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This collection of 46 short papers is the first published chapter of “Geological Survey
Research 1971.” The papers report on scientific and economic results of current work by
members of the Geologic and Water Resources Divisions of the U.S. Geological Survey.

Chapter A, to be published later in the year, will present a summary of significant results
of work done in fiscal year 1971, together with lists of investigations in progress, reports
published, cooperating agencies, and Geological Survey offices.
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STRUCTURES RELATED TO THRUST FAULTS IN THE
STANSBURY MOUNTAINS, UTAH

By E. W. TOOKER and R. J. ROBERTS, Menlo Park, Calif.

Abstract.—Structural studies of folded Paleozoic rocks in the
Stansbury Mountains and regional geologic patterns suggest
that this range consists of four imbricate thrust slices. Major
unexposed thrust faults bound the east and west sides of the
range. Similar thrust faults, fold structures, and comparable
stratigraphic sequences are reported in the Sheeprock, West
Tintie, and Gilson Mountains. Four conclusions can be drawn
from these structures: (1) Paleozoic rocks now present in the
Stansbury Mountains were deposited an unknown distance west
of their present site. (2) The marked uplift and erosion during
the Late Devonian (Stansbury uplift) recorded by the Stans-
bury Formation of Stokes and Arnold (1958) also took place
farther west. (3) The Cambrian Tintic Quartzite now exposed
high in the core of the range owes its presence to folding and
upthrusting along the ramp of the Timpie thrust fault during
the Sevier orogeny, not during the Stansbury uplift or to later
epeirogenic movements. (4) The spatial distribution of igneous
rocks and the metallization in thrust-fault zones here suggest
potential target zones for prospecting in similar structures
in the Great Basin.

The Stansbury Mountains are a north-trending
range of the eastern Great Basin in north-central Utah,
approximately 40 miles west of Salt Lake City (fig. 1)
in the Deseret Peak and Timpie 15-minute quadrangles.
The mountains are bounded on the north by Stansbury
Island and the Great Salt Lake; on the east by the
Tooele and Rush Valleys, which lie north and south,
respectively, of a small transverse ridge, South Moun-
tain; and on the west by Skull Valley. An extension of
the range south of Johnson Pass is called the Onaqui
Mountains. The Stansbury Mountains are approxi-
mately 30 miles long and 10 miles wide and attain a
maximum elevation of 11,031 feet at Deseret Peak. The
average valley elevation is about 4,500 feet. The rugged
west slope of the range is dissected by steep-walled
canyons; the eastern side is less rugged, except for the
glacial cirques flanking Deseret Peak.

The geology of the Stansbury Mountains was known
only in a general way from the reconnaissance of the
Fortieth Parallel Survey of King (1878, p. 199) and

the State geologic map of Butler (Butler and others,
1920, pl. 4) before publication of the summary edited
by Rigby (1958), which included the Timpie and Des-
eret Peak 15-minute quadrangles (1: 62,500 scale). The
stratigraphy and structure of rocks of nearly compara-
ble ages in the Stansbury Mountains is distinctly dif-
ferent from that reported for flanking ranges—the

41°1
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Ficure 1.—Index map of north-central Utah, showing the
Stansbury Mountains (area of figs. 2 and 4 outlined) and
adjacent mountain ranges and valleys.
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Oquirrh Mountains to the east (Roberts and Tooker,
1961) and the Cedar Mountains to the west (Robert
Maurer, oral commun., 1958). However, the southern
end of Stansbury Island appears to be a northern con-
tinuation of the Stansbury Mountains (Palmer, 1969),
and the Onaqui Mountains are a southern continuation
(Rigby, 1958). We have made many reconnaissance
studies of the stratigraphy and structure of the Stans-
bury Mountains since 1958 in an effort to resolve the
marked geologic discontinuities between the Stansbury
and Oquirrh Mountains. The data are now believed
sufficient to substantiate our thesis that the main struc-
tural fabric of this region results from thrust faults.

Our detailed studies (1:24,000 scale) indicate that
the Oquirrh Mountains are composed of rock units of
different sedimentary facies brought into juxtaposition
by, and folded along with, thrust faults. This interpre-
tation also explains the seemingly incompatible struc-
tural relations of the Stansbury Mountains, which con-
sist of an asymmetric north-trending block, and South
Mountain, which consists of an asymmetric west-plung-
ing fold. The South Mountain fold is closely related
to the Oquirrh Mountain fold system. Similarly, marked
facies differences between Devonian strata within the
Stansbury Mountains and comparable strata in the
Oquirrh Mountains* are also best explained by thrust
faulting.

Our summary of Rigby’s interpretation of geologic
data is followed by the section “Thrust Fault Interpre-
tation of Tooker and Roberts.” We consider our thesis
to be a working hypothesis, which we hope will stimu-
late discussion and lead to the detailed mapping and
stratigraphic and paleontologic studies needed to solve
the perplexing geologic problems here.

GEOLOGIC INTERPRETATION OF RIGBY

The rocks in the Stansbury Mountains (fig. 2, after
Rigby, 1958, pls. 1-3) make up a sedimentary sequence
ranging in age from the Cambrian through the Penn-
sylvanian distributed along north-northeast-trending
open folds and tight, locally overturned folds. Most
faults are north-trending basin-and-range normal
faults. For convenience in discussion, Rigby’s strati-
graphic section has been broadly divided into three
parts: lower Paleozoic (Cambrian through Silurian),
Devonian, and upper Paleozoic (Mississippian and
Pennsylvanian) (fig.3).

Lower Paleozoic rocks crop out mainly in the western
half of the range where they are nearly 9,500 feet thick.

1 Gilluly (1932, p. 22) described the discontinuous 3- to 4-foot-thick
sandy carbonate unit underlying Mississippian formational units and
resting on an irregular small-scale karst-surfaced Cambrian dolomite
near the mouth of Ophir Canyon in the Oquirrh Mountains, Rigby
(1959, p. 30) considered it to be an equivalent of the Pinyon Peak
Limestone.

STRUCTURAL GEOLOGY

These rocks consist of (1) a Cambrian unit comprising
11 formations, approximately 8,700 feet thick, composed
of a basal quartzite (4,200 feet), a middle shale, quartz-
ite, and limestone (1,200 feet), and an upper limestone
and dolomite (3,300 feet); (2) an Ordovician unit
about 1,800 feet thick, comprising three formations
composed of limestone, shale, and dolomite; and (3) a
Silurian unit consisting of one formation as much as
920 feet thick, composed mainly of dolomite.

Devonian rocks consist predominantly of conglomer-
ate-sand (Stansbury Formation), sandstone and clastic
limestone (Victoria Formation), and limestone (Pinyon
Peak Limestone) rock facies of variable thickness that
interfinger in varying amounts from place to place in
the Stansbury Mountains. Rigby (1958) also used the
formational names Sevy Dolomite and Simonson(?)
Dolomite for some of these rocks. At the north end of
the range the Stansbury facies (shown in stippled pat-
tern in figures 2 and 4) predominates, is approximately
1,700 feet thick, and consists primarily of coarse con-
glomerate interbedded with quartzite, dolomite, lime-
stone, and calcareous sandstone. Lenses of quartzite in
the lower part and limestone in the upper part resemble
the Pinyon Peak Limestone and Victoria Formation in
their type localities in the Tintic mining district (Mor-
ris and Lovering, 1961, p. 70 and 74) nearly 50 miles
south of the range (fig. 1). In the low pass between the
Stansbury Mountains and South Mountain, the unit is
composed of clean white quartzite, at least 200 feet thick
(Righby, 1958, p. 37), that resembles quartzite in the
Victoria Formation. Devonian strata in the western
and southern parts of the range (shown in solid pat-
tern) are composed of a much thinner (approximately
300 feet) unit that in a general way resembles the lime-
stone, quartzite, and dolomite facies of the Stansbury
but contains a much thinned pebble conglomeratic
facies. These rocks more closely resemble the Pinyon
Peak Limestone and Victoria Formation lithologic
types, which also crop out in the uppermost part of the
Stansbury Formation at its type locality. Rigby (1958)
includes in addition as much as 370 feet of underlying
dolomite in these Devonian rocks, which he included in
the Sevy Dolomite and Simonson (?) Dolomite.

