines drawn on the top of the Tampa Lime-
stone (fig. 2) show that it too is downfolded in the
Meigs basin and upfolded along the Barwick arch.
The upper member of the Tampa Limestone and,
locally, the Suwannee Limestone are exposed along
the crest of the Barwick arch. Along the Ochlockonee
fault the top of the Tampa has been displaced about
80 to 100 feet, or about 20 to 100 feet less than the
displacement of the top of the Suwannee Limestone.
This difference in displacement indicates that some
movement occurred along the Ochlockonee fault after
deposition of the Suwannee and before deposition of
the upper member of the Tampa. Differences in the
thickness of the lower member of the Tampa Limestone
(fig. 3) northwest of the fault, together with absence
of the lower member southeast of the fault, indicate that

STRUCTURAL GEOLOGY

at least part of the movement occurred during early
Miocene time and was contemporaneous with deposi-
tion of the lower member northwest of the fault.

Because the upper member of the Tampa Limestone
has about the same maximum thickness and the same
lithology on both sides of the fault, this member must
have been deposited during an interval of relative
stability. However, displacement of this member
across the Ochlockonee fault shows that additional
movement along the fault occurred after this member
was deposited.

Southeast of the Ochlockonee fault the Tampa
Limestone was uplifted at the end of early Miocene
time, and, at a few places (fig. 3), deep channels were
incised through the Tampa and into the upper part
of the Suwannee.

Sands and clays of the Alum Bluff Group of early
and middle Miocene age, which were deposited on this
irregular surface, filled the channels. Since deposi-
tion, beds of the Alum Bluff Group have been folded
and at places faulted. Many of these structures ob-
viously were caused by differential compaction within
the Alum Bluff Group, and others probably were
caused by continuing solution and collapse of the
underlying limestones. However, some of these struc-
tures may have been caused by continued uplift of
the Barwick arch during middle Miocene to late
Miocene time.

Northwest of the Ochlockonee fault, the Alum Bluff
Group appears to overlie the Tampa Limestone con-
formably. Within the Meigs basin this group is divisi-
ble into three mappable zones: a lower zone of sandy
marl; a middle zone of phosphatic sandstone that
causes a high anomaly on gamma-radiation logs; and
an upper zone of fuller’s earth. Changes in lithology
and thickening of these zones within the basin indicate
that folding and faulting probably occurred during
middle Miocene time prior to or contemporaneous with
the deposition of these zones. The lower zone cannot
be traced with confidence across the Ochlockonee fault,
but the lithology of the unit shown as undifferentiated
Alum Bluff Group on figure 3 is similar to this zone.
Possibly the thinning of the middle zone near the
fault indicates that some movement occurred during
deposition of this zone. Within the Meigs basin, com-
mercial deposits of attapulgite and fuller’s earth are
present in the upper zone. Similar deposits are absent
southeast of the Ochlockonee fault. Data are insuffi-
cient to determine whether the absence of these beds
is due to their removal by erosion or to nondeposition.

Overlying the Alum Bluff Group within the Meigs
basin is the Citronelle Formation, which consists of
as much as 90 feet of gravel and coarse sand of ter-
restrial origin (fig. 3). On the Barwick arch this
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formation generally is absent but is represented locally
by as much as 20 feet of sand and gravel in what
appear to be old river channels. Southeast of the
Barwick arch, sands in the lower part of Citronelle
intertongue with shallow-water marine beds in which
the author and several others have found numerous
fossil mammal teeth. The teeth were identified as
Merychippus sp. and Diceratherium sp. by Olsen
(1963), who considers them to be of late Miocene age.
The areal distribution of the Citronelle indicates that
the Barwick arch may have been uplifted again after
the Citronelle was deposited.

RELATION TO REGIONAL STRUCTURAL TRENDS

The Ochlockonee fault and the axes of the Meigs
basin and Barwick arch trend parallel to the Chata-
hoochee anticline (fig. 4) as relocated by Sever (1965).
All these structures are oriented parallel to the strue-
tural trend in the Appalachian tectonic province in
Georgia, as it is shown on figure 4 by the trend of the
Brevard fault zone. The parallel trends suggest that
the older Paleozoic structures have controlled in some
way the Miocene structures in Thomas County.

All these structural trends are almost normal to the
general northwestern structural trend of the Oecala
uplift in Florida.
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PRE-MIDDLE DEVONIAN AND POST-MIDDLE DEVONIAN FAULTING
AND THE SILURIAN-DEVONIAN UNCONFORMITY
NEAR RICHMOND, KENTUCKY

By GEORGE C. SIMMONS, Berea, Ky.

Work done in cooperation with the Kentucky Geological Survey

Abstract.—Two periods of movement on northwest-trending
faults are recognized by differences in amount of offset of
Silurian and Devonian formations and by the results of pre-
Middle Devonian erosion. Initial faulting occurred after depo-
sition of the Crab Orchard Formation, and probably the
Bisher (?) Limestone. Subsequent erosion almost completely
removed the Bisher(?) and produced a nearly level surface
on the Crab Orchard. Consequently, only lower parts of the
Crab Orchard remain on upthrown sides of faults; thicker
sections are present on downthrown sides. Faulting again
occurred after the Boyle Dolomite and the lower part of the
New Albany Shale were deposited.

Recent mapping has delineated a system of north-
west-trending faults in Ordovician, Silurian, and
Devonian strata near Richmond, Ky. The faults, in-
cluding one which was recognized by Campbell (1898)
and another by Jillson (1964), lie between the north-
east-trending Kentucky River and Irvine fault zones
(fig. 1). Two periods of movement on northwest-
striking faults are recognized in the Palmer and Union
City quadrangles (fig. 1). The first period of faulting
occurred prior to the development of the unconformity
at the base of Devonian rocks in central Kentucky;
the second took place during or after Middle Devonian
time. The formations exposed in the Palmer quad-
rangle are listed in table 1.

The pre-Boyle age of the first period of faulting is
inferred from the relation of the Boyle Dolomite to
the Crab Orchard Formation; the Boyle overlies
thinner sections and older beds of the Crab Orchard
on the upthrown side of each fault than on the ad-
jacent downthrown side. In the geologic section (fig.
2) showing a fault in the Palmer quadrangle, a strati-
graphic difference of 20 feet exists between the upper-

TaBLe 1.—Paleozoic formations exposed in the Palmer quadrangle,
Kentucky

Series Formation

Borden Formation (lower
part)

New Albany Shale

Lower Mississippian

Middle and Upper Devonian
and Lower Mississippian

Middle Devonian

Boyle Dolomite

Middle and Lower Silurian Bisher(?) Limestone
Crab Orchard Formation

Brassfield Formation

Drakes Formation
Ashlock Formation

Upper Ordovician

most beds of the Crab Orchard on the opposite sides
of the fault. An isopach map of the Crab Orchard
Formation in the Palmer quadrangle (fig. 3) shows
that this formation is thinner on the upthrown sides
of faults than on the corresponding downthrown sides.
The second period of faulting was obviously younger
than the Boyle Dolomite and the lower part of the
New Albany Shale because these units were displaced.
The upper possible age limit of this faulting is un-
known because the upper part of the New Albany
and younger rocks are absent in the faulted areas.
The total vertical displacement of the two periods
of faulting is commonly about 40 feet; the maximum
1s about 80 feet. The amount of drag adjacent to the
faults is relatively great, and the difference in the
elevation of correlative beds within a few hundred
yards of the faults is af some places three or more -
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Figure 2.—Diagrammatic geologic section showing results of two periods of faulting and intervening erosion.

The Crab

Orchard Formation is 45 feet thick on the southwest (left) side of the fault, 65 feet thick on the northeast (right) side, 30

feet thick at A4, and 90 feet thick at A’.

The offset of the Crab Orchard Formation is 40 feet; the base of the Boyle Dolomite

is offset only 20 feet.  See figure 3 for location of geologic section.

times as much as the offset along the faults. In gen-
eral, displacement during the first period of faulting
was greater than displacement during the second, al-
though local exceptions exist. The difference in offset
is most easily determined in the field by comparing
the displacement of the base of the Brassfield Forma-

tion with that of the base of the New Albany Shale.
These contacts generally are well exposed, and the
former was affected by both periods of faulting,
whereas the latter was affected by only one.

At two places it is questionable whether the faults
were active during post-Boyle time. Although Silu-
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Fiaure 3.—Isopach map of the Crab Orchard Formation in the
Palmer quadrangle, Kentucky. Contours, in feet, show that
the formation is thinner on upthrown sides of faults than on
adjacent downthrown sides. Geologic section A-A’ shown
in figure 2.

rian rocks are offset more than 20 feet by both faults,
the difference in elevation of Devonian strata on op-
posite sides of the projections of the faults is only a
few feet. Asno faults are exposed in Devonian strata,
the slight differences may result from post-Boyle tilt-
ing rather than faulting. Thus, the fault on the south-
west side of the Mina dome (fig. 4) and the north part
of the longer of the two faults southeast of the dome
may have been inactive during the second period of
faulting. ‘

The faults have no apparent economic significance.
Because their northwest-southeast strike is parallel to
the regional (southeast) dip, the faults have not
created large closed structures which might serve as
oil reservoirs. Small structural closures exist adjacent
to a few faults as the result of differential movement
and drag. One fault increased the closure on the Mina
dome. No mineralization has been found along the
faults.

The regional unconformity at the base of the De-
vonian rocks in the Palmer quadrangle in central

R

45'

Ficure 4.—Isopach map of the Boyle Dolomite in the Palmer
quadrangle, Kentucky. Thickness shown in feet.

Kentucky is commonly the contact between the Boyle
Dolomite and the underlying Crab Orchard For-
mation. Pre-Boyle erosion removed most of the
Bisher(?) Limestone and cut an almost level surface
on the Crab Orchard. An isopach map of the Boyle
Dolomite in-the Palmer quadrangle (fig. 4) shows that
the Boyle was deposited as a thin layer on a surface
of low topographic relief. In the southeast corner of
the quadrangle two hills made up of Crab Orchard
Formation and capped by Bisher(?) Limestone stood
a few tens of feet above the Middle Devonian sea. The
Boyle Dolomite was deposited around the hills and
wedged out against the Crab Orchard Formation on
the hill slopes. Consequently, the Bisher(?) Lime-
stone on the ancient hilltops stood at higher elevations
than the younger Boyle Dolomite and lowest part of
the New Albany Shale.
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DESCRIPTION AND RELOCATION OF PART OF THE ILSE FAULT ZONE,

WET MOUNTAINS, COLORADO

By Q. D. SINGEWALD, Beltsville, Md.

Abstract.—New data on the Ilse fault zone, a major disloca-
tion in the central Wet Mountains of Colorado, show that it
extends northward and joins a fault previously known to
cross the Arkansas River 1% miles west of Parkdale. An
ancestral Ilse fault antedated the Cambrian Period; it was
a linear zone, variable in width and intensity of deformation,
and transected the grain of Precambrian gneiss. Reactiva-
tion on a major scale, but not necessarily of equal intensity
everywhere, moved the east wall relatively downward during
Laramide, or later time. Several strong radioactive anomalies
were found north of hitherto reported thorium mineralization
in the fault and southeast of it.

The Ilse fault zone, an important dislocation in the
central Wet Mountains, is shown on the 1935 geologic
map of Colorado (Burbank and others, 1935) as being
nearly 17 miles long and having a prevailing trend of
approximately N. 30° W., except at the north end,
where near Grape Creek it is shown as striking nearly
due north. Because Precambrian rocks occupy both
walls throughout this stretch, neither the age of the
fault nor the direction and amount of movement along
it could be determined in earlier studies.

Geologic reconnaissance during 1964 shed new light
on the character and age of the Ilse fault. The fault
was found to extend 5 miles farther north-northwest-
ward than thought previously and to connect with
another fault that is shown 114 miles west of Parkdale
on the geologic map of Colorado. The existence of an
eastward extension of the latter fault was determined
to be in error. Incidentally to the structural study,
radioactive anomalies were found at several places
north of hitherto reported thorium deposits. The
revised fault pattern is compared on figure 1 with the
pattern on the 1935 map. On a larger scale map (fig.
2), part of the Ilse fault is shown in relation to streams
and contours copied from the newest topographic maps,
and the prevailing foliation at different places is given.

105°20'

c,DI‘]NVE)H.

18 COLORADO

S. Area of - oFueblo
report

Canon City

*i}A
St

19
S.

38°
20"

EXPLANATION

Fault shown on 1935 geologic
map of Colorado (Burbank and
others, 1935)

Aol ol
Fault deleted in present report

Fault added in present report

Precambrian rocks

Ficure 1.—Ilse fault zone between Ilse and Parkdale, Colo.

TOPOGRAPHIC EXPRESSION

The most striking aspect of the Ilse fault is its
topographic expression. For 12 miles northward from
Ilse, a fault-line scarp east of the fault boldly rises
1,000 to 2,000 feet above the fault trace and towers
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above irregularly dissected lower ridges and hills west
of the fault. This contrast between slopes is fairly
evident from contours at even the very large, 400-
foot contour interval of figure 2. Fewer veins and
fissures and greater quantities of granite gneiss com-
bine to make rocks east of the fault, along this 12-mile
stretch, more resistant to erosion than rocks west of
the fault. Farther north, where the scarp is missing,
rocks on opposite sides of the fault are not notably
dissimilar.

BEDROCK ALONG FAULT

Mesozoic rocks, which are sharply uptilted in the
east wall of the fault, lie east of the fault in the north-
ern part of the area shown on figure 2 and continue
northward for several miles. They include the Mor-
rison Formation (Upper Jurassic), Dakota Sandstone
(Lower and Upper Cretaceous), and Benton Shale
(Lower and Upper Cretaceous), as modified from the
1935 geologic map of Colorado (Burbank and others,
1935).

Elsewhere, bedrock is a crystalline complex of Pre-
cambrian rocks cut by many dikes. These rocks have
been described in the McKinley Mountain area (Christ-
man and others, 1959, p. 493-512). Most widespread
along the Ilse fault are Dbiotite-quartz-plagioclase
gneiss and associated migmatite, horneblende-plagio-
clase gneiss and amphibolite, and alaskitic granite
gneiss. These gneisses commonly occur together in
irregularly alternating layers that may pinch or swell,
interfinger, or grade into one another. “Basic dikes,”
whose feldspar ranges from calcic labradorite to calcic
andesine, are more numerous but less persistent than
syenite dikes. Most of these dikes in the Wet Moun-
tains are very late Precambrian or, more probably,
Early Cambrian in age (M. R. Brock and R. F. Mar-
vin, unpub. data).

The detailed pattern of foliation, fissures, and dikes
close to the Ilse fault remains very imperfectly known
because outcrops are scarce and tend to be slumped.
At a few places, gneiss less than a hundred feet from
the fault seems little disturbed or altered. Elsewhere,
a disturbed zone hundreds of feet wide borders at least
one side of the fault; dips in interlayered gneisses
become more variable than in undisturbed areas and
culminate locally in a chaotic pattern; fissures and
dikes increase in abundance as the fault is approached.
These features, which on a lesser scale also are visible
along secondary faults, including branches of the Ilse,
are well displayed in the valley of Grape Creek be-
tween Bear Gulch and the Ilse fault (fig. 2). Segments
of rock between fissures exhibit sharp flexures and con-
tortions of thin gneiss layers that must have been
folded while the rock was plastic enough not to break.
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Fissures in the disturbed zone may be transverse,
oblique, or parallel to the main fault.