The upper Paleozoic section, consisting of as much
as 20,200 feet of Mississippian and Pennsylvanian
rocks, crops out mainly in the easterly half of the Stans-
bury Mountains. The formations consist of dolomite-
rich beds as much as 650 feet thick at the base succeeded
by limestone, sandstone, shale, and quartzite units.

The faults in the Stansbury Mountains shown by
Rigby (1958) on figure 2 are interpreted by him as
mostly north-trending range-front and related normal
faults. A reverse fault, the Broad Canyon, separates
upper Paleozoic rocks from older rocks in the north-
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east part of the range. Rigby believes that this fault
passes under Tertiary volcanic rocks and Quaternary
sedimentary deposits and connects with a concealed
fault immediately west of South Mountain.

Rigby (1958, p. 116-124) summarized the geologic
history of the Stansbury Mountains in terms of two
main periods of uplift and folding, each followed by
substantial erosion, which occurred on or near the pres-
ent site of the range. In his view, early Paleozoic dep-
osition continued with minor breaks through the
Early Devonian and was followed by the first, or De-
vonian, uplift, which resulted in some folding of the
strata. Substantial erosion followed, during which the
clastic Devonian formations were deposited. Sedimen-
tation resumed with the deposition of Mississippian
and Pennsylvanian formations. The second major tec-
tonic event was the Laramide orogeny that broadly
arched the range along the trend of the Devonian up-
lift. Reverse faults formed at this time during over-
folding in the range. A major period of erosion
resulted in the formation of pediment conglomerates.
Contemporary igneous intrusion and volcanic flow ac-
tivity followed a major period of normal faulting of
the region. Subsequent rapid erosion cut broad pedi-
ments and formed great aprons of alluvium at the
base of the range, completing the geomorphic form of
today’s Stansbury Mountains.

THRUST FAULT INTERPRETATION OF TOOKER
AND ROBERTS

A regional pattern of thrust faults most logically ex-
plains both the regional geologic relations and the
internal geologic features of distinctive stratigraphy
and fold structures observed in four structural blocks
in the Stansbury Mountains. The north-trending asym-
metric fold system of the Stansbury Mountains lies
nearly normal to the west-plunging asymmetric fold in
South Mountain, a fold that appears to be closely re-
lated to the Oquirrh Mountain fold system. The con-
cept of a thrust fault partly follows from Billingsley
and Locke (1939, p. 43), who originally suggested one
between the Stansbury Mountains and South Moun-
tain. Roberts and others (1965) proposed the name Tin-
tic Valley thrust for this fault because of its structural
comparability with the one long inferred under the
Tintic Valley. This fault has since been found by
H. T. Morris (oral commun., 1967) to crop out far-
ther south in the Gilson Mountains; it thus has re-
gional significance. The lithologic sequences in the
Oquirrh and East Tintic Mountains on the east show
consistent difference from those in the Stansbury and
West Tintic Mountains to the west (Tooker and Rob-
erts, unpub. data; and Morris and Kopf, 1969). As a
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logical consequence of the thrust hypothesis, our field
studies, and our interpretation of the data of Rigby
(1958) (shown in fig. 2), we have subdivided the
Stansbury Mountains into four structural units that
are separated by thrust faults, namely, the Dolomite,
Timpie Valley, Deseret Peak, and Salt Mountain struc-
tural blocks (shown in fig. 4).

Dolomite block

The Dolomite fault block is bounded on the east by
the Tintic Valley thrust fault and on the west by the
Broad Canyon thrust fault. We believe that the latter
fault, the Broad Canyon reverse fault of Rigby (1958,
p. 69), continues southward under the Tertiary vol-
canic rocks in the central part of the range, along the
contact shown by Rigby as an angular unconformity
between Mississippian and Pennsylvanian Manning
Canyon Shale on the west side, and successively older
parts of the Pennsylvanian Oquirrh Formation south-
ward on the east side. Rigbhy supposed that the succes-
sive appearance of Atokan- and Morrowan-age parts
of the Oquirrh Formation represented sedimentary
overlap. On examining the Oquirrh Formation in Big
Hollow, we found exposures at best exceedingly poor,
but we found no evidence for shoreward facies changes
such as a coarsening of sediments or other ecological
features that should accompany overlap.

Qur interpretation of these contact relations is based
substantially on the geometry and sedimentary charac-
ter of the beds in the adjoining Timpie Valley and
Dolomite blocks. The Manning Canyon Shale in the
Timpie Valley (hanging-wall) block roughly paral-
lels the fault contact. At the contact the shale beds are
the east limb of a tight north-trending fold, locally
overturned to the east. The tightly folded character
of the western part of the block is exposed by erosion in
lower parts of the range in Timpie Valley at the north
end and in Big Hollow at the south end. In contrast,
strata in the footwall (Dolomite) block consist of Cam-
brian through Pennsylvanian formations, successively
truncated southward from the north end to the middle
of the range, the highest topographic point on the con-
tact. We have already noted the same truncation in
reverse order southward from this point. Because the
contact is nearly everywhere poorly exposed, the pre-
cise angle of the dip is not discernible; however, the
straight contact suggests that it is nearly vertical. The
folds in the Dolomite block imply to us that the Broad
Canyon fault has more regional significance than a
simple high-angle reverse fault would have. Further-
more, the folded strata in the Dolomite block form a
broad, arcuate, asymmetric syncline. At the north end
of the range, the syncline plunges northeast, and the
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axial plane dips steeply to the west. At the south end,
it broadens and bends to the southeast, and overfolds
occur close to the trace of the Tintic Valley thrust near
South Mountain. The bowing of folds in the Dolomite
block resulting in a change in fold direction under the
area of volcanic rocks in the central part of the range
suggests to us that there may have been increased drag
on the Tintic Valley thrust along the east-west Cortez-
Uinta axis.

The Stansbury Formation, which includes the thick-
est section of Devonian conglomerate, crops out only
in the Dolomote structural block; the type section is in
sec. 6, T.2S.,R.6 W.,and sec. 1, T.2 S., R. 7T W. (Stokes
and Arnold, 1958, p. 137) at the north end of the range
on the ridge west of Dolomite and Flux, on the west
limb of a syncline. We infer (4-A4 fig. 4) that this west-
ward extension of the conglomerate in the Timpie
Valley block is concealed by the overthrust Deseret
Peak block. The east limb of the syncline is exposed on
Little Mountain and in the pass between South Moun-
tain and the Stansbury Mountains. The uppermost 60
feet of the type section above the conglomerate facies
contains interbedded dolomite, limestone, and minor
upper quartzite that Rigby assigns to the Pinyon Peak
Limestone.

Timpie Valley block

The narrow, north-trending Timpie Valley block lies
immediately east of, and parallel to, the crest of the
Stansbury Mountains and extends southward from Tim-
pie Valley to Vickory Canyon. Rocks in the block are
carbonate rocks of Devonian and Mississippian age. The
beds are tightly folded and locally overturned. A thin
wedge of the Devonian Pinyon Peak Limestone occurs
along the northernmost 2 miles of the fault contact on
the west side of Timpie Valley in contact with the basal
Mississippian dolomite. Whether the unit is truncated
by stratigraphic pinchout or by the thrust fault can-
not be determined. The block is bounded on the east and
west sides by the Broad Canyon and Timpie thrust
faults, respectively. Structural and stratigraphic evi-
dence similar to that cited for the Broad Canyon thrust
also defines the Timpie thrust. North-trending tight,
asymmetric, and locally overturned, folds in the Timpie
Valley block contrast with the broader, arcuate asym-
metric folds in the Deseret Peak block to the west. Fold-
ing of the fault plane of the Timpie thrust fault and
later erosion are inferred to have caused the apparent
offset of the fault trace at the south end of Timpie
Valley (fig. 4). Successively older parts of the Cambrian
section in the adjacent Deseret Peak (hanging-wall)
block are truncated at the fault contact southward into
the central part of the range. This stratigraphic trunca-

B7

tion is reversed farther south, where the fault succes-
sively exposes rocks of Cambrian through Devonian
age.

Deseret Peak block

The Deseret Peak block underlies the topographically
highest and westernmost part of the main ridge of the
Stansbury Mountains. It is bordered on the east by the
Timpie thrust fault and on the west by the Delle and
Skull Valley thrusts. Although comparable lithologic
units are found in the Deseret Peak and Salt Mountain
blocks, the concealed Delle thrust is inferred because
the folds exposed at the northwest end of the Stans-
bury Mountains are truncated by east-trending faults
north of Salt Mountain. Not only are these intervening
folds missing, but the covered area between the two
blocks is insufficient to accommodate them. Thus, we
infer telescoping of the syncline west of Salt Mountain
against the Deseret Peak anticline. The Skull Valley
thrust was postulated by Roberts and others (1965) on
the basis of discordance of structure and stratigraphy
between the Cedar and Stansbury Mountains.

The arcuate trend of the main asymmetrical, locally
overturned Deseret anticline in the Deseret Peak block
varies from northeasterly at the north end of the range,
and generally northerly in the central part, to south-
easterly at the south end. Adjacent folds, where present,
parallel the Deseret anticline. This trend, concave to the
east, contrasts with the general north trend of folds in
the Timpie Valley block.

Several folds of the Timpie Valley block are ex-
posed at the north and south ends of the range because
of deep erosion in Timpie Valley and Vickory Canyon
in contrast, only the steep east limb of the easternmost
fold is exposed in the higher, narrow central part of
the block. The stratigraphic (fig. 3) and lithologic char-
acter of these rocks appears to be comparable with that
of rocks in the Dolomite block, suggesting that closely
related sedimentational units have been juxtaposed by
the fault.

The Devonian strata exposed near Rock Springs in
the southwest part of the Stansbury Mountains were
tentatively divided by Rigby (1958) into the Sevy,
Simonson ( ), Stansbury, and lower part of the Pinyon
Peak Formations. H. T. Morris (oral commun., 1968)
believes that the strata identified as Sevy and Simonson
actually correlate with beds in the middle part of the
Bluebell Formation in the Tintic district to the south
and should be reassigned to either the Bluebell Forma-
tion of Ordovician, Silurian, and Devonian age or to
the Laketown Dolomite of Silurian age. The remaining
upper beds resemble the clastic and fine-grained units
in the Pinyon Peak Limestone. The coarser, lower beds
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may be considered Stansbury equivalents. The under-
lying Laketown Dolomite is much thicker in the Rock
Springs area than in the Dolomite block (fig. 3), sug-
gesting either that the Laketown was eroded more
deeply in the Dolomite block or that original sedimen-
tation was greater in the Deseret Peak block. Morris
and Kopf (1969) have indicated in the West Tintic and
Sheeprock Mountains south of this area that the Lake-
town thickens across the Sheeprock thrust. And Teich-
ert (1959, p. 73) has recognized the Sheeprock thrust
in the Onaqui Range as far north as Johnson Pass. If,
as we believe, the Timpie thrust proves to be correlative
with the Sheeprock thrust, a westward thickening of
the normally deposited units also is expectable in the
Stansbury Mountains. Another similarity between the
Sheeprock and Stansbury Mountains is the presence of
Cambrian strata on the upper plate, which have been
thrust over middle and upper Paleozoic rocks.

Salt Mountain block

The Salt Mountain block is the upper plate of the
Delle thrust, which separates Salt Mountain from the
Deseret Peak block of the Stansbury Mountains. The
block constitutes the east limb of a broad syncline that
adjoins the overturned anticlinal structure of the
Deseret Peak block. The Salt Mountain block is exposed
only on Salt Mountain and thus areally is a much
smaller unit than the Deseret Peak block, and may rep-
resent one of several broken discontinuous blocks that
are poorly exposed along the west side of the Stansbury
Mountains. The Timpie Valley syncline and Timpie
Ridge anticline of Rigby (1958, p. 63, 64) that physi-
cally adjoin the Deseret anticline at the northwest end
of the range do not seem to continue southward to the
Salt Mountain block. These structures are believed to
be overridden by the Delle thrust.

The beds in the Salt Mountain block assigned by
Rigby to the Sevy and Simonson(?) Formations are
considered here to be the upper part of the Laketown
Dolomite. Thus the stratigraphic section here is com-
parable to that in the Deseret Peak block, although
somewhat thicker (fig. 3). Thin Devonian sedimentary
rocks, resembling both the Pinyon Peak and Stansbury
Formations, are present in both the Deseret Peak and
Salt Mountain blocks, again suggesting to us that the
Delle thrust is of much lesser magnitude than the
Timpie thrust. On Salt Mountain, Devonian rocks rest
in erosional karstlike contact on Silurian Laketown
Dolomite, suggesting that the Sevy and Simonson (?)
Dolomites, if ever present in this block, were eroded
along with some of the underlying Laketown Dolomite.

STRUCTURAL GEOLOGY

Geologic history

The structural evolution of the Stansbury Mountains
can be explained only in terms of (1) accumulation of
sediments in a basin an unknown distance west of the
present site of the range and (2) folding and faulting
during deformation that brought the rocks formed
from these sediments to the present site. According to
our concept, marine sediments gradually filled a broad
shelf zone in western Utah and eastern Nevada begin-
ning in the late Precambrian. During early Paleozoic
time, deposition of carbonate, shale, and quartzose sedi-
ments apparently continued with only intermittent
local interruption until the Late Devonian, when up-
lift commenced along the east-west Cortez-Uinta axis.
On the basis of the thickness of the stratigraphic sec-
tion, the magnitude of uplift along the Cortez-Uinta
axis associated with the Stansbury uplift was at least
1,000 feet and probably more. Erosion of the Cambrian
Tintic Quartzite locally formed the quartzite cobble
and sand deposits of the Stansbury Formation. On
other grounds, Rigby (1958, p. 87) has postulated as
much as 7,000 feet of structural relief, a value consider-
ably higher than would be required by the thrust-fault
hypothesis. An asymmetry (highest on the north side)
of this east-west uplift is suggested in the general dis-
tribution of the thicker deposits of coarser clastic debris
on the northern side of the axis across Utah and Nevada
(Roberts and Tooker, 1969). The clastic facies south of
the arch appear to be largely sandy and dolomitic
(Victoria quartzite facies) beds; beds containing small
pebble-size clasts are local and thin. Normally, as in the
Sheeprock Mountains, the clastic facies overlies the
Laketown, Sevy, and Simonson succession, but in the
Stansbury Mountains the clastic facies overlies a karst
erosional surface on the Laketown Dolomite. The Pin-
yon Peak Limestone is present nearly everywhere, con-
formably overlying the clastic phase where present.
We see no compelling evidence of folding associated
with this deformation and therefore believe that the
Pinyon Peak Limestone represents the end phase of the
erosion cycle. We believe that in most of the Stansbury
Mountains, the Silurian Laketown and Devonian Sevy
and Simonson ( ?) deposits either may have been eroded
during this uplift or were not deposited there. Follow-
ing the Late Devonian, a thick sequence of Mississip-
pian and Pennsylvanian strata was deposited over the
entire basin.

During uplift accompanying the Sevier orogeny in
Late Cretaceous time (Armstrong, 1968), large plates
containing thick rock sequences became detached and
moved eastward by gravity in the manner suggested
by Rubey and Hubbert (1959). The eastward move-
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ment stopped when these plates rode up against the
craton, buckled, and became folded as they were stacked
against each other. The Stansbury plates apparently
represent basin deposits that lay west of rocks now
seen on Mount Timpanogos in the Wasatch Mountains
and in the Oquirrh Mountains. The plates were sepa-
rated and subjected to differing forces. As they
contained assemblages of rock having somewhat differ-
ing competency, the character of folding varied from
block to block. In a general sense, the broad arching
of folds, concave to the east, suggests that the thrusts
were piled up athwart the Cortez-Uinta axis as it rose
near the Wasatch Mountains, much as leaves floating
in a stream are plastered against a rounded boulder.
(In contrast, the broad arching of folds, convex to the
east, on the upper plate of the Charleston-Nebo thrust
in the Wasatch Mountains, results from their being
thrust into the basin on the south flank of the Cortez-
Uinta axis.) Well-defined differences in lithology and
directions of apparent movement suggested by the folds
in adjoining blocks suggest that the rocks exposed at
the north end of the range in the Dolomite and Timpie
Valley blocks may represent Devonian deposits more
characteristic of those north of the axis, whereas rocks
in the Deseret Peak and Salt Mountain blocks probably
represent sedimentary features more characteristic of
those south of this axis. We believe that the present
location of the Salt Mountain section on line with the
westward projection of the Cortez-Uinta axis pre-
sumably at the highest part of the axis, is inconsistent
with the sedimentational character to be expected at
such a site. The facies nearest the uplift ought to be
either a thick clastic unit such as that we observed near
Dolomite or an erosional hiatus as in the Oquirrh
Mountains. However, the section at Salt Mountain
differs little from that observed at Rock Springs at the
south end of the Stansbury Mountains. All these obser-
vations support our hypothesis that the diverse
assemblages of rocks seen in the Stansbury Mountains
today can only have been deposited elsewhere and
subsequently moved together.