EXPOSURES AND OTHER EVIDENCE OF THE FAULT

Nearly a century ago, the Terrible mine at Ilse, and
prospects farther south, exposed the Ilse fault. Ore
in the fault was cerussite, devoid of galena to the
greatest depth of mining, about 750 feet (C. L. Beach?,
oral commun., 1955) ; this, despite galena at the surface
in nearby veins, and a water table only about 50 feet
deep, suggest that the cerussite may be hypogene. The
opencut of the Terrible mine, now partly filled by
water, remains the best exposure of the Ilse fault in the
Wet Mountains. Geologic details are recorded by
Emmons (1896, p. 468) and by Hunter (1915, p. 32).
Briefly, the rocks involved in the fault at the Terrible
mine lie between granitic gneiss walls that dip 60°
westerly and comprise: (1) a western barren zone, 15
to 40 feet wide, of greenish-gray to blue soft, crumbly
“diorite,” green clayey material, and clay gouge, all
of which are variably permeated by a yellow and
brown stain; and (2) a “pay zone,” 70 to 80 feet wide,
of crushed granitic rock “now altered beyond recogni-
tion, shattered into small lozenge-shaped fragments
and stained by iron oxide” (Emmons, 1896, p. 468).
Hunter (1915, p. 32) add that
For 2 miles south of the Terrible mine, the so-called cerusite
[sic] zone can be followed almost continuously and ranges from
a belt 80 feet in maximum width at this mine to a mere band
of slightly altered and iron-stained gneiss only a few feet across.
In several places prospects reveal a narrow zone of intensely
crushed rock consisting chiefly of clay gouge, feldspathic ma-
terial, calcite, and chloritic micas with limonite and manga-
nese stains. On either side of such a zone, which is rarely over
10 feet wide, the granite gneiss may be considerably altered,
although as a rule it is but little crushed and grades into
fresher rock. .

The remarkable variations in thickness and intensity
of crushing do not reflect a southward termination but
are characteristic features of the fault.

Details about the fault between Ilse and locality 2
(fig. 2) have been learned from recently completed
mapping in the Mount Tyndall quadrangle (M. R.
Brock and Q. D. Singewald, unpub. data). Par-
ticularly noteworthy is a great difference in prevailing
foliation attitudes of rocks on opposite sides of the
fault, as shown on figure 2. A great difference in
lithology also exists; hornblende gneiss predominates
west of the fault, biotite gneiss and granite gneiss east
of the fault. Along this 2V4-mile stretch, the fault
bends abruptly at 7 places, but only. at 4 of them is
the angle large enough to be apparent on figure 2.
Although exposed only at localities 1 and 2, the fault

1Mr. and Mrs. C. L. Beach are now the only residents at Ilse: he
worked in the Terrible mine during its last active period.



C22

38°25’

STRUCTURAL GEOLOGY

105°20'

7/

7200~ % 7

Copper

Nl
o/ -

Vanable

Marsh 5\,;
O, 0, ul,

ch ﬁ
16

Base compiled from U.S. Geological Survey Royal Gorge
15-minute sheet, 1959; Mount Tyndall 7%-minute sheet,
1954; and Hardscrabble Mountain 7%-minute sheet 1963

F1GURE 2.—Part of Ilse fault zone, Colorado.

Rocks of the map area are

Precambrian except those shown to be Mesozoic in the northern part of the

area.

-~ between Ilse and locality 2 can be located within an
estimated 100 to 200 feet, owing in part, to its posi-
tion at the upper edge of pediment benches along Oak
Creek and, in part, to fairly numerous exposures of
reddish feldspathized rock inferred to be in the east-
ern wall. An auxiliary fault that bends, or possibly
even displaces, the Ilse fault at the south end of the
Terrible mine, trends N. 50° W. QOak Creek follows
this auxiliary fault for 2 miles, then wends its way
back to the Ilse fault, at locality 3, where intensely
fractured granite gneiss on the west tip of a gravel-
covered bench is inferred to be in or adjacent to the
Ilse fault.

Continuation of the Ilse fault northward from lo-
cality 3 to locality 5 beneath alluvium of Oak Creek
is proved conclusively by marked divergence in at-
titudes of rocks. As shown on figure 2, the strike of
the foliation is rather uniformly northwestward on
the east side of the fault, and less uniform, yet pre-
vailingly northeastward on the west side. At locality
4, two pits on a gravel-covered hill expose intensely
sheared, altered hornblende gnelss dipping 70°-75°
west, thz ough which the Ilse fault is inferred to pass;
at locahty 5, the westernmost outcrops of virtually
solid granite gneiss are inferred to be very near the
fault. Except at these localities, the valley of Oak

Creek is so broad that the trace of the fault generally
can be located with an accuracy no greater than 0.2—
0.25 mile.

Near locality 4, the Ilse fault bends 35° (fig. 2); if
its trend from there to locality 5 continued northwest-
ward, the fault would roughly coincide with the re-
markably straight course of Bear Gulch. Moreover,
the strike of interlayered gneisses along and near Bear
Gulch is variable, yet prevailingly northwest. Analo-
gous linear zones of northwest strikes, in mapped
quadrangles to the south, are transverse to a regional
northeast strike of gneisses west of the Ilse fault.
These are regarded by the author as structural elements
along which transverse displacement took place by
rock flowage, as regional metamorphism waned and
before the rocks became brittle. The Bear Gulch ele-
ment probably absorbed a major share of the Ilse de-
formation, during at least the early stages of defor-
mation, in this general area. The main Ilse zone,
nevertheless, in this report as on the 1935 geologic
map of Colorado is inferred to approximately follow,
northward from locality 5, a lithologic boundary that
also is a conspicuous topographic boundary between
a high area of massive granite gneiss to the east and
a lower area of fractured interlayered gneisses to the
west. At locality 6, fracture and alteration along the
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inferred Ilse fault are much less obvious than in a
wide, radioctive shear zone that trends slightly east
of north, about 0.1 mile to the west-northwest of
locality 6. :

The course of Grape Creek, where it approaches
the Ilse fault, is deflected from northeast to north-
west and opens from a narrow valley having nearly
continuous exposures of bedrock into a wide valley
in which unconsolidated material conceals most of the
bedrock. Nearly 3 miles farther downstream (north-
westward), Grape Creek again curves northeastward
through the northernmost trace of the Ilse fault-line
scarp in a gorge so narrow and rocky as to be named
“The Tights.” The valley in the northern part of the
northwest-flowing segment attains a width of 0.5 to
0.6 mile, because the stream itself flows away from
the scarp at a small oblique angle along a zone of
auxiliary fractures. Between the stream and the
escarpment is a dissected pediment bench, where non-
resistant, fractured and slumped, interlayered gneiss
is covered at most places by unconsolidated debris.

At the northern part of the area of figure 2, uptilted
Mesozoic rocks occupy the east wall of the Ilse fault.
Although the fault was traced in this study only as far
as shown on figure 2, it is known to continue north-
ward, across the Arkansas River, as shown by the
1935 geologic map of Colorado. At locality 7, where
the fault zone is wider than normal, alluvium covers

all sedimentary rocks except a ledge of limonite-
permeated, sericitized(?), shattered, white quartzite.
Gneiss, to a distance of 500 feet west of the quartzite,
is greatly altered and cut by breccia zones, dikes, and
veins. At locality 8, whitish powdery soil in a low
saddle reveals the approximate location of the fault
at the southernmost point where the fault lies between
Precambrian and Mesozoic rocks.

Relations at localities 9, 10, and 11 prove that the
fault at locality 8 continues southward in a nearly
straight line at least a mile, with Precambrian rocks
in both walls. The contact at localities 12 and 13
is an unconformity, and not a fault as shown on the
1935 geologic map of Colorado. At locality 9, a
prospect pit exposes part of a zone of comminuted
and bleached rocks, on opposite sides of which the at-
titudes of foliation differ. At locality 10 an opencut
75 feet long, transverse to the fault, exposes shattered
and altered gneiss that has erratic dips, is transected
by countless fissures, and contains an irregularly dis-
tributed radioactive vein substance; the radioactivity
of local spots exceeds 5 milliroentgons per hour, the
highest reading of the scintillation counter. This
radioactive zone crops out at several places between
localities 9 and 10, and it almost certainly connects
beneath talus with a conspicuous zone of sheared and
iron-stained gneisses, dikes, and veins at locality 11.
By contrast, at localities 12 and 13, poorly bedded,
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slightly friable conglomerate lies unconformably on
Precambrian gneiss, with no fault between them. At
each locality, several tens of feet of green fissile shale
and then tan, massive-bedded sandstone are above
the conglomerate. The fault close to locality 13 on
figure 2 displaces the contact, but is not along it.
In the broad valley of Marsh Gulch, which is 0.1-
0.2 mile wide south of locality 11, outcrops are rare.
The major fault may logically be drawn through a
small outcrop of pulverized rock in the east bank of
Marsh Gulch at locality 14, and two outcrops of shat-
tered and intensely altered rock 800 feet and 2,300
feet, respectively, farther upstream, but the fault is
concealed elsewhere. Where alluvium becomes thin
and discontinuous southward, along the divide between
Marsh Gulch and Grape Creek, the Ilse fault should
again become obvious, yet it does not. Conceivably,
the major fault could (1) terminate before reaching
the divide between Marsh Gulch and Grape Creek,
in which case the fault at locality 17 would be en
echelon; (2) curve abruptly so as to pass first through
locality 15, where a vein and dike zone trend N. 50°
W., then through the saddle to the south, and finally
down a rubble-filled ravine trending S. 5° E.; or (3)
maintain a fairly straight course up Marsh Gulch,
cross the divide 200 feet northeast of locality 16 as a
relatively inconspicuous zone of mildly fractured and
stained granite gneiss cut by few dikes, and then con-
tinue to locality 17. The author prefers the third ex-
planation, because variations in the intensity of crush-
ing are characteristic of the fault, as already mentioned.
Locality 17 is an outcrop of fissile, shattered, altered
biotite gneiss in a gully wall; 200 feet upstream, radio-
activity readings greater than the maximum recording
range of the scintillometer were found on the dump of
a mine in a vein nearly concordant with foliation in
the east wall of the gully. The marked divergence
in dips on opposite sides of the gully at locality 17 is
proof of a major fault; presumably, the fault con-
tinues down the rubble-filled gully to Grape Creek.

RECAPITULATION

To sum up, incipient development of the Ilse fault
may have begun before the Precambrian gneisses were
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fully brittle; that is, while stress could be relieved
more by folding, twisting, or stretching than by frac-
ture. The concentration of excessive contortion, fold-
ing, and twisting—as represented by variable to chaotic
dips unrelated to any specific faults—along transverse
linear zones shows that deformation began to con-
centrate on the linear zones before the rocks were
brittle enough to yield mainly by fracture. However,
whatever may have been the date of its inception, the
zone clearly antedates intrusion of Early Cambrian( %)
dikes; otherwise, the dikes would not be more abundant
along it than elsewhere. The ancestral fault tran-
sected the grain of its Precambrian rock wall. It is
conceivable that at some places, zones such as the one
along Bear Gulch, now regarded as a branch, absorbed
as much of the Precambrian deformation as the main
Ilse zone. The Paleozoic and Mesozoic history, after
intrusion of the dikes, remain unknown. Renewed
faulting on a major scale during Laramide, or later
time, is shown by sharply uptilted and truncated Meso-
zoic rocks. At that time, the east wall moved relatively
downward. The Tertiary deformation need not have
been uniform; in fact, variation in the extent of crush-
ing along the fault, first noted by Hunter (1915, p. 32),
suggests nonuniformity. The total picture, then, is one
of an ancestral fault of variable width, intensity of
deformation, and rock alteration, that localized Ter-
tiary movement, which, in turn, was strong at some
places and weak or absent at others.
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ELASTIC MODULI OF GRANITIC ROCK
FROM IN SITU MEASUREMENTS OF SEISMIC VELOCITY

By RODERICK D. CARROLL, JAMES H. SCOTT,
and D. R. CUNNINGHAM, Denver, Colo.

Work done in part in cooperation with the

Defense Atomic Support Agency

Abstract.—Results of measurement of compressional and
shear waves and calculations of dynamic elastic constants are
presented for granitic rock in two tunnels in Colorado and
Nevada. Inhole recording with near-surface detonation, and
surface recording with near-surface detonation were used in
this study. Neither method yielded consistent shear-wave
generation. This lack in consistency is attributed to condi-
tions around the energy source and in the transmission path.

Because of the relationship of shear waves to dy-
namic elastic moduli, studies of the generation, trans-
mission, and detection of shear waves in various rock
types have been reported by numerous investigators.
White and others (1956), White and Sengbush (1963),
and Jolly (1956) have described field investigations con-
cerned with the nature of shear-wave generation and
methods of detection. Values of dynamic elastic mod-
uli, under in situ conditions, using measurements of
compressional and shear-wave velocity have been de-
termined for granite (Nicholls, 1961) and salt (Dickey,
1964). The writers have measured compressional and
shear-wave velocities in two different granites in an
attempt to determine the dynamic elastic properties
of these rocks. Velocities were recorded in the Straight
Creek pilot bore, an 8,000-foot tunnel in Colorado
passing beneath the Continental Divide, and in tunnels
of the Climax stock at the U.S. Atomic Energy Com-
mission’s Nevada Test Site, Mercury, Nev. The Test
Site measurements were made at the site of the pro-
posed PILE DRIVER nuclear test. Measurements were
made using a linear array of accelerometers along the
tunnel walls at the Colorado site and in shallow drill
holes at the Nevada Test Site.

INSTRUMENTATION

Instrumentation was practically the same at both the
Colorado and Nevada localities, except for the sen-
sitivity and orientation of the detectors. Diagrams
illustrating the methods of measurement at the two
sites are shown in figure 1.

Detection of the seismic velocities in the Straight
Creek tunnel was accomplished by mounting acceler-
ometers in studs grouted in Y4-inch-diameter holes
drilled 1 inch into the granite rib (fig. 14). The use-
ful range of these accelerometers was 3 to 3,500 cycles
per second (c) with a resonant frequency of around 13
kilocycles per second (kc) and a sensitivity of approxi-
mately 8 millivolts per gravitational acceleration (mv/
g). Because these accelerometers have a very high inter-
nal impedance, 4-foot cables were used to connect them to
transistorized preamplifiers with variable gain (0.25
to 150). Low-pass (4-kc) filters were coupled to the
preamplifiers, and outputs of the preamplifiers-filter
pairs were fed to transistorized line drivers. The low
output impedance of the latter enabled signals to be
transmitted through cables several hundred feet long
without voltage loss or waveform distortion. Power
to the preamplifiers was provided by 27-volt mercury
batteries. Output of the detector-amplifier system was
fed into a 4-channel oscilloscope, and the display was
recorded on Polaroid film.

Seismic caps and a few decigrams of powder were
used to provide the seismic energy.