Basin-and-range faulting and erosion have carved
the present geomorphic form of the range. Tertiary
intrusion and volcanic flows appear near the intersection
of the Cortez-Uinta axis and the inferred traces of the
thrust faults; we believe faults locally may have been
feeder channels.

NATURE OF THE STANSBURY UPLIFT

Rigby (1958, p. 83-88) originally described the
Stansbury uplift as primarily a Late Devonian feature
that produced the conglomerate in the Stansbury For-
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mation. He believed that the rock structures and the
overlying Paleozoic sediments were subsequently de-
formed during the Laramide orogeny. As a result, the
Cambrian rocks in the backbone of the range were
folded, refolded, and uplifted twice along the structural
pattern established in the Devonian. The Stansbury up-
lift in Rigby’s terms is a composite of two events. Be-
cause we believe that the two episodes of deformation
occurred in widely separated places, we are faced with
the problem of deciding which of these events to name
the Stansbury uplift.

We prefer to apply the name “Stansbury uplift” to
Rigby’s Late Devonian event and propose that Arm-
strong’s name, “Sevier orogeny,” be used for the Late
Cretaceous thrusting and folding event. As a conse-
quence of this episode of thrusting and folding, the
lower Paleozoic rocks were brought to their present
location at the crest of the range.

ECONOMIC POTENTIAL

Virtually all the metallic mineralization in the
Stansbury Mountains is in the Timpie Valley block,
generally close to the basal Broad Canyon thrust.
Leakages of mineralized solutions along the Tintic
Valley fault may be the source for the variscite deposits
in the pass west of South Mountain, Volcanic rocks,
intrusive dikes and plugs, and the hot springs at the
north end of Timpie Valley also have close spatial
relation to this Timpie Valley block and the thrust
fault (Davis, 1959, p. 44). If the geologic structure of
the Stansbury Mountains is primarily related to thrust
faults, as proposed here, the metallic mineral potential
of the range will be greatly enhanced. If the Broad
Canyon fault is merely a high-angle reverse fault and
is not related to underlying thrust surfaces, any explora-
tion targets would be more or less confined to the
vicinity of the fault below its outcrop. On the other
hand, if the fault at depth is a thrust, a wider target
area for hidden deposits would be offered in the hanging
wall to the west, where favorable carbonate rocks might
be expected. Any exploration for such deposits should
of course be guided by well-planned geochemical and
geophysical studies.

The Bingham and Tintic ore deposits (fig. 1) occur
in a comparable structural and host-rock environment
in the underlying Midas thrust plate. As very similar
structural, stratigraphic, and hydrothermal features
occur elsewhere in the Great Basin, these features may
be useful as geologic tools in prospecting for ore
deposits.
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DISPLACEMENT OF THE POCAHONTAS FORMATION BY THE
RUSSELL FORK FAULT, SOUTHWEST VIRGINIA

By KENNETH J. ENGLUND, Washington, D.C.

Abstract.—Thickness and lithie variations in Upper Mississip-
pian and Lower Pennsylvanian formations indicate approxi-
mately 4 miles of strike-slip movement along the Russell Fork
fault. Economically important coal beds of the Pocahontas
Formation, currently the objective of deep exploratory drilling,
are displaced laterally by this movement.

Exploration for coal in the Pocahontas Formation in
the subsurface of southwest Virginia has accelerated in
recent years because of the increased demand for low-
volatile and low-sulfur coal. The formation crops out
principally in adjoining areas of southern West Vir-
ginia where the character and distribution of the Poca-
hontas coal beds have been disclosed by extensive
exploration and mining. Previous geologic studies have
generally overlooked the extension of the formation in
the subsurface of southwest Virginia where equivalent
strata have been included, undifferentiated, in the
thicker and more widespread Lee Formation. However,
recent deep drilling in the area has confirmed the pres-
ence of the Pocahontas coal beds and has resulted in the
opening of several shaft mines. The areal distribution of
the formation is controlled by various stratigraphic and
structural features, including the Russell Fork fault at
the northeast edge of the Cumberland overthrust sheet
(fig. 1). The effect of this fault on the displacement of
the Pocahontas Formation was determined by a strati-
graphic study, which included the description of sec-
tions of core and drill-hole cuttings. Because much of
the core data was obtained in confidence, only the loca-
tions of oil and gas tests are shown in figure 2. Several
drill-hole descriptions were kindly furnished by the
Virginia Division of Mineral Resources.

STRATIGRAPHIC UNITS

Strata displaced along the Russell Fork fault range
from Devonian to Pennsylvanian in age. This study is
primarily concerned with the Pocahontas Formation of
Early Pennsylvanian age but also includes the Upper
Mississippian and Lower Pennsylvanian units shown
in figure 3.

The Pocahontas Formation underlies an area of
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approximately 3,500 square miles in parts of West
Virginia, Virginia, and Kentucky. It is exposed only at
the east edge of the Appalachian coal field, principally
in a broad dissected area of relatively flat-lying beds
in southern West Virginia. Southwestward in Virginia,
the Pocahontas Formation and equivalent strata extend
in a narrow belt of upturned beds to the southwest
corner of the State. From a maximum thickness of about
700 feet in the central part of the outcrop area, the
formation thins northwestward and wedges out in the
subsurface. It consists of a typical coal-bearing sequence
of sandstone, siltstone, shale, and underclay. Of these,
light-gray, thin- to thick-bedded sandstone is most
abundant. It commonly consists of 50-65 percent quartz,
4-11 percent feldspar, mica flakes, rock fragments, and
a few heavy-mineral grains; in places it contains a few
well-rounded white quartz pebbles. Well-sorted fine-
grained quartzose sandstone occurs locally at the base of
the formation. Shale and siltstone are medium to dark
gray and are commonly carbonaceous. Coal, underlain
by as much as a few feet of clayey or silty underclay,
occurs in as many as 14 beds, of which 2 or 3 may be
commercially important at a specific locality.
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Ficure 1.—Index map relating the area of figure 2 to the
Cumberland overthrust sheet (stippled).
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F1eure 2.—Thickness map of rocks between the base of the Little Stone Gap Member of the Hinton Formation and the Jawbone
coal bed, showing 4 miles of strike-slip movement along the Russell Fork fault.

The Pocahontas Formation was deposited in a transi-
tional deltaic environment (Englund, 1969). Initial de-
posits consist of distributary sands that aggrade to the
northwest and intertongue with prodeltaic varicolored
shale of the underlying Bluestone Formation. Locally,
the fringe of the delta is marked by well-sorted quartz-
ose beach sand that forms lentils alined in a north-
easterly direction at the base of the formation. Fluvial
and swamp sediments were deposited in beds behind the
delta front as the front advanced to the northwest.

Strata underlying the Pocahontas Formation are
assigned to the Bluestone Formation of Late Missis-
sippian to Early Pennsylvanian age. The upper part of
the Bluestone Formation is characterized by greenish-
gray, grayish-red, and gray slightly calcareous shale and
siltstone. A few beds of very fine grained to fine-grained
light-gray to light-greenish-gray sandstone are also
present. The lower part of the formation is a persistent
dark-gray shale which is correlated wth the Pride

Shale Member of southern West Virginia. Also included
in figure 3 are the uppermost beds of the Hinton For-
mation—the Tallery Sandstone Member, a locally
quartzose and conglomeratic sandstone; and the Little
Stone Gap Member, an argillaceous fossiliferous lime-
stone.