The accelerometers used at the Climax locality had a
greater sensitivity (40 to 50 mv/g) and a flat response
over the frequency range 10 to 10,000 c. In addition,
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Ficure 1.—Details of seismic recording arrangements used in the study of elastic moduli of granitic rock.
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the detectors were mounted at 2-foot intervals in plastic
tubing which was inserted in 3-inch-diameter holes
drilled 20 to 30 feet deep on the tunnel periphery.
Contact between the accelerometers and the borehole
walls was obtained by inflating a bicycle inner tube
between the probe and the borehole wall (fig. 1B).
Special 40-foot cables were used to connect the acceler-
ometers in the probe to the preamplifiers at the hole
collar.

For this arrangement, a 6-inch-deep shothole, %
inch in diameter, was drilled near the collar of the
instrument hole. Seismic energy was provided by a
seismic blasting cap inserted in the shothole with
water-soaked tissue used for stemming. In a few
instances, when the accelerometers were positioned
deep in the hole, the cap energy had to be supple-
mented by a small charge of dynamite wrapped in
aluminum foil around the cap. Mostly, however, the
single blasting cap yielded sufficient energy to obtain
measurements throughout the length of the hole.

MEASUREMENTS IN THE STRAIGHT CREEK PILOT BORE

The granitic rock i which the Straight Creek pilot
bore was driven is considered to be equivalent to the
Precambrian Silver Plume Granite (Robinson and
Lee, 1962). A section of quartz monzonite relatively

free of fractures was selected for the initial measure-

ments. A sample record obtained over the interval
indicated in figure 14 is shown in figure 2.

Consistent shear-wave generation with repeated
shooting was not obtained even though numerous shot-
hole orientations and loading conditions were tried.
Although time limitations prevented the checking of
alternative arrangements, it is tentatively concluded
that the use of a water-filled hole with the charge
detonated halfway in the hole is an effective means of
generating a strong shear wave. Variations in the
waveform character with repeated shots and the in-
ability to consistently recognize a shear-wave arrival
with repeated shots remains a problem. A recog-
nizable shear-wave arrival on a number of records,
however, allows elastic moduli to be calculated.

Table 1 lists values of dynamic moduli obtained at
the Straight Creek site based on the standard formulas
that relate these moduli (Dobrin, 1952, p. 181). A
density of 2.67 grams per cubic centimeter which is
the average density of 30 samples was used as a rep-
resentative value for granitic rock in the calculations
at both the Colorado and Nevada sites.

MEASUREMENTS IN TUNNELS IN THE CLIMAX STOCK

The granitic rock comprising the Climax stock
consists of both granodiorite and quartz monzonite
211-680 0—66——3
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Ficure 2.—Accelerometer record from Straight Creek pilot
bore, showing compressional (P) and shear (S) waves and
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time break (TB). Time base—2 milliseconds per . major

division.

(Houser and Poole, 1960). In the tunnels of the
Climax stock, measurements were obtained in quartz
monzonite by the inhole method (fig. 1B). Sample
records obtained at two locations in the quartz mon-
zonite are shown in figure 3. As in the Straight Creek
tunnel, shear waves were not generated consistently in
a number of holes or even at different depths in the
same hole. In areas of severe fracturing, shear waves
were not detected by either the inhole method or the
surface method.

The dynamic elastic constants calculated for the two
locations in the tunnels in the Climax stock are listed
in table 2. The total time (time break to each acceler-
ometer) recorded at the shop-drift site (fig. 3) differs
significantly from the interval time between detectors.
This is because the shop-drift site exhibits low velocity
layering on the tunnel periphery, owing to the enlarge-
ment of preexisting fractures in response to stress
relief. Consequently, the velocities listed in table 2
for this hole represent the higher velocity layer be-
hind the tunnel wall, and a velocity based on total
time (time from shot instant at collar to last detector

TaBLe 1.—Dynamic elastic moduli oblained in Straight Creek
pilot bore, Colorado

Compres- |Shear-wave] Young’s| Shear Bulk
Interval (feet) (sional-wave| velocity |modulusimodulusimodulus|Poisson’s
velocity (ft/sec) (108 psi) | (108 psi) [ (108 psi) | ratio
(ft/sec)
28274 ______ 18, 300 8, 300 6.8 2.5 8.8 0.37
27.4-69.2______ 17, 000 8, 200 6.5 2.4 7.2 .35
69.2-94.3______ 17,900 | 10,900 | 10.3 4.3 5.8 .21
Value based on '
total time
(2.8-94.3)___| 17, 800 8, 900 7.6 2.8 7.6 .33
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F1GURE 3.—Accelerometer records from two locations in the
Climax stock, Nevada, showing compressional (P) and shear
(S) waves and time break (TB)." Time base—0.5 milliseconds -
per major division. Top, shop drift, first detector 23 feet
from hole collar. Botlom, cross-drift AR, first detector 16
feet from hole collar.

in the hole) is not listed. No shear waves were de-
tected when the detectors were located within the low-
velocity layer.

RESULTS AND CONCLUSIONS

On the basis of seismic studies on quartz monzonite
from the Straight Creek tunnel in Colorado and on
quartz monzonite of the Climax stock in Nevada, suit-
able values were obtained for the in situ dynamic
elastic moduli at both locations. A direct comparison
of the properties of the rocks based upon these moduli

R
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TABLE 2.—Dynamic elastic moduli oblained in lunnels in the
Climaz stock, Nevada Test Site, Nevada

Compres- |Shear-wave| Young’s| Shear Bulk
Location sional-wave| wvelocity |modulus|modulusimodulus;Poisson’s
velocity (ft/sec) (108 psi) | (108 psi) | (108 psi) | ratio
(ft/sec)
Shop drift_____ 20,000 | 11,400 | 11.8 4.7 8.2 0. 26
Cross drift_____ 20, 000 | 12,300 | 13.0 5.4 7.1 .20
Value based
on total
times_______ 18, 000 9, 000 7.8 2.9 7.8 .33

should be approached with caution, however, because
the seismic velocity of rock is a function of stress,
which may differ in the two environments. Additional
research is needed (1) to relate the magnitude: and
direction of stress to relative changes in compressional
and shear-wave velocities and (2) to determine the
consequent effect on the dynamic elastic moduli.

The techniques used in this investigation could not.
consistently generate shear waves. Results indicate
that the environment of the energy source and the
presence of fractures in the transmitting media are
critical. Another approach that may enhance the de-
tection of shear waves (not tried in this investigation)
would be the use of three-component detectors.
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RUPTURE PHENOMENA IN THE SILVER PLUME GRANITE, COLORADO

By FITZZHUGH T. LEE and THOMAS C. NICHOLS, JR., Denver, Colo.

Abstract.—Fractures, slickensides, and gouge produced dur-
ing laboratory compressive testing of .cylinders of Silver
Plume Granite resemble fractures noted in the granite during
surface and subsurface mapping in the Straight Creek area,
Colorado. Formation of gouge and slickensides in the labora-
tory is believed to be due primarily to energy release rather
than to movement. Fault displacements in granitic terrane
should be examined in the light of these findings. :

A rock mechanics study of the Precambrian Silver
Plume Granite has been undertaken in connection with
a comprehensive geological and geophysical research
program being conducted in the pilot bore of the
Straight Creek Tunnel, 55 miles west of Denver, Colo.
(fig. 1). The ultimate objective of these laboratory
tests is the application of the results to engineering
problems in surface and subsurface excavations.

Similarities were noted between slickensides and
gouge produced in core samples before or during com-
pressive failure and natural slickensides and gouge.
These laboratory-produced features may shed new light
on field criteria for recognition of faulting, as well as on
determination of amount of displacement along faults.
For example, Nevin (1949, p. 134) states that if other
variables are equal, the amount of shattering and the
thickness of associated breccia are proportional to the
amount of displacement on a fault. It is generally
assumed that slickensides and gouge are produced only
by differential grinding movement along the two sides
of a fault. However, these features can also be pro-
duced by internal strain adjustments in response to
compressive forces.

The Silver Plume Granite was selected for an in-
vestigation of rock mechanics because it has been
extensively studied in connection with the construc-
tion of the Straight Creek Tunnel pilot bore, and be-
cause samples could be selected from here that are
relatively uniform in composition, structure, and fab-
ric. According to Robinson and Lee (1962, 1965) the
granite varies considerably in composition, principally
as a result of partial to complete assimilation of meta-
sedimentary rocks. Where uncontaminated, the rock

is a quartz monzonite rather than a true granite. The
granite 1s light gray to light pinkish gray and fine to
medium grained. The following tabulation shows the
average modal analysis of 31 samples from the Straight
Creek area:

Amount

(volume

Mineral percent)

Mierocline_ - - _ . _________ 33.9
Quartz_ _ .. 28.9
Plagioclase ! __ __ L ______ 25. 4
Biotite. - - - ___ ... 3.9
Caleite. - o oo 2.9
Chlorite_ - oo oo 1.8
MusScovite .. - _ - - e 1.6
OPaAqQUe. - - - e e 1.1
ACCESSOTY - o o o o o oo oo 0.3
Sillimanite_ _ - __________ . __.. 0.2
Total - - - .. 100.0

1 The average An content of the plagioclase feldspar in 25 samples was 25.5 percent.
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Ficure 1.—Index map of Straight Creek area, Colorado.
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FRACTURES IN THE SILVER PLUME GRANITE

Rocks of the Straight Creek area are shattered along
the southern part of the Berthoud Pass fault (Lover-
ing and Goddard, 1950, p. 59-60), which is a north-
to northeast-trending zone, about 2 miles wide, in
which diversely oriented bodies of faulted and sheared
rock are separated by relatively unfractured rock.
According to Lovering and Goddard (1950, p. 79),
episodes of shearing took place in Precambrian time
and also in Late Cretaceous and Tertiary time.

In the pilot bore of the tunnel the Silver Plume
Granite is sheared and altered in varying degrees.
Contacts of shear zones are gradational—the intensity
of shearing decreases outward from the center of the
zone. Near the margins of the shear zones, the rock
is broken into slivers 0.1 foot wide bounded by slicken-
sided shear planes. Grooves 2 feet or more in length
are also present. Much of the sheared surface is
covered with clay gouge and broken feldspar and
quartz grains. Figure 2 shows a closer view of a
slickensided granite sample from the pilot bore. Micro-
scopic examination indicates that grain fracturing,
and commonly the shearing as well, extends entirely
through some of the blocks. Where shearing was in-
tense, the rock has been reduced to a coarse to fine
sand, and the shear planes are from less than 0.01
foot to 0.1 foot apart and are oriented in many direc-
tions. In areas of most intense shearing the material
is fault gouge consisting of clay with varying amounts
of fine-grained feldspar, mica, and quartz grains. The
fault gouge commonly shows some chemical alteration.

Many joints in the pilot bore are actually micro-
faults and shears (Robinson and Lee, 1965, p. 19).

Frogure 2.—Sample of Silver Plume Granite from wall of Straight
Creek Tunnel pilot bore, showing slickensided surface (s),
mullion structure (m), and clay gouge (g). Note similar
features in figure 5.

ROCK MECHANICS

Such joints typically are coated with biotite or chlorite
and commonly are slickensided. The rock immediately
adjacent to the joint is partially altered for a distance
of 0.01 foot to 0.1 foot inward from the joint. Other
joint surfaces are coated with calcite, dolomite, selenite,
tale, or epidote. Locally, quartz coats the joint sur-
faces, and is commonly slickensided. A few tight un-
coated joints are also present.

LABORATORY RESULTS

The laboratory investigation of the Silver Plume
Granite included both triaxial and unconfined com-
pressive tests. Pressures ranged from atmospheric
(unconfined) to 5,000 pounds per square inch (con-
fined). Compressive strengths ranged from 15,000 to
65,700 psi. Thirty cylindrical cores were tested which
had an average length of 4.01 inches and an average
diameter of 1.99 inches. Figure 3 shows a typical
core after failure. The test procedures and equipment
are discussed elsewhere (Nichols and Lee, 1966). The
core in figure 3 failed under a compressive stress of
65,700 psi and a confining pressure of 5,000 psi. The
main failure surface forms an angle of 25°-35° with
the vertical axis.

As the confined cores approached failure under com-
pression, the middle of the cylinder bulged; this was
reflected by an increase in the ratio of the radial strain
to the longitudinal strain. In order to better under-
stand the mechanics of deformation and failure, an
accelerometer was fitted in a base platen (fig. 3) to
detect seismic disturbances during axial and lateral
loading. A recording oscillograph provided a photo-
graphic record of energy-producing events during load-
ing (fig. 4). It is noteworthy that minor amounts of
energy were released several minutes before failure,
during which the rate of loading was about 60 psi
per second. Megascopic and microscopic examination
of features noted in cores which failed and in cores
removed prior to failure suggests that the energy-
producing events recorded may have been caused by
grain dislocations and fractures (both shear and ten-
sile) during the lateral bulging. Increase of the axial
load eventually resulted in complete failure of the
rock sample, during which a sudden large release of
energy occurred, accompanied by a loud explosion and
simultaneous breaking of the core. Inasmuch as gouge
was found in cores removed before failure, some of the
events from 7= —3.5 seconds to t=0 second (fig. 4),
and perhaps earlier, may be associated with rupture
phenomena which produce gouge and slickensides be-
fore shear movement occurs.

Adjacent to the main failure surface a zone of sub-
parallel rupturing about 0.5 inch wide contains clay-
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Fieure 3.—Core of Silver Plume Granite, outfitted for a
triaxial test, after failure under compression. A flexible
polyvinyl chloride membrane encloses the core to prevent
entry of hydraulic fluid. Two strain-gage rosettes,
mounted on opposite surfaces, monitor lateral and longi-
tudinal strain.

size gouge consisting of crushed quartz, feldspar, and
biotite or chlorite grains. The maximum relative dis-
placement measured along the dip of the ruptured zone
is about 0.25 inch. The displacement is the amount of
offset between reference lines marked on the core. The
vinyl membrane has a negligible influence on displace-
ment because of the high fluid confining pressure. Con-
tinuous slickensides on the surface of failure (fig. 5)
are as long as 2 inches. Relative displacements are
as long as 2 inches. Relative displacements are con-
sistently about one order of magnitude less than ob-
served slickenside length. The surfaces shown in fig-
ure 5 have coatings of “fault gouge” that consist of
clay- to sand-sized particles. Other cores show con-
tinuous grooves as much as 4 inches long.

X.-ray examination of the gouge found along faults
in the Silver Plume Granite shows montmorillonite,
kaolinite, and illite to be present, whereas the gouge
produced in cores in the laboratory lacks montmoril-
lonite and illite and has only a minor amount of kaoli-
nite. This indicates that much of the gouge found in
the pilot bore is the result of post-faulting alteration,
perhaps caused by ground water, since the presence of
clay minerals would not be anticipated in gouge mate-
rial produced from dry, unaltered granite.

The “fault gouge” from the laboratory tests was
carefully removed from the failure surfaces and
weighed and compared with the original weight of the
core to determine the percentage of “fault gouge.”
The amount of fresh rock reduced to clay size and fine
sand ranged from less than 1 percent to about 3 per-
cent (by weight) of the original core. The actual per-
centage was considerably higher in some instances in
which observable gouge could not be collected from
internal surfaces without causing abnormal breakage.
In general, greater confining pressures caused the pro-
duction of greater amounts of fine-grained material.