The Pocahontas Formation is unconformably over-
lain by the Lee Formation, a widespread coal-bearing
sequence of sandstone, siltstone, shale, and underclay.
Regionally, the Lee is characterized by quartzose con-
glomeratic sandstone which occurs mostly in the basal
and uppermost beds in the area of study. The uncon-
formity at the base of the Lee truncates the Pocahontas
Formation northwestward and marks a hiatus between
the Mississippian and Pennsylvanian Systems where
the Pocahontas and upper beds of the Bluestone are
absent. Beds of sandstone, siltstone, shale, and coal in
the lower part of the Norton Formation are also shown
in figure 3.
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DISPLACEMENT OF THE RUSSELL FORK FAULT

The Russell Fork fault extends southeastward from
the trace of the Pine Mountain fault for about 28 miles
(fig. 2). Giles (1921, Wentworth (én Giles, 1921, p. 53—
67; 1922), and Bates (1936) indicate that the movement
of the Russell Fork fault is largely strike slip and occurs
along a high-angle fault plane. They also noted a
minor amount of thrusting and vertical displacement.
The only determination of the amount of strike-slip
movement is an unspecified estimate of about 2 miles
by Wentworth (én Giles, 1921, p. 65). Movement of this
magnitude is of particular importance in correlating
beds and prospecting for coal, especially in the Poca-
hontas Formation where the beds wedge out to the
northwest parallel to the direction of movement. To
verify the amount of strike-slip movement involved,
lateral changes in the physical characteristics of the
rock were examined, particularly those that trend nor-
mal to the direction of movement. In contrast to the
early estimate, the lateral changes observed indicate
substantially greater movement than was previously es-
timated. For example, the amount of strike-slip move-
ment can be demonstrated by the offset in thickness con-
tours of strata between two readily identified beds,
namely, the base of the Little Stone Gap Member of the
Hinton Formation and the base of the Jawbone coal
bed (fig. 3). As shown by the thickness map (fig. 2),
these strata increase in thickness approximately 60 feet
per mile to the southeast. Therefore, strike-slip move-
ment to the northwest has placed a section of rocks in
the overthrust sheet opposite a thinner counterpart

STRUCTURAL GEOLOGY

across the Russell Fork fault. This difference in thick-
ness indicates about 4 miles of movement.

Also indicative of the amount of strike-slip movement
is the displacement of the Pocahontas Formation. Avail-
able thickness data show that it has been offset approxi-
mately 4 miles at the Russell Fork fault. This relation
is not readily evident in a comparison of sections alined
parallel to and within a few miles of the fault (fig. 3).
Along the line of section A-A’, the Pocahontas Forma-
tion actually extends farther to the north in the au-
tochthonous plate because of a local change in the
direction of the wedgeout from northwest to west near
the fault. A similar change in direction, uninterrupted
by faulting, is present along the edge of the formation
near the Wise-Dickenson County line.

On the basis of available stratigraphic data, strike-
slip movement measured along the Russell Fork fault is
somewhat greater than previously estimated and is most
likely on the order of 4 miles.
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THE TWOWELLS SANDSTONE TONGUE OF THE DAKOTA SANDSTONE
AND THE TRES HERMANOS SANDSTONE AS USED BY
HERRICK (1900), WESTERN NEW MEXICO

By C. H. DANE;' E. R. LANDIS, and W. A. COBBAN,

Washington, D.C.; Denver, Colo.

Abstract.—The Twowells Sandstone Tongue of the Dakota
Sandstone is an extensive unit that joins the undivided beds
of the Dakota along a line trending northeast approximately
through Window Rock, Ariz. It was deposited in a shallow-
water marine shelf environment and over much of its extent
contains a molluscan fauna having the same age as the Hart-
land Shale Member of the Greenhorn Limestone in southeastern
Colorado and southwestern Kansas. The underlying Whitewater
Arroyo Shale Tongue of the Mancos Shale is the same age as
the Lincoln Limestone Member of the Greenhorn. Previous cor-
relations of the Twowells with the Tres Hermanos Sandstone
as named by Herrick (1900) have been in error; the Tres
Hermanos at its type locality is a stratigraphically higher and
younger sandstone of early Carlile age.

Since July 1966, we have been conducting a reconnais-
sance investigation of the Dakota Sandstone and the
lower part of the Mancos Shale in west-central New
Mexico and in adjacent areas (fig. 1). Stratigraphic
sections were measured and molluscan faunas were
collected at several levels. The work has in part been
guided by and incorporates data from earlier reconnais-
sance studies dating back to 1954, some of the results
of which have been previously reported (Dane and
Bachman, 1957; Dane, 1959, 1960a, 1960b). A short
paper by Marvin (1967) noted that these earlier reports
and a paper by Owen (1966; see also Owen, 1963) dis-
agree on several points. Marvin also pointed out, on the
basis of subsurface correlation across the southern part
of the San Juan Basin, that the three sandstones—
numbers 1, 2, and 3 of Hunt (1936)—in the lower part
of the Mancos Shale of the Mount Taylor region merge
into the undivided Dakota Sandstone westward, the
uppermost (number 3) becoming practically inseparable
from the Dakota Sandstone at the Defiance monocline

1 Deceased June 24, 1968.
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a short distance east of Window Rock, Ariz. We agree
with these conclusions except for some details. The same
general conclusions were also reached in a subsurface
study by Tyrrell in 1959. Marvin’s paper proposes in
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conclusion that “the member of the Dakota Sandstone
overlying the Whitewater Arroyo Shale Member
(Owen, 1966) be named the Twowells Member of the
Dakota Sandstone.” In the present paper we classify
(1) the Twowells as a tongue of the Dakota rather than
a member, and (2) the Whitewater Arroyo as a tongue
of the Mancos Shale rather than a member of the
Dakota. Data are now available to clear up some of the
discrepancies in the previous literature, and it seems
desirable to do so here.

TWOWELLS SANDSTONE AND WHITEWATER
ARROYO SHALE TONGUES

The Twowells Sandstone Tongue, originally called a
“sandstone lentil of the Mancos” by Pike (1947, p. 36),
was named from “typical exposures near Two Wells in
T. 12 N, R. 19 W.” (Pike, 1947, p. 36). At the same
locality, Owen (1966) measured the type section of his
Whitewater Arroyo Shale Member of the Dakota Sand-
stone, which separated the Twowells from the thicker
main ledges of the underlying Dakota Sandstone. We
change his designation to Whitewater Arroyo ‘Shale
Tongue of the Mancos Shale, which more correctly
describes its regional stratigraphic relationships. We
measured the following section at that locality, mainly
in the NEV sec. 17, T. 12 N., R. 19 W.:

Thickness
Feet  Inches
Mancos Shale (top of exposure):

Shale, medium- to dark-gray, slightly cal-
careous, soft, flaky; contains yellow-weath-
ering, rounded, discoidal, light-gray lime-
stone concretions as much as 4 in. thick
and 2 ft in diameter, about 5 ft above base.
Both shale and limestone concretions con-
tain Ezogyra levis Stephenson and a broad
thick-shelled form of the pelecypod des-
cribed by Stanton (1893) as Gryphaea new-
berry: (USGS D7352) . ________________. 7+

Twowells Sandstone Tongue of the Dakota Sand-
stone:

Sandstone, very silty in part, very light gray,
weathering to yellowish gray, mostly very
fine grained, massive, soft; forms dip slope
on back of cuesta ridge; uppermost few feet
intensively burrowed; contains brown-
weathering calcareous, concretionary, re-
sistant parts 2 to 3 ft thick and 3 to 8 ft long.

A clam (Pholadomya sp.; USGS D7350)
was collected near base and an ammonite
(“Mantelliceras” sp.) and an inoceramid
(Inoceramus sp.; USGS D7351) from 15 ft
above base. Thickness approximate be-
cause uppermost part is poorly exposed
nearly everywhere______________________ 20+

Sandstone, light-gray, weathering to yellowish
gray, fine-grained to very fine grained, mas-
sive, burrowed; resistant ledge-former_ ____ 15 0
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Thickness
Feet Inches
Twowells Sandstone Tongue of the Dakota Sand-
stone—Continued

Sandstone, white, soft, massive, very fine

grained; crossbedded in basal part________ 4 6
Siltstone, clayey and very sandy, and sand-
stone, very silty, weathers mostly dark
yellowish brown, very fine grained, massive,
soft; grades to overlying and underlying

units_ - ... 16 0
Sandstone, silty, light-gray, weathering to
yellowish gray, very fine grained; mostly
quartz but about 10 percent dark grains of
other minerals and rocks; calcareous cement
makes unit a weak ledge-former; massive to

platy; thickness varies along outerop.._____ 0 6

Total Twowells Sandstone Tongue.___. 56 0
Whitewater Arroyo Shale Tongue of the Mancos
Shale:
Shale, silty in upper part, medium-dark-gray
to olive-gray, slightly calcareous in part;
USGS Mesozoic loc. D6155, Ezogyra n. sp.
from sparse, small limestone concretions at
base. .- . 12 6
Bentonite__ . _____________________________ 0
Shale, medium-dark-gray; brownish rounded
limestone concretions scattered throughout;
USGS Mesozoic loe. D7348 from 2 ft above

-

base, ““Mantelliceras’” sp_ .- . ______. 8 6
Bentonite__ ... _______ 0 1
Shale, medium-gray_______________________ 10 0
Bentonite___ _ _ _ o~ 0 24
Shale, medium-gray._____________________. 10 6
Bentonite._ - . _____ Streak
Shale, medium-gray_____ _________________ 0 9
Bentonite. . __ . ________________________ 0 1
Shale, medium-gray__ .. __________ 3 8

Total Whitewater Arroyo Shale Tongue. 46 4

Dakota Sandstone (main body):
Sandstone, pale-brown, calcareous, hard;
USGS Mesozoic loc. D6154, Acanthocardia
tritis (White) and Exogyra levis Stephenson_. 0 3
Sandstone, fine-grained, even-bedded; forms

small ledge_ . _______________________ 1 8
Shale, carbonaceous, and interlaminated
siltstone_ - - __ L __. 7 0

Remainder of Dakota Sandstone not de-
scribed here; slight channeled irregularity at

Total Dakota Sandstone (main body)._ 123 5
Zuni Sandstone.

The Twowells and Whitewater Arroyo thin north-
ward ; north of Manuelito the Twowells is only 20 feet
thick, and the underlying Whitewater Arroyo seems to
be represented by a concealed interval only 15 feet thick.
We believe that the Twowells, which was measured as
28 feet thick by us, is the top ledge of the undivided
Dakota at Window Rock. This ledge is overlain by a
bed of gray shale and coaly shale 4 feet thick that is
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succeeded by 14 feet of sandstone crowded with a broad
thick-shelled form of the pelecypod described by Stan-
ton (1893, p. 60, pl. 5, figs. 1-5) as Gryphaea newberryi.
This sandstone bed, which we informally call the
Gryphaea sandstone bed, was also recognized at Window
Rock by Pike and by Owen. A similar section is exposed
on the north side of Slick Rock Wash about 3 miles
north of Window Rock, where 12 feet of the Gryphaca
sandstone bed overlies 20 feet of interbedded shale,
carbonaceous shale, coal, and bentonite above the main
ledges of the Dakota. The Gryphaea bed seems not to
be present at Manuelito, but the same fauna is present in
the lower part of the shale overlying the Twowells
Sandstone Tongue, as at the Twowells type locality.
The Gryphaea sandstone bed was observed northeast of
Gallup by Sears (1934) and a few miles north of there
by Dane and Bachman (1957). As Pike (1947, p. 82)
reported in his measured section 32 (near Window
Rock),

large numbers of Gryphaea newberryi were found in a thin
sandstone 20 feet above the base of the Mancos. In the section
near Gallup, Sears found the same faunal horizon in a 10-foot
sandstone separated by 6 feet of shale from an underlying
massive buff sandstone 25 feet thick. This sandstone in turn is
separated from the highest sandstone of the Dakota(?) by 109
feet of marine shale. This 25-foot sandstone may be a tongue of
Dakota (?) (Tres Hermanos, or possibly younger), and the
109 feet of marine shale may pinch out westward before reach-
ing Section no. 32 where the overlying 25-foot sandstone or
its equivalent would be considered the highest unit of the
Dakota (7).

This is, except for the parenthetical clause, precisely
our interpretation, but with the further conclusion that
the 25-foot sandstone is also the Twowells, and the 109
feet of marine shale below it is the Whitewater Arroyo
Shale Tongue. Although Dane (1960b) and Owen (1966,
fig. 3) previously extended the Twowells north of Slick
Rock Wash, it should probably not be extended north
of Window Rock.

The Gryphaea sandstone bed also crops out, inter-
mittently because of poor exposures, at least as far south
as Upper Nutrias. Although the underlying Twowells
seems to be unusually soft, silty, and thin bedded in
this area, it presumably continues far to the south,
because it is present northeast of Atarque in T. 7 N.,
R. 17 W. Farther south, exposures are few and
widely separated, but the Twowells is present in the
Lynch Ranch area, T. 4 N., R. 20 W. (see also Owen,
1968, pl. 1), and in the Cottonwood Canyon (Cienega
Amarilla) area, T. 10 N., R. 31 E., Apache County,
Ariz.,, and T. 1 N,, R. 21 W., Catron County, N. Mex.,
where it was regarded by Young (1957) as the basal
unit of the Mesaverde Formation.

B19

The Twowells and the underlying Whitewater Ar-
royo crop out almost continuously eastward from Gallup
to the Rio Puerco, but eastward from a point about 15
to 20 miles northwest of Grants the Whitewater Arroyo
overlies the next lower sandstone tongue of the Dakota
instead of overlying the main body of the Dakota. The
tongues of the Dakota have been extensively mapped
as parts of units in the lower part of the Mancos Shale
by Thaden and his associates (Thaden and others,
1967; and other geologic quadrangle maps) in the
Grants area and by Moench and Schlee (1967, p. 3, 23)
and others in the Laguna area to the east. In both of
these areas the uppermost mapped sandstone is the
Twowells Sandstone Tongue.

TRES HERMANOS SANDSTONE AS USED
BY HERRICK (1900)

Our studies show that the Twowells Sandstone
Tongue is the “Tres Hermanos sandstone” as distin-
guished by Pike (1947, p. 65) at D Cross Mountain and
as mapped by Givens (1957) east of D Cross Moun-
tain and by Tonking (1957) in the Puertecito quad-
rangle; they also show that it is the only one of the
three sandstones called Tres Hermanos of the Mount
Taylor area present above the main part of the Dakota
along Rio Salado northwest of Socorro. Dane (1959)
was in error in correlating this sandstone (20 to 60
feet thick and lying about 250 feet above the thin basal
Dakota Sandstone from D Cross Mountain east as far
as the easternmost exposures of the Dakota and Mancos
along Rio Salado) with the No. 2 sandstone of Hunt
(1936) of the Rio Puerco valley east of Mount Taylor.
The No. 2 sandstone of the Puerco Valley wedges out
spectacularly on the west side of Canipa Mesa (see fig.
8, road logs, in report by Dane, 1959, where it is called
No. 3 sandstone) ; however, the No. 3 sandstone of Hunt
(1986) (Twowells of this report) caps Canipa Mesa and
continues on to the south to be the unit that has been
generally regarded as the Tres Hermanos Sandstone
Member of the La Cruz Peak Formation and has been
so mapped along Rio Salado (Tonking, 1957; Givens,
1957). We believe that the sandstone to which Herrick
(1900, p. 341) originally applied the name Tres Her-
manos is a sandstone that is 150 to 200 feet stratigraphic-
ally above the sandstone identified as “Tres Hermanos”
(correctly Twowells) of the Rio Salado valley. This
higher sandstone crops out about 1 mile east of Tres
Hermanos Buttes (Peaks), where it was mapped by
Givens (1957) as the basal member of the La Cruz Peak
Formation of Tonking (1957), and where it is a “band
of sandstone with enormous concretions” as required
by Herrick’s (1900) description. Some of the concre-
tions are as much as 6 feet thick and 12 feet across,
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whereas the Twowells Sandstone Tongue in this area
has no concretions that large.

Pike (1947, footnote p. 82) correctly identified the
type locality of the Tres Hermanos as “probably a mile
east of Tres Hermanos Buttes, three volcanic necks in
Alamosa Creek [now Rio Salado] valley, in sec. 26,
T. 3 N., R. 7 W.,” but later workers and Pike himself
seem to have failed to correctly interpret the signifi-
cance of this footnote as a guide to identifying the Tres
Hermanos. The name Tres Hermanos should now be
restricted to this higher sandstone, which contains a
molluscan fauna of early Carlile age (Collignoniceras
woollgari zone) as collected by us in the NE1/ sec. 25,
T.3N,R.TW.