CONCLUSIONS

The writers are as yet unable to provide a wholly
adequate explanation of all the fracture phenomena
described above. In general, they concur with the
ideas of brittle crack growth during compression ex-
pressed by Brace and Bombolakis (1963), who believe
that many faults may be formed by the interaction of
en echelon arrays of cracks which are present before
displacement along a fault. Brace and Bombolakis
also point out that the applied stress necessary to start
growth of cracks in brittle material is less than the
stress required to produce ultimate macroscopic frac-
ture; and, in at least a few cases, the stress required
to produce macroscopic fractures is considerably less
than the stress necessary to cause failure by faulting.
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Frcure 4.—Seismic record of triaxial test of core shown in figures 3 and 5. Vertical scale is arbitrary, and units on both sections

are equal. That part of record between ¢t=—2.0 seconds (upper part of figure) and ¢=—1.0 second (lower part of figure)
has been omitted.

The results of our investigations support the fol- of some samples of fresh granite is converted to
lowing: ! clay-, silt-, and sand-sized material along surfaces
1. Under compressive stress in laboratory tests, frac- of rupture.
tures and fault gouge form in samples of Silver 4. The occurrence of some fault gouge in the Silver
Plume Granite before the rock fails completely. Plume Granite may be the result of energy re-

2. Maximum relative movement of adjacent displaced lease under high compressive stress rather than
pieces of core is at least one order of magnitude granulation during movement along shear
less than the length of observed slickensides. surface.

3. In laboratory tests, more than 3 percent by weight 5. In granitic terrane, wide shatter zones are not nec-
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Ficgure 5.—Core of Silver Plume Granite shown in figure 3
with gouge (g) and slickensides (s) on inside surfaces of
separated pieces.
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essarily reliable indicators of faulting and fault
displacement, nor are gouge and slickensides
formed only by grinding action along fault
surfaces.
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PRELIMINARY APPRAISAL OF APPLIED ROCK MECHANICS RESEARCH

ON SILVER PLUME GRANITE, COLORADO

By THOMAS C. NICHOLS, JR., and FITZHUGH T. LEE, Denver, Colo.

Abstract.—A program of preliminary laboratory testing was
conducted to determine elastic and physical properties of the
Silver Plume Granite and certain types of rock associated with
it. Data derived from laboratory tests were used to relate
deformation to the structure, fabric, and mineralogy of the
rock. Results of this investigation show: (1) how structural
features such as strong lineations, foliations, joints, faults,
and associated mineralogic variations are related to the de-
formation and failure of granmitic rocks, and (2) how the
knowledge of the physical behavior of a rock determined in
the laboratory is significant to the engineer when it can be
related to the behavior of the rock in the field.

Laboratory testing was conducted on a relatively
undeformed, uniform rock of medium grain size, the
Silver Plume Granite, to determine deformational and
strength properties under various conditions. Infor-
mation obtained from these tests was compared to
structure, fabrie, and mineralogy of the rock in an
attempt to isolate factors related to deformation and
strength. An attempt was also made to relate defor-
mational phenomena observed in the laboratory to
similar geologic phenomena observed in the field.

The Precambrian Silver Plume Granite specimens
used for testing were relatively massive and of fairly
uniform mineralogy and grain size. The granite has
been described by Harrison and Wells (1959, p. 17—
20). The specimens used for these tests contain
medium-sized randomly oriented grains of quartz, feld-
spar, biotite, and muscovite, with a few large grains
of feldspar that give a slightly porphyritic texture.
Foliation of feldspar is faintly discernible. Individual
mineral grains have microscopic and macroscopic frac-
tures of apparent random orientation, although some
apparent fractures are cleavages and grain interfaces.
Samples for testing were obtained from an abandoned
quarry near Silver Plume, Colo. '

METHODS OF STUDY

Laboratory tests consisted of measurements of tri-
axial compression, unconfined compression, and ten-

sile strength, from which stress, strain, and seismic
data were obtained at various stages of deformation.

All samples were prepared in the manner described
below :

1. Samples not already existing as cores were cut with
a 214-inch core barrel.

2. Cores were trimmed and planed such that the
length-to-diameter ratio was at least 2:1. The
end parallelism was held to a tolerance of less
than 0.001 inch. Orientation of foliation and
planes of weakness were recorded. Samples for
the tensile tests were trimmed to the size of the
apparatus. Parallelism of the ends of these sam-
ples is unimportant.

3. For triaxial compression tests, strain gages were
applied to the surface of each core midway be-
tween the top and bottom. Two rosette gages,
each with two 90° components, were applied, one
component being parallel and the other perpen-
dicular to the long axis. The gages were mounted
on opposite sides of the core with the parallel
components connected in series to obtain average
strain measurements. Radial strain was deter-
mined by comparing the ratio of the change in
circumference (AC) to the original circumference
(C), or conversely the ratio of the change in
radius (AR) to the original radius (R). It can be

shown that éC_(,;'___ %1; or that circumferential

strain is equal to radial strain. Thus, radial
strain was measured directly by circumferentially
mounted strain gages. Axial strain was measured
by gages mounted parallel to the long axis.

The cores for triaxial testing were covered with
tough membranes of polyvinyl chloride (fig. 1) and
placed between loading platens in a triaxial chamber
capable of transmitting axial loads of 400,000 pounds
and holding fluid pressures of 8,000 pounds per square
inch. An accelerometer was mounted on the bottom
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Ficure 1.—Core after failure, showing steel platen, protective
membrane, and strain-gage rosette.

platen within an air chamber and was oriented so that
it was sensitive to the vertical component of seismic
energy released as fracturing occurred. The triaxial
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chamber, after being filled with hydraulic fluid and
sealed, was placed in a hydraulic press capable of
exerting loads up to 400,000 pounds at uniform load-
ing rates. Electrical connections necessary for moni-
toring strain measurements and accelerometer impulses
were then completed. A strain indicator was used to
measure strain, and an oscillograph was used to moni-
tor accelerometer impulses. A diagrammatic sketch,
figure 2, shows the entire loading and monitoring
system.

Types of tests

Triaxial loading tests were performed on the core
to investigate the following:

1. The effect of increased confining pressures upon
the elastic and physical properties of the samples.

2. The differences between physical measurements
that can be expected within the Silver Plume
Granite.

3. The applicability of Mohr’s failure envelope in
predicting strength and internal friction for var-
ious degrees of confining stress.

4. The probability and amount of creep under con-
fining pressures.

5. The modes of failure, and fabric changes of the
samples during stress applications.

6. How the modes of failure and fabric change can
be related to natural geologic phenomena, such

e —————

= i —
l Press platen l

1 Triaxial

|
e 8
Air escape Dort\'it F M g’/ chamber
o — J 1 Steel platens
Hose clamp ’ ’/ '
Strain gage
Specimen /i-
| { Strain
| indicator [

I by 7779_4
v
= “ ’ AL i/
!
L=

Plastic membrane

7 B\
Lateral- N
pressure y /

gage

Hydraulic—< ]

port — / ~
Accelerometer }\ LJO / hadCie
[ = scillograpl
Steel pfij//‘f % \ET
Outlet o S
gage < ) . mm——R————
B |

JF\
7 1 N , ‘ )
Hydraulic Hydraulic

port cylinder

Hial: l Hydraulic piston

force?/“& N VﬂVHf, e e SESCES L,

Ficure 2.—Sketch of loading and monitoring system for triaxial
testing.
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as possible stiffening of rock, slickensides, fault
‘planes, hardway and softway planes.

Unconfined compression tests and tensile tests were
condiicted on duplicate samples, primarily to corre-
late these test observations with triaxial test observa-
tions, and to provide data for Mohr’s failure envelopes.
' The unconfined compression tests were performed
by Toading cores axially until they failed. No attempt
was made to induce permanent set in the cores by
preliminary repeated loading. Strain measurements
were made with calibrated mechanical extensometers.

The tensile tests were conducted on apparatus de-
signed by Donald R. Reichmuth,® utilizing a point-
loading method. Strain was not measured in these
tests.

RESULTS OF INVESTIGATIONS

Compressive strength

The compressive strength of the Silver Plume Gran-
ite is quite high under all conditions of orientation
and loading. The unconfined compressive strength
ranges from 22,000 to 33,000 psi. Confining pressures
ranging from 0 to 5,000 psi were applied to various
cores of similar composition placed in different orien-
tations with respect to foliation. As the confining
pressures increased, the strength of the rocks also
increased. At 5,000 psi some specimens of Silver
Plume Granite reached a strength of 65,000 psi. The
strengths and internal angles of friction under dif-
ferent confining pressures and core orientations were
predictable in most instances using Mohr’s failure-
envelope plots (Sowers and Sowers, 1951, p. 42-44)
(fig. 3). As suspected, the weak foliation in these
cores had very little effect upon the strength. All test
curves that were plotted, with the exception of curves
4 and 6, fit very closely to the failure envelope. The
deviation of curves 4 and 6 can be explained by a
probable decrease of cohesion or internal friction
within the cores tested.

Effect of mineral content and foliation on strength

To show the effect of mineral content upon the
strength of the Silver Plume Granite, several cores
were chosen that had a greater deviation of mineral
content than those used for the Mohr’s envelope plot.
These cores were tested under identical confining pres-
sures of 1,500 psi at similar orientations; their strength
varies only slightly with composition change (fig. 4).
With the exception of one apparently anomalous core
that failed at 60,300 psi, core failure values are in a
very narrow range. Thus, it appears that the incipient

1 Mining Methods Research Engineer, Minneapolis Mining Research
Center, Minneapolis, Minn.
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Figure 3.—Mohr’s failure envelope for Silver Plume Granite.
Numbers indicate individual tests; ¢, cohesion is approximately
5,200 psi.

foliation and slight variations in mineral content that
occur in Silver Plume Granite have only a minor
effect on rock strength.

The strength of migmatite, gneiss, and schist asso-
ciated with the Silver Plume Granite, although high,
varies considerably with respect to the orientation of
well-developed foliation and lineation, joints, and
with variations in mineralogy and grain size. Cores
of metamorphic rock with foliation directions oriented
subparallel to the direction of maximum shear stress
failed along these foliations at relatively low com-

%, Vi o
& & & N N &

Feldspar —

Ficure 4.—Diagram showing mineral composition and
strength of Silver Plume Granite cores under confining
pressures of 1,500 psi. Solid circles show mineral
content of individual specimens tested. Numbers
represent strength of specimen tested in Kips per square
inch.
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pressive stress values. Also, the compressive strengths
of these rocks changed with variations in mineral-
ogy; as the biotite or quartz content increased, the
strength lessened. In such rocks, Mohr’s failure en-
velope could not be used with any great success to
predict ultimate strengths of the rocks or their angles
of internal friction.

Elastic behavior

When the Silver Plume Granite was subjected to
confining pressures of 0 to 5,000 psi during testing, a
brittle elastic behavior was observed. Very little
ductility was noticed, and the elastic behavior was seen
to be very uniform, as described below.

In similar tests on Silver Plume Granite samples
oriented in several different directions, the ratio of
axial stress to axial strain varied a maximum of =+6
percent from the mean value. The mean value for
the stress-strain ratio was approximately 7X10° psi
for unconfined tests and approximately 8.6X10¢ psi
for tests in which the confining pressures ranged from
1,500 to 5,000 psi. Thus, there was an initial increase
of the stress-strain ratio when the confining pressure
was changed from 0 to 1,500 psi, but no significant
change as the confining stress was increased from 1,500
to 5,000 psi.

The ratios of radial strain to axial strain were con-
sistently very close on samples of the Silver Plume
Granite tested under similar conditions. In general,
these ratios increased as the axial stress was increased,
but decreased as the confining stress was increased.
Cores that were repeatedly preloaded by axial and
hydrostatic stresses had decreased radial- to axial-
strain ratios. Also, permanent set was developed, the
greatest amount occurring during the first preload.

Different conditions of repeated preloading of these
specimens appear to uniquely change the elastic be-
havior of the samples. Although definite conclusions
cannot be drawn from the limited data available, the
following observations were made:

1. Those cores that were axially preloaded showed:

a. permanent set primarily parallel to the axis
of the specimen.

b. a linear stress to axial-strain ratio.

c. a nonlinear stress to radial-strain ratio. The
change of stress generally did not increase
as rapidly as the change of radial strain.

2. Those cores that were hydrostatically preloaded
showed :

a. permanent set of similar magnitude both in
the axial and radial directions.

b. a linear stress to axial-strain ratio that gen-
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erally is greater than the stress to strain
ratio of axially preloaded cores.
c. a nearly linear stress to radial-strain ratio.

Creep

Creep under confining pressures of as much as 5,000
psi is probably negligible within the Silver Plume
Granite. Tests show that when a granite sample is
loaded to 5,000 psi confining pressure and 51,000 psi
axial stress for 3 days, the rate of creep slows to (1)
approximately 25 microinches per inch per day on the
second day and (2) to 15 microinches per inch per day
on the third day. Yet, the amount of strain caused
by a 1°C change in temperature is about 8 microinches
per inch. Thus, creep apparently becomes negligible
after stress has been applied for several days, after
which small strain caused by temperature fluctuations
will be dominant. '

Fabric changes

There was an initial attempt to make quantitative
fabric measurements for this investigation, but be-
cause of excessive time required for these measure-
ments it was felt that the following qualitative obser-
vations of gross features would suffiice for these pre-
liminary investigations.

Immediately before and after failure of core sam-
ples there is a substantial increase of fracture density
along many zones subparallel to or at conjugate angles
to the main rupture zone. In all instances this frac-
turing took place along planes of high shear stress.
Some of these zones of intense fracturing did not com-
pletely propagate through the cores, indicating that
shear failure is not an instantaneous occurrence. In-
ergy release, recorded as the specimens were loaded,
indicated that small local failures along fractures took
place at a uniform rate throughout the duration of the
test until complete failure occurred. At the time of
complete failure a very large amount of energy is
released. This indicates that fracture density prob-
ably increased along planes of high shearing stress
throughout the duration of the test and that move-
ment along these planes possibly occurred before total
failure. The failure planes had slickensides and well-
developed gouge similar to that observed in the field
along faults and fractures (Lee and Nichols, 1966).

APPLICATION OF TEST RESULTS

The strength of the different rocks tested is great.
Therefore, significant engineering problems in this
terrane most likely will be related to faults, gouge
zones, joints, strong lineations, and foliations rather
than to the inherent strength of the rocks themselves.
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The Mohr failure-envelope plots indicate that a uni-
form granite such as the Silver Plume has remark-
ably uniform strength and internal friction proper-
ties, which could be used to help solve structural prob-
lems in the field. For example, if the attitudes of
shear fractures are measured in the field on similar
rocks whose stress history is not known, then angles
of friction computed from stress analyses in the labo-
ratory might help define conjugate sets of shear joints.
Such local information could be valuable in analyzing
regional tectonic systems when used in conjunction
with more sophisticated methods such as those de-
scribed by Brace (1961) and Harrison and Moench
(1961).

The knowledge of elastic behavior of the Silver
Plume Granite gained from laboratory studies is prob-
ably not of any great value in itself without additional
field information. In situ measurements using geophy-
sical techniques to determine the elastic behavior be-
fore, during, and after disturbances caused by en-
gineering construction are probably more meaningful.
By comparing the elastic behavior of rocks measured
in situ with the behavior of similar rocks tested in the
laboratory it may be possible to study (1) the mag-
nitude and nature of stress redistributions caused by
engineering disturbances, and (2) the relation of these
redistributions to existing geologic structures.