EXPOSURES ON EAST SIDE OF SAN JUAN BASIN

North and east of Rio Puerco (fig. 1), west of the
Nacimiento Mountains, there is a drastic change in the
thickness and stratigraphic position of the Twowells
Sandstone Tongue and, to some degree, in its lithologic
character. Although exposures are in part poor and in
places widely separated, they do permit recognition of
a continuous sandstone unit that extends throughout
this area. Both the Twowells and the underlying White-
water Arroyo thin markedly northeast from Rio
Puerco. The Twowells, however, does not merge with
the underlying Dakota as shown by Owen (1966, fig. 2),
but continues northeastward and northward above the
northeastern ends of the underlying sandstone tongues.
The top of the Twowells on the eastern edge of the
basin lies about 60 to 100 feet below the base of the
Greenhorn Limestone Member of the Mancos Shale as
it has generally been recognized in this area, and 95 to
150 feet above the top of the main body of the Dakota
Sandstone. The Twowells is 10 to 20 feet thick, glau-
conitic and coarsely granular in some beds, and carries
a characteristic ammonite fauna to be mentioned later.
Although the northernmost section of the Twowells
observed and measured by us is about 5 miles northeast
of La Ventana, the unit may be present farther north
along the steeply dipping foothills belt west of the
Nacimiento Mountains. Speculatively, it may be repre-
sented in the well-exposed section along the west abut-
ment of El Vado Dam in the northeastern part of the
San Juan Basin by a zone (about 2 feet thick and about
55 to 60 feet below the base of the Greenhorn) in which
there are several very thin siltstone beds. This zone lies
about 75 feet above the top of the Dakota as mapped in
the Tierra Amarilla quadrangle (Landis and Dane,
1967).

PALEONTOLOGY AND STRATIGRAPHY

PALEONTOLOGY

The Twowells Sandstone Tongue in the area east
from the type section to Rio Puerco contains a sparse
fauna in both numbers of species and individuals, ex-
cept for the uppermost part in which there locally are
exceedingly numerous specimens of a broad thick-
shelled form of Stanton’s Gryphaea newberryi and
smaller numbers of exogyras. These species range
through a considerable interval downward from the
top of the Twowells, as pointed out by Young (1960, p.
186). Otherwise, the fauna of the Twowells consists of
the following:

“Mantelliceras’ sp.
Metoicoceras defordi Young
Acanthocardia tritis (White)
Inoceramus sp.

Lopha sp. (l1arge)
Pholadomya Sp.

Pinna sp.

Cerithiopsis sp.

This fauna is the same age as the higher part of the
Hartland Shale Member of the Greenhorn Limestone
in southwestern Kansas and southeastern Colorado
(middle Greenhorn). The assemblage is that of a shal-
low-water marine shelf environment (Kauffman, 1967,
p. 119), which accords with the physical character and
regional stratigraphic relations of the Twowells
Sandstone Tongue.

The age of the top of the Twowells over much of its
extent is more sharply defined by its relationship to a
higher faunal zone in which a small baculitid, Scipono-
ceras gracile (Shumard), is present, though sparsely,
nearly everywhere. Our collecting thus far indicates
that this species is restricted to a zone no more than a
few feet thick. At or very near the base of this zone is
the lowest occurrence of Stanton’s Gryphaea newberryi
sensu strictu, a narrower and more convex form than
the form present in the Twowells and underlying beds.
The zone characterized by Sciponoceras gracile (Shu-
mard) is of early Bridge Creek age. It lies as much as
50 feet above the top of the Twowells south of Gallup
along the Nutria monocline, about 25 to 30 feet above
the top of the @ryphaea sandstone bed (broad form) in
the Four Corners area, from 50 to 60 feet above the top
of the Twowells east of Rio Puerco, and from 15 to 20
feet above the top of the Twowells in the Rio Salado
area.

The Whitewater Arroyo Shale Tongue is commonly
characterized by much the same fauna as is present in
the Twowells, but in some areas it also contains in its
lower part distinctive but as yet undescribed exogyras
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and a distinctive form of the pelecypod Gryphaea new-
berryi described by Stanton (1893). A large ammonite
described by Haas (1949, p. 9, pls. 1-3; pl. 4; figs. 1,
2, 4) as Mantelliceras canitaurinum seems to character-
ize the Whitewater Arroyo in most areas, and a frag-
ment of an ammonite found in the Twowells at its type
section could be this species.

Southward from Atarque, the Twowells rises slightly
stratigraphically ; in the SW1; sec. 15, T. 4 N., R. 20 W,
Catron County, N. Mex., the top of it is only 8 feet
below the level of a collection including Kanabiceras
sp., a species indicating the Sciponoceras gracile zone.
Fifteen miles farther south, in sec. 3, T. 10 N, R. 81 E.,
Apache County, Ariz., ammonites are present in some
abundance in the upper 25 feet of the Twowells Sand-
stone Tongue, which is here about 90 feet thick. Collec-
tions from these beds were previously described by
Keith Young (1957).

CONCLUSIONS

The Twowells Sandstone Tongue of the Dakota Sand-
stone is a very extensive offshore marine shelf sandstone
that joins the main body of the Dakota near the Ari-
zona-New Mexico State line in the vicinity of Window
Rock, Ariz. From this point it extends southeastward
for about 140 miles and has a maximum width at right
angles to this axis of about 200 miles.

We concur with Owen’s (1966, p. 1025) and Marvin’s
(1967, p. 172) proposal that the top of the Dakota be
placed at the top of the T'wowells, but we believe that
the Twowells must be classified as a tongue of the Da-
kota rather than as a member of it. Marvin (1967, p.
172) notes that including the Twowells as part of the
Dakota would permit “the contact to be consistently
drawn across the southern San Juan Basin.” This is true
but does not hold farther afield geographically where
the Twowells is absent or so thin as to be unrecogniz-
able, and where the top of the Dakota must be placed
at lower levels. Our definition of Twowells does not in-
clude the unit informally called by us the Gryphaea
sandstone bed where this unit is separated from the
Twowells by a marine or marginal marine shale unit
on the western and northwestern side of the San Juan
Basin. However, in other areas, sandy and silty beds
containing the broad form of Gryphaea are indivisible
from the underlying Twowells or from the underlying
main part of the Dakota Sandstone where the Twowells
is no longer recognizable.

Although its areal distribution suggests a source to
the northwest like that of the lower tongues of the
Dakota, the Twowells appears to rise stratigraphically
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toward the southwest from a level of Hartland age to
a level probably just below that of the age of the Bridge
Creek Limestone Member of Kansas. This stratigraphic
rise and the thickening of the sandstone toward the
southwest probably indicate a developing source to the
southwest like that of the younger Cretaceous sand-
stones of the San Juan Basin. A southerly source for
the Twowells has also been suggested by Owen (1963,
p. 221) on the basis of metamorphic-type heavy min-
erals found in it.

The Tres Hermanos Sandstone as originally named
by Herrick (1900, p. 341) is a stratigraphically higher
sandstone than the Twowells and is of early Carlile
age. It crops out extensively in the Rio Salado Valley,
is present in the Carthage coal field, and probably also
is present northeast of Socorro. It is represented in
northwestern New Mexico and southwestern Colorado
by a unit consisting of alternating silty shale and hard
platy greenish-gray siltstone beds near the base of the
beds of Carlile age. These beds characteristically con-
tain impressions of Collignoniceras woollgari (Man-
tell), almost invariably small juvenile forms.
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LISBURNE GROUP, CAPE LEWIS-NIAK CREEK, NORTHWESTERN ALASKA

By A. K. ARMSTRONG, B. L. MAMET; and J. THOMAS DUTRO, Jr.,
Menlo Park, Calif., Montreal, Canada, Washington, D.C.