To corroborate these interpretations of elastic be-
havior, scale models simulating geologic structures
should be made in the laboratory with built-in moni-
toring devices capable of sensing stress and temper-
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ature changes and microseisms. Similar devices should
be used in the field. These laboratory models can be
stressed to simulate the disturbances caused in the
field by construction practices. Data obtained from
these tests can then be compared with field data in an
attempt to determine the effects of structural features
upon stress behavior.

CONCLUSIONS

In general, preliminary laboratory testing of the
Silver Plume Granite has helped explain the behavior
of this rock under certain stress conditions. More
importantly, the test data have a practical applica-
tlon to engineering construction problems, and have
provided a basis for planning future testing. Clearly,
field measurements of rock behavior are needed in con-
junction with future laboratory studies.
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STRATIGRAPHY, PALEONTOLOGY, AND ISOTOPIC AGES
OF UPPER MESOZOIC ROCKS IN THE SOUTHWESTERN
WRANGELL MOUNTAINS, ALASKA

By ARTHUR GRANTZ, D. L. JONES, and M. A. LANPHERE,
Menlo Park, Calif.

Abstract.—Reconnaissance field observations, fossils, and
potassium-argon ages have provided new information on the
upper Mesozoic strata of the Wrangell Mountains. The Kot-
sina Conglomerate is probably Middle or lower Upper Jurassic.
Sandstone along the Chetaslina River may be Callovian
(Jurassic), and nearby unfossiliferous shale and sandstone is
probably also upper Mesozoic. A unit of sandstone,-siltstone,
conglomerate, and calcarenite, previously thought to be grada-
tional downward into the Kotsina Conglomerate, yielded Hau-
terivian and Barremian (Lower Cretaceous) fossils, Similar
rocks occur in the northern Chugach Mountains and at Kusku-
lana Pass, where they rest on granodiorite dated as 141*5
m.y. Sandstone and siltstone with Albian (Lower Cretaceous)
fossils rest on the Hauterivian to Barremian rocks at Kusku-
lana Pass, and shale and arkose of similar age rest on grano-
diorite dated as 126+4 m.y. near Mount Drum.

The southwestern Wrangell Mountains, and the ad-
jacent lower Chitina Valley, occupy an important posi-
tion between geologically better known areas—the
upper Chitina Valley to the southeast, and the Nel-
china area to the west (fig. 1). A reconnaissance
survey of the upper Mesozoic rocks in the report area
was made to determine regional stratigraphic rela-
tionships and the age of certain poorly dated forma-
tions. Knowledge of these relationships may have an
economic application in the nearby Copper River
lowland, where poorly exposed upper Mesozoic rocks
are a possible source of petroleum.

The upper Mesozoic rocks rest unconformably upon
altered upper Paleozoic sedimentary and volcanic
rocks, Triassic basalt, and Upper Triassic limestone,
black shale, and argillite. The pre-Jurassic rocks were
strongly folded, intruded by plutonic rocks, and up-
lifted and deeply eroded by late Mesozoic time. They
supplied most of the detritus found in the upper
Mesozoic formations. The upper Mesozoic formations
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Ficure 1.—Extent of upper Mesozoic rocks of the Matanuska
geosyncline (shaded area) and area discussed in text. I,
Nelchina area; 2, Copper River lowland; 3, southwestern
Wrangell Mountains and lower Chitina Valley, (report area);
and 4, upper Chitina Valley.

occupy a synclinal belt between the Chokosna River
and Mount Drum and rest on Paleozoic rocks in a
small area of the Chugach Mountain front near Chi-
tina (fig. 2).

PREVIOUS WORK

Pioneer reconnaissance surveys by Rohn (1900),
Schrader and Spencer (1901), and Moffit and Maddren
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Freure 2.—Generalized geologic map of the southwestern Wrangell Mountains, Alaska, and generalized columnar sections of
Cretaceous rocks in the area. Map after Moffit (1938). Large letters on map refer to stratigraphie sections on facing page.
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F16URre 2.—Continued

(1909) resulted in the recognition of shale and lime-
stone of supposed Late Jurassic or Early Cretaceous
age in the Kotsina-Iuskulana Rivers area. These
rocks weve considered to be part of the Kennicott
Formation, and of the thick I otsina Conglomerate
(Rohn, 1900, p. 431) of unknown age. In addition,
Mendenhall (1905) mapped unaltered sedimentary
rocks which he thought were Tertiary, in the Chesh-
nina, Chetaslina, and Dadina River drainage areas,
but these rocks are now known to be upper Mesozoic.
Near the mouth of the Chitina River, Moffit (1914)
found two units of supposed Middle Jurassic age, a
unit of “tuffaceous slate” overlying a “tuffaceous con-
glomerate”.

In the Kotsina-Kuskulana Rivers district, Moffit
and Mertie (1923) recognized three units of upper
Mesozoic rocks to which they assigned a Late Jurassic
age. The lowest unit is the Kotsina Conglomerate
which unconformably overlies Upper Triassic shale
and consists of massive conglomerate with rare shale
lenses. The Kotsina was thought to be overlain by an
unnamed unit of sandstone, conglomerate, and shale,
and this in turn by an unnamed light-colored, highly
fossiliferous limestone unit. Moffit and Mertie did not
retain the name Kennicott Formation for the upper
two units. : B

The sporadic distribution of these three units, and
the fact that in no place were the upper two found in
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stratigraphic sequence with the Kotsina Conglomerate,
led to uncertainty as to their relationships. The mas-
sive Kotsina Conglomerate was thought to grade
laterally into soft yellowish-brown fossiliferous sand-
stone of the middle unit to the north. The lack of
thick conglomerate in some places between the upper
limestone unit and the Triassic formations, however,
suggested that either the Kotsina was deposited in a
restricted area, or that it was removed by erosion
prior to deposition of the limestone.

Moffit (1938) published a summary of the geology
of the entire Chitina Valley and adjacent area, but
the relationships of the upper Mesozoic rocks of the
Kotsina-Kuskulana Rivers area and nearby areas to
those in other parts of the region were puzzling; they
could not be correlated either lithologically or faunally
with any other known sequence. Likewise, the sup-
posed Middle Jurassic tuffaceous beds exposed near
the mouth of the Chitina River could not be correlated
with any others within the Chitina Valley region.

Imlay and Reeside (1954, p. 231) correlated the Kot-
sina Conglomerate with the basal part of the Mata-
nuska Formation of supposed Coniacian (Late Creta-
ceous) age. The fossiliferous limestone was not men-
tioned and presumably was also regarded as part of
the Matanuska Formation. They also assigned an
Albian (Late Cretaceous) age to the Kennicott For-
mation, which crops out eastward from Kuskulana
Pass, at the east margin of the present study area.

PALEONTOLOGY AND STRATIGRAPHY

PRESENT INVESTIGATIONS

This report is based on 9 days of helicopter-sup-
ported fieldwork carried out by Grantz in the summer
of 1963, and contains the results of paleontologic stu-
dies by Jones and isotopic age measurements by Lan-
phere. An abstract of the data resulting from this
collaborative work has been published previously
(Grantz and others, 1965). Geologic observations
were made throughout an area of about 1,200 square
miles, but time did not permit tracing contacts or
thorough examination of all exposures.

It is assumed that the potassium-argon ages dis-
cussed are at least minimum ages, because there is no
evidence that biotite or hornblende from granitic rocks
incorporate significant amounts of radiogenic argon at
the time of crystallization. The plus-or-minus value
assigned to each age (table 1) is the estimated stand-
ard deviation of analytical precision.

Where possible the formations discussed below will
be correlated with the standard stages of northwest-
ern Europe; a list of these stages for the Upper Juras-
sic and Cretaceous is presented in table 2.

JURASSIC ROCKS

Kotsina Conglomerate

The Kotsina Conglomerate, named by Rohn (1900,
p- 431) for exposures on and near the Kotsina River,
also crops out near the headwaters of Strelna Creek,

TaBLE 1.— Potassium-argon ages and analytical data

[Potassium analyses by H. C. Whitehead; argon analyses by M. A. Lanphere]

. Average [ Arraa® ATraqt0 | Apparent . .

Sample Sample description Mineral K:0 analyses K30 (10-10 L age Field No. Location

0. (percent) (percent) | moles/g) Arwea® | (millions
of years)

1...__ Biotite granodio- | Biotite.___| 3.97, 3.97 3. 97 9. 633 0.90 | 157+6 | 63ALe 14b | Valdez (C-1) quad-
rite clast in rangle; lat 61°44'00'’
Kotsina Con- N., long 144°02'50"’
glomerate. f‘iv gl)oc. H, fig. 2;

g. 3).

2_____ Porphyritic horn- | Horn- . 668, . 672 . 670 1. 460 .83 | 142+5 | 63AGz 213 | Valdez (C-1) quad-
blende micro- blende. rangle; lat 61°44/03"/
diorite dike N., long 144°03'02"/
cutting Kot- W. (loc. H, fig. 2;
sina Conglom- fig. 3).
erate.

S Granodiorite —do______ .767, .784 | .776 1. 684 .87 | 14145 63ALe 15 | McCarthy (C-8) quad-
near Kuskulana rangle; lat 61°32/45"/
Pass. N., long 143°42’'30"'
L W. (loc. E, fig. 2).

4_____ Biotite granodi- Biotite____| 7.29, 7.30 7.30 14. 11 .92 1 126+4 | 63AGz 162 | Gulkana (A-2) quad-
orite near rangle; lat 62°03’09’/
Mount Drum. N., long 144°34’40"'

W. (loc. A, fig. 2).

Decay constants for K#: A, =0.585X 10-10 year—!; \g=4.72X 1010 year-!.

Atomic abundance of K#9=1.19X 10
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TaBLE 2.—Commonly used stage names of the Upper Jurassic and
Cretaceous, including the stage names used in this report !

Series Stage

Maestrichtian

Campanian

Santonian

Upper Cretaceous —
Coniacian

Turonian

Cenomanian

Albian

Aptian

Barremian

Lower Cretaccous —
Hauterivian

Valanginian

Neocomian

Berriasian

Portlandian

Kimmeridgian

Upper Jurassic
Oxfordian

Callovian

! Compiled from Imlay (1952, pl. 2) and Imlay and Reeside (1954, pl. 1).

and was found on the north side of the Cheshnina
River valley during the present study (fig. 2).

The physiographic expression of the formation was
aptly described by Moffit and Mertie (1923, p. 45)
who noted that “The conglomerate mountains are
rugged, with precipitous cliffs and a ragged skyline.
Their dark color and rough surface give them a for-
bidding aspect, and in fact many of the ridges are
practically impassable.” The Kotsina is a very thick
bedded, well-rounded, pebble-and-cobble conglomerate
that contains boulders in some beds. Hand specimens
are prevailingly dark or olive gray. The matrix is
lithic or feldspathic sandstone which is poorly to fairly
well sorted, or in some places dark, hard lutite. The
formation contains interbeds and lenses of similar
sandstone and of black lutite that commonly is car-
bonaceous and contains plant scraps. Some of the
interbeds are tens of feet thick. The conglomerate
clasts are principally dark rocks and of local origin,
mostly altered volcanic rocks and Triassic limestone,
argillite, and chert. Some light-colored and some
mafic plutonic rocks, sandstone, and a little quartz
are also present. The size of the clasts appears to
decrease toward the southeast. The Kotsina Conglo-
merate rests unconformably upon rocks as young as
latest Triassic. It is probably at least 2,000 to 2,500
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feet thick, but its upper contact has not been recog-
nized, and its full thickness is not known. Its esti-
mated thickness and coarseness of grain size suggest
that the Kotsina Conglomerate was. deposited in a
fault- or flexure-bounded basin, probably on or near
shore.

The only fossils found in the Kotsina Conglomerate
are plant scraps in the lutite layers and Late Triassic
mollusks in limestone clasts. Earlier workers based
its age upon mollusks found in supposedly equivalent
or gradationally overlying marine clastic rocks now
known to be of late Neocomian Early Cretaceous
(Hauterivian) age. These fossiliferous rocks are un-
related to the Kotsina Conglomerate, and in fact could
not be found in contact with it. The supposedly
equivalent rocks have been variously considered to
be Late Jurassic, Jurassic or Cretaceous, Early Creta-
ceous, or Late Cretaceous, and the age of the Kotsina
Conglomerate varied with the age assigned to these
beds.

The Kotsina Conglomerate is intruded by porphy-
ritic hornblende microdiorite dikes that cut a post-
Kotsina fault north of the Kotsina River (locality H.
fig. 2) and are themselves unconformably overlain by
beds of Hauterivian age. These relations are shown
on figure 8. Assuming that a significant period of
time was required to fault the Kotsina Conglomerate,
intrude the dikes, erode the rocks on the west side of
the fault to the level of the dikes, and then to sub-
merge the area to receive the Hauterivian sediments,
then a Jurassic age for the Kotsina Conglomerate
seems likely.

Support for, and considerable refinement of, the
stratigraphic age of the Kotsina Conglomerate is

AND LANPHERE
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Frgure 3.—Schematic geologic section show-
ing the field relations critical to dating the
Kotsina' Conglomerate. Ages were deter-
mined by the potassium-argon method.
The section is located on the north side of
the Kotsina River (loc. H, fig. 2). Geologic
units are identified by letter symbol on
figure 2.
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provided by potassium-argon ages determined for
hornblende in one of the microdiorite dikes (sample 2,
table 1) which cut the conglomerate and in a biotite
grandiorite clast (sample 1, table 1) from the con-
glomerate in the same outcrop. The age determined
for hornblende from the dike is 14225 million years,
and that for biotite from the clast is 157+6 m.y.
These determinations indicate a minimum age of Late
Jurassic and suggest a Middle or Late Jurassic age
for the Kotsina Conglomerate. The biotite age is in
good agreement with potassium-argon ages of biotite
and hornblende from plutons in the Talkeetna Moun-
tains (Grantz and others, 1963) and the Aleutian
Range (Detterman and others, 1965). The strati-
graphic evidence in these two areas suggests that em-
placement of these plutons occurred in latest Early to
earliest Middle Jurassic time. The bictite age for the
Kotsina Conglomerate clast suggests that the pluton-
ism which was widespread in the area of the Mata-
nuska geosyncline also occurred locally in the area of
the Kotsina Conglomerate.

An age of 1415 m.y. (sample 3, table 1) was de-
termined for hornblende from a granodiorite pluton
near Kuskulana Pass (loc. £, fig. 2). This pluton
intrudes latest Triassic rocks and is overlain uncon-
formably by Lower Cretaceous (Hauterivian) rocks.
Its indicated age is significantly less than the ages that
have been measured for granitic rocks in the Talkeetna
Mountains and Aleutian Range, which were noted
above.

The ages of the hornblende from the pluton at Kus-
kulana Pass and from the dike which intrudes the
Kotsina Conglomerate north of the Kotsina River
(samples 2 and 3, table 1) are, however, in excellent
agreement, and are considered to represent a Late
Jurassic plutonic episode.

Sandstone and lutite

Other rocks in the southwestern Wrangell Moun-
tains that may be Jurassic crop out in the bluffs along
the Chetaslina and Cheshnina Rivers (fig. 2). These
rocks consist mostly of sandstone and lutite and dip
25° to 30° SW. The outcrops along the Cheshnina
River lie downdip from nearby outcrops of the Kot-
sina Conglomerate which they resemble more closely
in degree of induration and deformation than they do
the Cretaceous rocks of the area.

The most abundant rock type is greenish-gray, thick-
bedded feldspathic and lithic graywacke that is locally
crossbedded and calcareous. It ranges from fine-
grained to very coarse grained and pebbly sandstone
with angular to subrounded grains that are generally
poorly sorted. The sandstone contains many interbeds
and units of pebble-and-cobble conglomerate, dark-gray

PALEONTOLOGY AND
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siltstone, and mudstone intraclasts. Most of the con-
glomerate clasts are volcanic rock fragments, but
some are granitic, and others are sandstone or lime-
stone. Plant scraps and a few marine fossils have been
found in the sandstone and its siltstone interbeds.

Downstream from the main sandstone outcrops on
the Cheshnina River, and possibly overlying them, are
green to gray lutites with thin sandstone interbeds at
some places. These interbeds of sandstone are dark
greenish gray and fine grained, and they locally have
graded bedding and sole markings. Apparently the
stratigraphically highest rocks are shaly and silty
claystone and siltstone that contain brownish gray-
weathering limestone interbeds and concretions.

The sandstone beds are estimated to be more than
1,000 feet, and are possibly more than 2,000 feet thick.
Neither the top nor the base of the section is exposed.
The lutites are at least several hundred feet thick, but
in places they are in tight southeast-striking isoclinal
and chevron folds, and their thickness could not be
determined during the present reconnaissance.

These rocks were mapped as nonmarine and of
Tertiary age by others (Moffit, 1939, pl. 2; Menden-
hall, 1905, pl. 4). During the present studies, how-
ever, a belemnite and /noceramus scraps were found in
sandstone on the Chetaslina River, and several small
pelecypods and small ammonites in outcrops on the
Cheshnina River. Ralph W. Imlay, of the U.S. Geo-
logical Survey, states (written commun., 1963) that
although the ammonites cannot be positively identi-
fied, they resemble immature forms of Kepplerites, or
some related genus, of Callovian age, and that an early
Late Jurasic age seems probable.

CRETACEOUS ROCKS

Clastic rocks of Early Cretaceous {(Neocomian) age

Marine sedimentary rocks of Neocomian age form
many small mountaintop outcrops between Long
Glacier and Kuskulana Valley and constitute a larger
area of continuous exposures near Kuskulana Pass
(fig. 2). Correlative beds previously referred to as
the tuffaceous units of Middle Jurassic age crop out
south of the Chitina River in the northern Chugach
Mountains. Moffit and Mertie (1923) described the
Neocomian beds in some detail but were puzzled by
their stratigraphic complexity and age and their rela-
tion to the Kotsina Conglomerate. Indeed, mollusks
from these beds have been assigned by various paleon-
tologists to the Middle Jurassic, Late Jurassic, Early
Cretaceous, and Late Cretaceous (Moffit and Mertie, p.
44-48; Moffit, 1938, p. 66-70; Imlay and Reeside, 1954,
p- 231).
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The Neocomian beds are much less deformed than
the latest Triassic and older rocks upon which they
rest with angular unconformity, and near Kuskulana
Pass (loc. £, fig. 2) they overlie granodiorite for which
a potassium-argon age of 141+5 m.y. was obtained on
hornblende (sample 3, table 1). They are overlain,
apparently unconformably, by beds of Albian age.

The Neocomian rocks are clastic marine deposits,
but they are characterized by an almost white cal-
carenite facies which is composed of finely comminuted
prisms of [Inoceramus shell. Sandstone beds with
lower proportions of biogenic calcite grains are brown-
ish gray, greenish gray, or olive gray. North of the
Chitina River these rocks are mostly fossiliferous,
cross-bedded, calcareous sandstone and conglomerate.
The thickest, sections are from 600 to almost 1,000 feet
thick. The sandstone and conglomerate intertongue
greatly, and the stratigraphic sections differ widely
from place to place (see Neocomian columnar sections,
fig. 2). As with the nearby Kotsina Conglomerate,
the conglomerate and sandstone clasts are chiefly
greenstone, limestone, and argillite, and were derived
from the subjacent formations. These rocks are near-
shore, high-energy, shallow-water deposits.

North of the Chitina River, from 0 to 200 feet of
rounded cobble-and-boulder conglomerate with a cal-
careous matrix, and in places containing many mol-
lusks, occurs at the base of the Neocomian sequence.
In the section north of the Kotsina River (loc. B, fig.
2) beds overlying the basal conglomerate are at least
600 feet thick. The lower 200-300 feet consist of cal-
careous sandstone that is fine to coarse grained and
conglomeratic. The sandstone is fossiliferous, cross-
bedded, and contains beds and lenses of calcarenite
and of coquinoid sandstone. It in turn is overlain
by a similar thickness of medium-dark and greenish-
gray sandy siltstone with many, commonly large, mol-
lusks. The upper part of the section consists of fossil-
iferous coarse sandstone, conglomerate, and calcare-
nite. At one place, about 60 feet of sandstone and
conglomerate at the base of the upper coarse clastic
rocks is overlain by about 50 feet of thick-bedded,
very light gray (almost white), generally fine grained
calcarenite with large /noceramus shell fragments and
some lenses of terrigenous pebbles and sand. The cal-
carenite section is overlain by a small thickness of
incompletely exposed calcareous sandstone. Within
one large outcrop the calcarenite interfingers with cal-
careous conglomerate, and it is evidently supplanted
by fossiliferous calcareous sandstone and conglomerate
within a quarter of a mile to the west. At one place
the basal 5 feet of the calcarenite interfingers with
pebble conglomerate and lenses out within a horizon-
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tal distance of 6 to 8 feet. The calcarenite may rep-
resent a nearshore bar or bank of wave-comminuted
shell fragments which abutted an area in which terri-
genous detritus was being deposited in shallow water
from a nearby stream mouth.

Correlative Neocomian beds in the northern Chugach
Mountains south of the Chitina River and near its
mouth (locs. ¢ and D, fig. 2), are grossly similar in
lithology to those north of the river. They are thicker,
however, and include a thick unit of dark siltstone.
Moftit (1914, p. 25-27) reported that these Neocomian
rocks (loc. O, fig. 2) south of the Chitina River (which
he considered Middle Jurassic) consisted of (1) a
lower unit at least 500-600 feet thick composed of
massive conglomerate with rounded pebbles and cob-
bles of argillite, diorite, greenstone, and quartz, set in
a tuffaceous matrix, and (2) an upper unit several
hundred feet thick of fossiliferous tuffaceous beds
“...composed of dark fine-grained sandstone-like rock,
slightly calcareous, and showing numerous small flakes
of mica on the cleavage surface.” Moffit mapped the
upper unit as tuffaceous slate (1914, pl. 2), and tuf-
faceous shale (1938, pl. 2). He stated that the con-
glomerate appeared to rest unconformably upon Car-
boniferous(?) schist, but that the contact was poorly
exposed and at many places appeared to be a fault.
Moffit’s description of these rocks suggests that they
are calcareous conglomerate and siltstone lithologically
like the Neocomian clastic rocks north of the Chitina
River. However, three fossil collections from the
upper unit were studied by T. W. Stanton (Moffit,
1914, p. 26), who referred them to the Middle Juras-
sic. These collections were reexamined during the
present study and found to consist of fragmentary
mollusks that could be either Jurassic or Cretaceous
and that would not be out of place in the Hauterivian
faunule collected from similar rocks about a mile to
the east during the present study.

During the present reconnaissance the Neocomian
rocks south of the Chitina River were examined only
in a small stream at the east end of their outcrop area
(loc. D, fig. 2) and their relationship to the rocks de-
scribed by Moffit was not determined. Along this
stream more than 800 feet of dark, fairly hard, fossil-
iferous glauconitic siltstone is exposed. It contains
layers of thick /noceramus shells and thin interbeds
of calcareous sandstone and coarse siltstone crowded
with Inoceramus prisms. This thick, fossiliferous silt-
stone probably was deposited somewhat farther from
shore than the thinner and coarser equivalent rocks
north of the river. The siltstone section is overlain
by a few hundred feet of calcareous conglomerate and
sandstone that contains abundant /noceramus prisms
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and has some interbeds of siltstone and of graywacke
conglomerate and sandstone. As in the outcrops to
the north, the conglomerate is dominated by clasts of
altered volcanic rocks, limestone, black chert, and
argillite, and contains some granitoid rocks and rarely
quartz.

The abundant molluscan faunule in the lower and
middle parts of the section (loc. B, fig. 2) north of the
Kotsina River contains species of /noceramus, Pinna,
Simbirskites, and a belemnite which are probably of
Hauterivian (late Neocomian) age. The same faunule
was obtained from the dark siltstone south of the
Chitina River (loc. D, fig. 2). The calcarenite near
the top of the section north of the Kotsina River con-
tains Inoceramus ovatoides of Anderson, which is of
late Hauterivian to Barremian (late Neocomian) age.
The genus Simbirskites in Europe is of middle to late
Hauterivian age.

The Hauterivian beds of the southwestern Wrangell
Mountains are correlative with the Nelchina Limestone
and overlying dark sandstone in the Nelchina area of
the Talkeetna Mountains, which Bergquist (1961)
found to contain Hauterivian Foraminifera. The
Nelchina Limestone is an almost white calcarenite
characterized by /Znoceramus shell fragments and
prisms. The Nelchina Limestone overlies Buchia-
bearing sandstone and conglomerate of Valanginian
(early Neocomian) age which is absent in the Wran-
gell Mountains.

Siltstone, shale, and sandstone of Early Cretaceous
(Albian) age

Albian-age rocks crop out in a broad syncline at
Kuskulana Pass (loc. @, fig. 2), where they rest with
apparent unconformity on the Neocomian beds just
described, and in a small area on the southeast flank
of Mount Drum (loc. 4, fig. 2). The beds near Mount
Drum have a moderate dip to the west and rest upon
biotite granodiorite. Biotite from this pluton yielded
a potassium-argon age of 1264 m.y. (sample 4, table
1), suggesting intrusion during Neocomian (Early
Cretaceous) time. The fact that the unconformity at
the base of the Hauterivian (upper Neocomian) beds
in the Kotsina-Kuskulana Rivers area represents a
greater structural discordance and a longer hiatus than
the unconformity at the base of the overlying Albian
beds suggests that the pluton was intruded before
deposition of the upper Neocomian beds of the Kotsina-
Kuskulana Rivers area, and that it was unroofed by
a combination of pre-Hauterivian and pre-Albian
erosion.

The Albian rocks at Kuskulana Pass are similar to
strata cropping out near Fourth of July Pass in the
upper Chitina Valley that have been designated the
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Kennicott Formation. However, usage of the name
‘Kennicott has been so varied that use of the term
should be suspended until detailed mapping is accom-
plished in the type area. At Kuskulana Pass the
Albian rocks (loc. @, fig. 2) are about 1,500 feet thick
and are dominantly siltstone. Some sandstone may
occur at the base of the section, but the lowest beds
are poorly exposed at the place visited. The bulk of
the section is siltstone, silty claystone, and shale that
are slightly greenish gray and medium dark gray and
weather to medium gray, brownish gray, or greenish
gray. The siltstone contains limestone concretions and
lentils and a few volcanic ash layers. An interval
150 feet thick in the lower part of the sequence con-
tains abundant shells of the pelecypod Awucellina in
limestone concretions and coquinoid beds. Another
interval at least 200 feet thick in the middle of the
sequence contains 5 to 10 percent of thin to thick in-
terbeds of coarse siltstone, sandstone, and minor con-
glomerate. These interbeds resemble turbidites, being
commonly graded, and many show sole markings, wavy
bedding, small-scale crossbedding, and channeled bases.
The uppermost exposed beds in this section are silt-
stone and silty claystone with limestone concretions,
but the top of the section is not preserved. Fossils were
not obtained from the highest beds, and thus their
age is unknown. A few observations along the north-
east side of the syncline at Kuskulana Pass suggest
that sandstone and conglomerate interbeds in the
middle of the sequence may increase in number and
thickness to the north.

The Albian strata near Mount Drum are litholog-
ically quite different from those at Kuskulana Pass,
for they are characterized by very carbonaceous silt
and clay shales and contain beds of granite wash. They
are also slightly younger. The exposed section (loc.
A4, fig. 2) exceeds 650 feet in thickness. Its basal part
is 850 feet thick and consists mostly of gray, soft silt-
stone and silt shale resting on granodiorite. It con-
tains large limestone concretions with marine fossils,
wood fragments, and glauconite grains. Medium to
very thick interbeds of arkose, mostly coarse and peb-
bly, and of granite wash are distinctive features of
this unit. The thickest of these interbeds are com-
posed of angular and subangular granitic blocks mixed
with intraclasts of sandstone and limestone, yet they
are separated from the underlying granodiorite by
tens of feet of shallow marine siltstone. These rela-
tionships suggest that the basal Albian sea floor had
appreciable relief, and that the coarse detritus was
dumped in and buried without significant reworking,
even though the beds are apparently of shallow ma-
rine origin.
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Dark, very carbonaceous, and commonly fissile
brownish-gray-weathering shale and siltstone, 175 feet
thick, overlie the basal unit. These rocks have yielded
some animal trails but no other fossils. The carbona-
ceous character of these beds, the presence of trails,
and the absence of mollusks within them suggest that
they are of brackish-water or lagoonal origin. The
uppermost 140 feet of the exposed section is dark,
chunky, and platy weathering siltstone that contains
large limestone concretions, some of which contain
marine fossils. The top of the unit is unexposed, but
the section is overlain by Cenozoic volcanic rocks.

The basal beds near Mount Drum contain Brew-
ericeras hulenense and other ammonites of the Brew-
ericeras hulenense local faunizone of late early Albian
age. The upper beds contain Puzosia alaskana Imlay
of probably the same age. Awcellina, which is re-
stricted to the lower lower Albian zone of Moffitites
robustus, is apparently absent from the Mount Drum
section, which is therefore slightly younger than the
Awcellina-bearing Albian beds at Kuskulana Pass.
The Mount, Drum section is also lithologically different
from that at Kuskulana Pass; it more closely re-
sembles the Albian beds of the northern part of the
Nelchina area, which consist of coaly beds overlain by
very fossiliferous shallow marine shale. The lithologic
differences between the Albian rocks of Kuskulana
Pass and Mount Drum suggest that the former should
be named according to the formal stratigraphic nomen
clature applied to the upper Chitina Valley, and the
latter according to the nomenclature of the Nelchina
area and Copper River lowland.

The upper Mesozoic rocks of the southwestern
Wrangell Mountains record at least three episodes of
deep erosion followed by sedimentation. These epi-
sodes are recorded at (1) the base of the Kotsina
Conglomerate, (2) the base of the Neocomian beds,
(3) the base of the Albian beds. These rocks also
record evidence of plutonism of latest Early or earliest
Middle Jurassic age, of Late Jurassic age, and of
Early Cretaceous age within or near the Matanuska
geosyncline. These rocks have some overall lithologic
similarities to rocks of similar age in nearby areas,
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but their stratigraphic sequence is nevertheless quite
different from that found in the nearby areas. These
relations illustrate that these rocks were deposited in
a tectonically active trough that typically produced
rocks that are lithologically similar over wide areas,
but which are arranged in highly distinctive and
variable local sequences. Long-range extrapolation
of local stratigraphic details in these rocks is, there-
fore, a risky enterprise.
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ALGAL STROMATOLITES OF THE UPPER CAMBRIAN COPPER RIDGE DOLOMITE
IN UNION AND CLAIBORNE COUNTIES, TENNESSEE

By LEONARD D. HARRIS, Knoxville, Tenn.

Abstract.—Approximately 60 percent of the Upper Cambrian
Copper Ridge Dolomite, which has an average-thickness of
925 feet, is composed of algal stromatolitic structures. Two
forms, each apparently indicative of a particular phase of
intertidal environment, are readily discernible. The most
abundant stromatolite occurs as discrete, vertically stacked
hemispheroids in widespread lateral zones from 5 to 140 feet
thick. These zones are composed of finely to medium crystal-
line dolomite with abundant vugs. The other form, composed
of a series of laterally linked hemispheroids, is best developed
in silt-sized to very finely crystalline dolomite. Persistence
of porous stromatolite zones into the subsurface, inferred from
study of drill cuttings, offers a potential site for the accumu-
lation of hydrocarbons.

The Copper Ridge Dolomite of Late Cambrian age
has been studied and mapped in Tennessee for over a
half century (for historical development see Bridge,
1956, chart 1). Although the Copper Ridge has been
known for a long time, few specific details of the
stratigraphy and depositional environment have been
learned because of the thick soil cover and the scarcity
of naturally exposed continuous sections. Most de-
scriptions of the Copper Ridge are based on details
from a very few artificially exposed sections, sup-
plemented by a study of residual products. Recently,
four nearly complete sections of the Copper Ridge
Dolomite have been measured by the author along
a 9%%-mile stretch of the south shore of Norris Reser-
voir, in Union and Claiborne Counties in eastern
Tennessee (fig. 1). These exposures resulted from the
removal of soil cover over a 29-year period by a repeated
semiannual 50-foot fluctuation of the reservoir level.
These exposures are significant because they are wide
and nearly complete stratigraphically, and because
the exposed weathered rock shows a high contrast be-
tween various constituents, thereby accentuating many
important primary features. A study of these natur-
ally etched rock surfaces has led to the conclusion

that the algal stromatolites were significant rock build-
ers in the Copper Ridge.

Recent authors (Rodgers, 1953; Miller and Fuller,
1954; Bridge, 1956) have characterized the Copper
Ridge as being divisible into two parts or members—
a lower, dark member and an upper, light member.
The lower member is made up of massive beds of pre-
dominantly brownish gray, finely to medium crystal-
line dolomite that emits a petroliferous odor when
freshly broken. The upper member, in general, is
more thinly bedded, and is composed of olive-gray to
light-olive-gray silt-sized to very finely crystalline
dolomite that contains only a few zones of the darker
dolomite typical of the lower member. Oolitic chert
is common throughout the formation but is most abun-
dant in the upper member. Thickness cited for the
Copper Ridge ranges from 800 to 1,100 feet. Cryp-
tozoon, an algal stromatolite, has been recognized as
a minor constituent occurring throughout the forma-
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Ficure 1.—Map showing part of the Norris Reservoir, outcrop
pattern of Copper Ridge Dolomite along the shore, and
numbered locations of four almost completely exposed sections
of the Copper Ridge Dolomite.
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Fiaure 2.—Stratigraphic section of the Copper Ridge

Dolomite at locality 3 (fig. 1).

tion, with local accumulations as much as 15 feet
thick present 70 feet above the base of the formation
(Miller and Fuller, 1954, p. 46). Other fossils are
rare. Studies of the Copper Ridge along the Norris
Reservoir have indicated that the formation is com-
posed of at least 60 percent algal stromatolites in zones
from 5 to 140 feet thick (figs. 2 and 3).

STRUCTURE OF THE STROMATOLITES

An algal stromatolite is a laminated structure
formed by the activity of algal film in trapping and
binding sediment. Algal stromatolite deposits differ
from calcareous algal deposits in that they consist of
preexisting clastic material collected by, not precipi-
tated by, a mucilaginous organic film (Black, 1933, p.
184). Thus, they are organosedimentary features in
which only the gross structure of the algal film is
preserved ; cellular and other detail structures are not
preserved. Recently Logan and others (1964, p. 68-83)
published a significant paper concerning the classifi-
cation and environmental significance of algal stroma-
tolites. The stromatolites do not lend themselves to
limited definitions of form genera or form species.
As a result, attempts to apply a strict binominal
nomenclature seem to have led to unwarranted com-
plexity (Logan and others, 1964, p. 81), which in turn
has tended to restrict the usefulness of algal stroma-
tolites. Logan and others (1964, p. 73-T4) propose
to abandon all generic and specific names, substituting
a descriptive nomenclature based on the arrangement
of certain geometric forms. Their basic forms are the
hemispheroid and the spheroid. At present three
major arrangements are recognized: (1) laterally
linked hemispheroids (LLH), which may be closely
spaced (LLH-C or widely spaced (LLH-S); (2)
discrete, vertically stacked hemispheroids (SH); and
(3) discrete, spheroids (SS). Apparently each of
these arrangements is simply a reaction of the algal
material to specific environmental processes. Thus, in
a fluctuating environment one could expect to find com-
pound forms that exhibit multiple growth forms.
Evidently the majority of algal stromatolitic structures
are compound forms of LLH and SH types, and these
forms may be large scale, small scale, or combinations
of both (Logan and others, 1964, p. 76). Many combina-
tions of the LLH and SH arrangements are illustrated
by Logan and others (1964, table 5, p. 78), although
they recognize that all arrangements cannot be shown
and that it is possible other arrangements will be
discovered. :

Most algal stromatolite structures in the Copper
Ridge Dolomite have been referred to as Cryptozoon.
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Ficure 3.—Distribution of LLH and SH stromatolites in four measured sections of the Copper Ridge Dolomite along

the Norris Reservoir.

These structures include at least two basic arrange-
ments (LLH and SH) and many compound varia-
tions. The simplest arrangement is the closely spaced,
laterally linked hemispheriod (LLLH-C). In cross
section this form is composed of literally hundreds of
paper thin, undulating laminae (fig. 44). The hemi-
spheroidal nature of the laminae is best seen in silicified
beds (fig. 48). The diameters of individuals common-
ly range from a few inches to 1 foot; however, during
construction of the Melton Hill Dam, near Oak Ridge,
Tenn., J. M. Kellberg (oral commun.) saw a silicified

(Locations of sections shown in fig. 1.)

bed of LLH in which the diameter of individual
hemispheroids was as much as 14 feet. The LLH
structures occur throughout the Copper Ridge in
zones of locally mud-cracked, olive-gray, silt-sized very
finely crystalline argillaceous dolomite (figs. 2, 3).
The most abundant algal stromatolites occur in units
from 5 feet to 140 feet thick and have as their basic
structure element discrete, crudely column-shaped SH
elements that exhibit paper-thin, vertically stacked
hemispheroidal laminae (figs. 54, B). The linkage of
some discrete elements by laterally developed laminae

Ficure 4.—Closely spaced laterally linked hemispheroidal stromatolites (LLH-C).

A, cross section; and B, plan view.
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Figure 5.—Column-shaped diserete stromatolites with vertically stacked hemispheroidal laminae (SH).

A, silicified mass showing

columnal nature of the stromatolites; B, cross section; and C, plan view.

produces an alternation of SH-LILH-SH structures.
The columnal bodies, which range from 14, inch to 1
inch in diameter, are composed of brownish-gray,
vuggy, finely to medium crystalline dolomite set in a
groundmass of very finely to finely crystalline, olive-
gray, slightly argillaceous dolomite (fig. 5C). This
difference in grain size and clay content is readily

apparent on freshly broken surfaces because it gives
the rock a mottled appearance. Apparently the brown
color of SH elements is imparted by residual organic
matter, which was probably derived from breakdown
of the original algal films.

Thousands of the basic SH elements occur in laterally
continuous, stratum-like growth layers from 1 inch
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Fraure 6.—Arrangement of growth layers of the SH stromatolite.

A, hemispheroidal development, and B, planar development.

All the rock in these photographs is stromatolitic.

to 3 feet thick. Silicified specimens, in which many
primary structures are preserved in detail, suggest
that the growth layers resulted from periodic inter-
ruptions in the upward growth of individual SH
bodies. These interruptions are recorded as erosional
breaks or as laterally continuous algal stromatolitic
laminae, which form natural partings that present-
day weathering tends to accentuate. When environ-
mental conditions favored the development of a sue-
cession of growth layers, these layers accumulated as
a series of widely spaced hemispheroids, from 1 to 15
feet in diameter, connected by planar layers (figs. 64),
B). The large-scale arrangement of growth layers is
somewhat similar to the arrangement of small-scale
laminae of the laterally linked hemispheroids (LLH-S)
(fig. 7). The basic difference is partly in their scale,
and partly in the fact that each large-scale growth
layer is composed of thousands of SH columnals while
each small-scale growth lamina of the LLH is not.

ENVIRONMENTAL AND ECONOMIC SIGNIFICANCE

Logan and others (1964, p. 82) indicate that modern
stromatolites similar to the stromatolites of the Copper
Ridge Dolomite are for the most part restricted to
intertidal zones. Specifically, the laterally linked
hemispheroid (LLH) has been found to be characteris-
tically developed in relatively low-energy environ-
ments on protected mud flats. A similar environment
for the LLH stromatolites of the Copper Ridge Dolo-
mite is suggested by their occurrence only in silt-sized
to very finely crystalline laminated dolomite that local-
ly exhibits mud cracks. The modern vertically stacked
hemispheroidal stromatolites (SH) are best developed
along exposed intertidal headlands (Logan and others,

1964, p. 82). In the Copper Ridge the occurrence of
stromatolitic debris intimately associated with the
massive SH units suggests a higher energy environ-
ment than that in which the LILH stromatolites
existed (fig. 2).

Data from the four measured sections of the Copper
Ridge Dolomite along Norris Reservoir indicate sev-
eral important aspects of the SH stromatolite. First,
SH stromatolites are distributed throughout the Cop-
per Ridge, but they are more abundant in the lower
two-thirds of the formation. The concentrations which
are most laterally persistent occur at the base and near

Fieure 7.—Comparison of the structural similarity between
arrangement of the small-scale laminae of the LLH-S
stromatolite (A4) and the large-scale bedding of the SH
stromatolite (B). The main difference between the two
types is in their relative scales.
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the middle of the formation (fig. 3). Commonly, out-
crops of stromatolite zones contain abundant vugs.
The vugs are concentrated at the centers of large hemi-
spheroids or are alined parallel to growth layers. This
definite spacial alinement of vugs suggests that they
were produced by processes operating prior to or
shortly after burial; however, present-day weathering
accentuates them.

The occurrence of laterally continuous porous zones
is significant, because if these zones persist into the
subsurface they may prove to be good reservoirs in
which oil and gas have accumulated. Partial confir-
mation that the Copper Ridge may be porous in the
subsurface is suggested by a study of the cuttings
from a complete section of the Copper Ridge between
4,960 and 6,102 feet in Lee County, Va., in the Shell
Qil Co. L. S. Bales No. 1 well, located about 26 miles
northeast of the area of this report. In that well the
author found small vugs and intercrystalline voids, on
the order of 3 to 7 percent by volume, throughout what
appear to be correlatives of the two laterally persistent
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stromatolite zones in the lower half of the Copper
Ridge along Norris Reservoir (fig.-3). Fresh water
was produced from the L. S. Bales No. 1 well at the
rate of approximately 20 barrels per hour from a
depth of 6,050 feet in the stromatolite zone at the base
of the formation.
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COMPARISON OF ORDOVICIAN EUGEOSYNCLINAL

AND MIOGEOSYNCLINAL QUARTZITES
OF THE CORDILLERAN GEOSYNCLINE

By KEITH B. KETNER, Denver, Colo.

Abstract.—Ordovician quartzite of the Cordilleran miogeo-
syncline is extremely pure, medium-grained quartz arenite
whose grains are frosted, well rounded, and well sorted. Ap-
proximately correlative quartzites of the eugeosyncline are
equally pure, and the grains are similarly frosted and equally
well rounded, but they are more coarse and not quite so well
sorted. The high degree of compositional and textural matu-
rity of quartzites of both parts of the geosyncline indicates
that they were derived from sedimentary terranes. Strati-
graphic and textural relations show that quartzites of the
eugeosyncline were derived from the west side of the geo-
syncline.

In Ordovician time, the Cordilleran geosyncline con-
sisted of two parallel belts of contrasting sedimenta-
tion. The eastern belt, or miogeosyncline, was charac-
terized by the deposition of carbonate sediments; the
western belt, or eugeosyncline, was characterized by the
deposition of siliceous sediments and the extrusion of
lavas. An intermediate zone in the northern part of
Nevada was later partly covered by rocks thrust east-
ward from the eugeosyncline (Roberts and others,
1958).

Throughout most of the miogeosyncline, quartzite
beds—known in parts of Nevada, Utah, and Califor-
nia as the Eureka Quartzite (Kirk, 1933, p. 27), and
in parts of Utah and Idaho as the Swan Peak Quartz-
ite (R. J. Ross, 1953, p. 22)—are sandwiched between
Lower and Upper Ordovician carbonate rocks (fig. 1).
Because of their lithic similarity as indicated in this
report, and because of stratigraphic relations to be
brought out in another report, it seems certain that the
Eureka and Swan Peak Quartzites are parts of one
genetic unit whose basal beds are of somewhat dif-
ferent age from place to place, and whose deposition
was interrupted in places by brief periods of carbonate
deposition. A northward extension of this wide-
spread unit is included in the type Kinnikinic Quartz-
ite of central Idaho, described by C. P. Ross (1937,

p. 17). In southern Nevada and California, tongues
of the same unit wedge out among finer grained rocks
in the intermediate zone between the miogeosyncline
and eugeosyncline. These tongues form parts of the
Toquima Formation (Ferguson, 1924, p. 22) in south-
ern Nevada, the Johnson Spring Formation (D. C.
Ross, 1965, p. 26) in the Inyo Range of California, and
the Convict Lake Formation (Rinehart and Ross, 1964,
P- 20) in the Sierra Nevada of California. Throughout
its great extent, the Ordovician System of the Cordil-
leran miogeosyncline is extraordinarily simple and
regular.

In contrast, the Ordovician System of the eugeosyn-
cline is extremely complex and irregular. Quartzite
units alternate with bedded chert, siliceous mudstone,
and greenstone throughout the system, and individual
lithic units and sequences in one exposure generally
cannot be recognized in another exposure. The thick-
ness of quartzite varies greatly, ranging from thou-
sands of feet in the Valmy Formation to scores of
feet in the Petes Summit Formation of Kay (Kay,
1960; Kay and Crawford, 1964) and a few feet in
the Vinini Formation and the Basco Formation of
Lovejoy (1959). However, the eugeosynclinal quartz-
ite is lithically nearly as uniform as that of the
miogeosyncline.

In this report, the lithologies of quartzites from the
miogeosyncline are compared with those from the
eugeosyncline, and conclusions drawn from this com-
parison are used in inference of the sources of sand in
the quartzites.

COMPARATIVE LITHIC DATA

Quartzité of the eugeosyncline is remarkably similar
to that of the miogeosyncline in some respects but per-
sistently, though subtly, different in others. In the
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Ficure 1.—Map showing sampled localities in the Cor-
dilleran geosyncline. Iislpper number of each pair is the
site designhation; lower number is the number of samples
from the site. @, quartzite of miogeosynclinal and
intermediate zones; (O, quartzite of eugeosyncline,
thrust eastward.

following discussion, and especially in the table of
chemical composition, similarities seem to outweigh
differences, yet the subtle distinctions in grain size and
sorting may be of critical importance in understanding
the relationships between the two types of quartzite
and between the parts of the geosyncline in which
they were deposited. Comparative lithic and chemical
data are discussed in detail in the following para-
graphs. Comparative stratigraphic data, which will
be discussed more fully in another report, are sum-
marized in table 1.

Light detrital minerals

More than 99 percent by weight of the detrital
grains in both the eugeosynclinal and miogeosynclinal
quartzites are quartz. (Some of the chemical analyses
in table 1 show less than 99 percent SiO, because non-
quartz inclusions within detrital quartz grains are

included in the analyses.)
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All sand-size grains are

monocrystalline, but a small proportion of the silt-
size fraction in the eugeosynclinal quartzite is com-
posed of detrital chert. Not a single grain of detrital
feldspar was detected in 320 thin sections of quartzite.

Heavy detrital minerals

In comparison with other notably pure sandstone,
such as the St. Peter Sandstone (Thiel, 1935, p. 595),
the quartzites of the Cordilleran geosyncline have an

extremely low content of heavy minerals.

Heavy min-

TaBLe 1.—Summary comparison of Ordovician quartzites of the
Cordilleran geosyncline

Eugeosyncline

Maiogeosyncline and inter-
mediate zone

Formations con-
taining quart-
zite.

Extent of quart-
zite.

Aggregate thick-
ness of quart-
zite.

Stratigraphic
relations.

Bedding_ ______._

Fossils__._______

Light detrital
minerals.

Heavy detrital
minerals.

Nondetrital
minerals.

Valmy Formation
Vinini Formation
Basco Formation of
Lovejoy (1959)
Petes Summit
Formation of Kay
(Kay, 1960; and
Kay and Craw-
ford, 1964).
Several thousand
square miles in
thrust plates in
Nevada. Site of
deposition pos-
sibly in north-
western Nevada.
From a few feet in
the Vinini and
Basco Formations
to thousands of
feet in the Valmy
Formation.
Numerous thick
units alternating
with siliceous
mudstone, bedded
chert, and green-
stone.

Internal bedding
generally thick.
Crossbeds rare.

More than 99 per-
cent quartz, in-
cluding less than
1 percent chert
silt.

Zircon and tourma-
line, both well
rounded, about,
0.002 percent of
rock by weight.

Pyrite; amorphous
carbon; quartz
overgrowths on
detrital quartz;
dolomite.

Eureka Quartzite
Swan Peak Quartzite
U}iger part of type
innikinic Quartzite
Toquima Formation
Johnson Spring
Formation
Convict Lake
Formation.
At least 125,000
square miles in
an area extending
from southern
California to
central Idaho.

From a few feet to
more than 1,200
feet.

Usually a single thick
unit overlain with
sharp contact by
carbonate rocks
and usually under-
lain by thin units
of shale, siltstone,
dolomite, and
quartzite and by
thick limestone.

Internal bedding
generally thick.
Crossbeds common
but indistinet.

Worm borings,
fucoidal structures
common.

More than 99 per-
cent quartz.

Zircon and tourma-
line, both well
rounded, about
0.002 percent of
rock by weight.

Pyrite; quartz over-
growths on detrital
quartz; dolomite;
collophane; less
than 1 percent
authigenic feldspar
silt.
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PALEONTOLOGY AND

TABLE 1.—Summary comparison of Ordovician quartzites of the
Cordilleraw geosyncline—Continued

Eugeosyncline

Miogeosyncline and inter-
mediate zone

Grain size_______

Grain sorting..___
Grain roundness _
Grain surfaces. _ _

Cement_________

Metamorphism _

Very fine to coarse
sand; grains larger
than 0.5 mm
abundant, and
grains larger than
1 mm common.

Well sorted_________

Well rounded_ ______

Frosted in the few
samples which
could be disag-
gregated for
observation.

Silica, rarely car-
bonate.

None except for
overgrowths on
detrital quartz.

Very fine to medium
sand; grains larger
than 0.5 mm rare,
no grains larger
than 1 mm.

Very well sorted.

Well rounded.

Frosted in the few
samples which
could be disag-
gregated for
observation.

- Silica, rarely car-

bonate.

None except for
overgrowths on
detrital quartz

and growth of
authigenic feldspar.

erals in quartzites of the eugeosyncline are micro-
scopically indistinguishable from those of the mio-
geosyncline, and their abundance is nearly the same
(table 2). Zircon and tourmaline constitute at least
95 percent by weight of the heavy detrital mineral
observed in composite samples from 30 sites (fig. 1).
Rutile, mica, and unidentified minerals make up the
remaining few percent. In all but two samples (from
sites 49 and 44), zircon outweighs tourmaline, usually
by a wide margin. Spectrographic analyses (table 3)
indicate higher percentages of zirconium than those
calculated from the amounts of detrital zircon. Part
of the discrepancy probably is due to zirconium con-

TABLE 2.—Percentage of detrital zircon in Ordovician quartzite

Locality (fig. 1) Zircon (weight | Predominant constituent
percent) of heavy-mineral suite

Miogeosyncline

B8 . 0.001 | Zircon.

54 .. . 005 Do.

32 .. < .001 Do.

35 . . 002 Do.

L . 002 Do.

19 .. . 002 Do.

62 _ . __ . 001 Do.

60 _ .. < . 001 Do.

40 .. . 002 Do.
Eugeosyncline

49 .. <0.001 | Tourmaline.

66 _ . ___.__ < .001 | Zircon.

42 o _____ < .001 Do.

46 . __ . 004 Do.

44 .. < .001 | Tourmaline.

5 . . 001 | Zircon.

STRATIGRAPHY

tained in detrital quartz grains and part of it may be
a result of the inherent inaccuracy of spectrographic
analyses of concentrations so near the detection limit.
Samples of quartzite from the eugeosyncline and from
the southern part of the miogeosyncline commonly
yield a few sand-size books and flakes of biotite and
muscovite. Although the amounts are negligible, their
presence is puzzling in view of the vulnerability of
micas to comminution.

Nondetrital minerals

Pyrite cubes, many partially or wholly oxidized, are
common in quartzites of both parts of the geosyncline.
The small regional variation in iron content of the
quartzites, shown by chemical analyses in table 3, sug-
gests that the pyrite, in which most of the iron con-
tent of the rock is concentrated, is related to deposition
of the quartzite rather than to random local epigenetic
processes.

Amorphous carbon is a distinctive, though minor,
constituent of the eugeosynclinal quartzite. It is re-
sponsible for the dark and dirty look of most outcrops

~of the eugeosynclinal quartzite, and is probably re-

sponsible for the misconception that quartzite of high
purity is unusual in the eugeosynclinal environment.

Authigenic feldspar grains of silt size are detec-
table in some samples of quartzite from the miogeo-
syncline. The widespread but low content of potas-
sium indicated by the chemical analyses may mean
that authigenic feldspare is a common though sparse
ingredient in most samples.

Dolomite cements quartz grains at a few places near
the top and base of the quartzite in the miogeosyn-
cline. It forms the cement in some thin sandstone
units in the Vinini and Basco Formations but is totally
absent as a cement in the quartzites of the Valmy
Formation.

Quartz overgrowths are almost a universal feature
of the miogeosynclinal quartzite and a common feature
of that of the eugeosyncline. The most likely sources
of the silica in these overgrowths are the pressure
points, or original points of contact, between detrital
grains.

Collophane constitutes about one percent of some
beds of quartzite along the eastern edge of the miogeo-
syncline. Elsewhere it is extremely uncommon. Typ-
ically, the collophane is in the form of sand-sized
curved plates with internal layering.

Mineral inclusions in detrital quartz grains have not
yet been studied in detail, but routine inspection of
thin sections indicates that inclusions in quartz of both
the eugeosyncline and miogeosyncline are similar in
kind and amount.



TaBLE 3.—Chemical and spectrographic analyses of quartzite from eugeosynclinal and miogeosynclinal deposits of the Cordilleran geosyncline
{Chemical analyses by Paul Elmore, Samuel Botts, Gillison Chloe, Lowel Artis, and N. Smith, 1963-64 ; spectrographic analyses by J. C. Hamilton, 1963-64]

Chemical analyses (weight percent)

Spectrographic analyses (weight percent) 2

Locality (fig. 1) Sample No.!
Si0z | Al:O3 | Fe 03 FeO MgO Ca0 | Na:0 | K:0 | H,0- | H:O+ | TiO2 | P2Os | MnO CO; Ba Cr Cu Ni Zr
MIOGEOSYNCLINE
Kinnikinic Quartzite
56 - 1646-1650] 98. 0| 0.24| 0.22| 0.12| 0.10| 0. 14] 0. 07| 0. 06| 0. 00[ 0. 33| 0. 00] 0. 00[ 0. 00| <0. 05/ 0. 02 . 0003] 0.001 | 0. 00 . 007
1641-1645{ 97. 6| . 48| .20 120 .71 .32 .04 .00[ .12) .22{ .00} .00 .00 .18 .01 . 0003{ .0005 .00 . 002
1636-1640] 95. 8 .20| .07 . 16] .67 .90 .04 .15 .00, .35 .00] .00 .00 1.1 . 003 . 001 . 003 0005{ .003
Swan Peak Quartzite
4 .. 40| 97.0] 0.69| 0.10| 1.3 | 0.76] 0.00| 0. 05| 0. 01| 0.29( 0. 07| 0. 01| 0. 02 0. 03| <0. 05| 0. 0015/ 0. 0015 0. 005 | 0. 001 . 002
39| 98.3| .48 .05 .36 .71 .06 .04/ .05 .25 .15 .02 .00 .03 < .05 .003 . 0003 . 005 .00 . 003
36| 96. 4| 1.2 .51 .48 .41 .13 .06 .32 .38 .21 .05/ .01 .02 .06 .002 .0007; :001 .00 .02
32( 97.1] .63] .01 .84 .59 .01 .01 .30 .18 .23 .04/ .00 .03 .09} . 005 . 0007 .002 .00 .01
23/ 97.2] 1.1 .33 .56 .25 .25 .03] .20 .26] .24 .02 .01 .02 < .05 .007 . 0007; .0007( .00 . 003
Eureka Quartzite
P2, J 160; 98. 7} 0. 19| 0. 00{< 0. 05 0. 00{<0. 05| 0. 03] 0. 10{ 0. 04| 0. 62| 0. 02| 0. 00; 0. 00| <0. 05| 0. 002 . 0005] 0.002 | 0. 00 . 002
152} 99. 5/ .21 .03 .08 .00[< .05] .00 .06( .02 .41 .00] .00; .00} < .05 .003 . 0002{ .003 .00 . 0015
150 99. 2} .19] .04 .04/ .00 .10 .07] .06] .02 .32 .00 .00 .00] < .05 .003 .0002| .0015( .00 . 002
147 99.2| .18 .05 .06] .00{< .05| .00 .06/ .02 .40, .00] .00{ .00f < .05 .003 . 0003| .003 . 00 . 002
144/ 98.7) .05 .22 .10] .00[< .05 .04/ .06 .04 .41 .02 .00 .01 < .05 .005 . 0003| . 002 . 00 . 003
EUGEOSYNCLINE
Valmy Formation
42 .. 227-230( 97. 5| 0.48| 0.29| 0.16( 0.18| 0.22} 0.08| 0.20 0.20[ 0. 16 0. 00| 0. 00| 0. 00| <0.05| 0.03 . 0007{ 0. 007 | 0. 001 . 007
223-226( 97.2| .44] .36 .08 .13 197 .07 .17 .18 .23 .00] .00 .Q0f < .05 .02 . 0005 .003 . 0003| .005
218-222| 96. 7| .70 .26 .16/ .68 .20 .04/ .27| .15 .34/ .00 .00 .00} < .05 .15 . 0005( . 003 .00 . 003
210-216| 97.0[ .63| .05 .32 .54 L2100 .02 .23 .21f .27 .02 .00] .00 < .05 .02 . 0008 . 001 . 00 . 005
46_______________ 244-246( 96. 9] .63 .25 L1227 .20 05| .23 .19 .26/ .00 .00 .00 < .05 .015 . 0007) .001 .00 . 007
240-243| 97. 4] .48| .25 .08 .13 .23 .04/ .18 .04/ .41 .00, .00 .00/ <..05f .01 . 0005( .0015 .00 . 007
Petes Summit Formation
153 S 367-370{ 97.7| 0.35] 0.22| 0.12 0.22 0.20| 0.07( 0. 08| 0.00{ 0. 54| 0. 00 0. 00| 0. 00| <0.05| 0.01 0. 0005| 0.001 | 0.0003| 0. 002
363-366] 96.9 .44] .66 .12 .35 .58 .03] .17| .22( .28 .00/ .00 .00 .25 .01 . 0003| .-0005[ .0007[ .007
355-358| 97.6[ .39 .35 .12) .35 .21 .05] .15/ .20[ .24/ .00 .00] .00] < .05 .01 . 0003 . 001 . 0005 .002

! For each formation, samples arranged in stratigraphic order, with youngest sample at top.

2 Forty-six additional elements were looked for but were not detected or were found to occur sporadically in insignificant amounts.
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Grain size and sorting

Grain size and sorting were studied in four ways:
(1) About 320 thin sections from 30 sites (fig. 1) were
scanned and the maximum apparent diameter of the
largest grain for each site was measured and recorded
in figure 2. (2) The maximum diameter of the largest
zircon in heavy-mineral concentrates of composite
samples from each of the 30 sites was also measured
and recorded in figure 2. (3) The size-frequency
distribution of constituent grains was determined in
two samples which, owing to their carbonate cement,
could be completely disaggregated (fig. 3). (4) Pho-
tographic enlargements of all thin sectigns were made
by projecting them on photographic paper through
crossed Polaroid sheets. These prints were assembled
in stratigraphic order and the columns arranged in
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F1GUReE 2.—Grain-size distribution in Ordovician quartz-
itc of the Cordilleran geosyncline. Upper number of
cach pair is the maximum diameter of quartz grains, in
hundredths of a millimeter, at the site; lower number is
maximum zircon grain diameter. e, quartzite of the
miogeosynclinal and intermediate zones; O, quartzite
of the eugeosyncline, thrust eastward.
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DIAMETER, IN MILLIMETERS

Ficure 3.—Size-frequency distribution of de-
trital grains in two samples of quartzite from
the Cordilleran geosyncline. Upper diagram,
miogeosyneclinal quartzite, same sample as
that shown in figure 6; lower diagram, eugeo-
synclinal sandsftone, same sample as that
shown in figure 7.

geographic order to be scanned for stratigraphic and
regional trends in grain size and sorting.

These studies show that: (1) Quartzites of both the
eugeosyncline and the miogeosyncline are composed
of well-sorted sand, mostly of fine to medium size (fig.
4). (2) Quartzite of the eugeosyncline contains a
higher proportion of coarse sand, and grains of larger
maximum size, than doe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>