Abstract.—Sections of Lisburne Group, Carboniferous (Missis-
sipian), were measured in structurally complex terrane on
rootless allochthonous thrust sheets. Exposures at Cape Lewis
exceed 3,100 stratigraphic feet and consist of 1,284 feet of Viséan
(lower Chester) shales and carbonates of the Nasorak Forma-
tion and 1,864 feet of “Namurian” (middle and upper Chester)
carbonates of the Kogruk Formation. An incomplete 215-foot-
thick section of the Nasorak Formation at Niak Creek is upper-
most Meramec, lowermost Chester equivalent. On an underly-
ing thrust sheet at Niak Creek, an incomplete section of the
Kogruk Formation is 715 feet thick and is a Meramec age
equivalent. Within these sections six foraminiferal assemblage
zones are recognized and tied to the Cordilleran and Eurasian
standards. A fauna of 14 taxa of lithostrotionoid carols is also
present in the beds of Meramec and earliest Chester age. Corals
are rare in beds younger than earliest Chester.

In 1968 Dutro and Armstrong measured and collected
samples from five sections of the Lisburne Group on sea
cliffs adjacent to the Arctic Ocean in northwestern
Alaska (figs. 1 and 2). Carbonate classification used is
Dunham’s (1962). All the exposures studied are on root-
less thrust sheets. The sea cliffs afford excellent expo-

1 Université de Montréal.

sures of these rocks, whereas inland, on the rubble-
covered slopes of the Lisburne Hills, the Lisburne
Group is very poorly exposed.

The 3,100-foot-thick composite section at Cape Lewis
is formed by three measured sections, 68A-9, 68A-10,
and 68A-11. These sections are believed to be one thrust
sheet and make up a nearly complete representation of
the Lisburne Group. The Cape Lewis section is trun-
cated at its base by structurally complex terrane and
tundra cover; the top of the section is tundra cover and
a possible thrust fault surface (figs. 3, 4).

The two sections near Niak Creek are incomplete par-
tial sections of the Lisburne Group. Section 68A-12,
north of Niak Creek, is 715 feet thick. The base of the
section is above a thick tectonic breccia zone and the top
is a thrust fault surface (fig. 54). Section 68A-13,
south of Niak Creek, is 215 feet thick and is bounded by
faults (fig. 5).

A foraminiferal zonation for the Lisburne Group in
the central and eastern Brooks Range was established
by Armstrong, Mamet, and Dutro (1970). The geogra-
phic and biostratigraphic relations of the measured
sections on the sea cliffs of northwestern Alaska to the
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Lisburne Group of the central and eastern Brooks
Range is shown in figures 1 and 6.

The oldest carbonate rock found in the sea cliff sec-
tions is at the base of section 68A-12, north of Niak
Creek. These rocks now rest on a thick zone of tectonic
breccias. Undoubtedly, there were older carbonates in
this section before the tectonic activity that produced
the thick breccia zone (fig. 54). The higher beds of
section 68A—-12 are extensively dolomitized ; the Foram-
inifera present indicate an undetermined Viséan age
for this interval.

Section 68A-13, on the south side of Niak Creek, is
on a higher thrust sheet which overrides the thrust sheet
bearing section 68A—12. Below the base of section 68A—
13 is a sequence of paralic sediments: dark-gray shales,
coals, siltstones, and sandstones. These sediments ap-
pear to be in gradational contact with the marine lime-
stones of section 68A~13. Detailed study of these paralic
clastic sediments is difficult because exposures are poor,
and there are numerous small folds and faults. The
Foraminifera of section 68A-13 are of late zone 15 and
represent an age near or equivalent of the Meramec-
Chester boundary.

PALEONTOLOGY AND

STRATIGRAPHY

The thick composite section at Cape Lewis compris-
ing sections 68A-9, 68A-10, and 68A-11 is about 3,100
feet thick ; microfossils indicate a late Viséan age (early
Chester), zone 16; at the base and a “Namurian” zone
18 (late Chester) in the youngest exposed beds. As the
top of section 68A-11 is covered by soil and tundra,
beds younger than zone 18 may be present in the Kogruk
Formation.

NASORAK FORMATION

The Nasorak Formation was named by Campbell
(1967, p. 7), who designated as its type section a section
in a sea cliff adjacent to the mouth of Nasorak Creek
near Cape Thompson.

South of Cape Lewis, the Nasorak Formation is ex-
posed in the sea cliffs (fig. 34), where 1,282 feet of the
lower part of section 68A-9 was assigned to this forma-
tion (figs. 44, B). At this locality the Nasorak Forma-
tion can be divided into four lithic units.

The base of the measured section begins at or on the
beach. Neither the composition nor the age of the under-
lying rocks is known, but they probably are Mississip-
pian clastic rocks deposited in paralic or continental
environments. The lowest unit consists of 355 feet of
shales, siltstones, argillaceous limestones, limestones,
and minor amounts of sandstones. The limestones and
shale beds are generally 1 to 5 feet thick.

Unit 2, which is 295 feet thick, is composed primarily
of dark-gray shales with lesser amounts of siltstone and
sandstone. A massive limestone, about 15 feet thick,
occurs near the middle of the unit. This limestone is
overlain by gray to medium-brown calcareous shales
that have a gradational contact with the massive cherty
limestones of unit 3 (fig.44).

This dark-gray carbonaceous shale zone could pos-
sibly, under proper conditions, be a source bed for
petroleum.

Unit 3 consists of 250 feet of massive-bedded light-
gray to gray echinoderm-bryozoan packstone. Two cov-
ered intervals, 15 and 35 feet thick, are present (fig.
44). The top of unit 3 is marked by a creek bed. The
highest 20 feet of the unit contains a large number of
lithostrotionoid corals. The gravel and soil associated
with the creek bed covers some 150 stratigraphic feet
of section.

Unit 4 is 232 feet thick. The base, exposed on the
north side of the creek, is a 15-foot-thick sequence of
thin-bedded gray limy mudstones and gray calcareous
shales. The next 51 feet is covered. This is followed by
164 feet of shales, calcareous gray shales, and thin-
bedded argillaceous lime mudstones.

The top of the Nasorak Formation at Cape Lewis
was picked at the occurrence of the first massive gray
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F16URE 3.—Cape Lewis, oblique view to the east.
A, South end of sea cliff, showing location of section 68A-9.
B, Middle part of sea cliff, showing location of section 68A-10. .
C, North end of sea cliff, 0-540, showing location of section 68A-11. The section marked “620-1090” is the upper part of
section 68A-10 (See B).
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Cape Lewis 68A-9
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FIGURE 4.

echinoderm-bryozoan wackestones and packstones (figs.
34 and 4B) not followed by another cycle or sequence
of shale or argillaceous limestone.

The section 68A-13, south of Niak Creek, is only 215
feet thick and is a partial representation of the lower
part of Nasorak Formation. The section (fig. 54, B) is
a rhythmic sequence of dark-gray calcareous shales,
argillaceous limestones, and 1- to 5-foot beds of me-
dium- to dark-gray bryozoan-echinoderm wackestones
and packstones. Dark-gray nodular chert is common,
and commonly the limestones are slightly dolomitized.
Dolomite is common as scattered rhombs within the
micrite matrix.

KOGRUK FORMATION

Sable and Dutro (1961, p. 592) named the Kogruk
Formation for the thick sequence of Carboniferous
(Mississippian) limestone in the western DeLong
Mountains. The Kogruk Formation in the Cape Lewis
sections is more than 1,864 feet thick. The lower 232 feet
of the Kogruk Formation is in the upper part of sec-
tion 68A-9. These beds are massive, light-gray to gray,
crosshedded echinoderm-bryozoan packstones and
wackestones. An inaccessible interval, possibly 100 to
200 feet thick, that forms a cliff separates the top of
section 68A-9 from the base of section 68A-10 (fig.
4B). Section 68A-10, which is 1,090 feet thick, is com-
posed of massive carbonates. The lower 247 feet is a
series of shallow-water cyclic carbonates. The cycles,
each of which may be 20 feet thick or may exceed 120
feet, are formed by a series of 1- to 50-foot-thick beds
which range in composition from grainstone formed
by rounded bioclasts of bryozoans and echinoderms up-
ward into packstones and wackestones that are capped
by fine-grained siliceous and cherty dolomites. A 63-
foot-thick light-gray, crossbedded echinoderm-bryo-
zoan packstone-grainstone (fig. 48) is present from 247
to 320 feet above the base of 68A-10. From 360 to 470
feet is a massive sequence of medium- to thin-bedded
brownish-gray to brownish-black lime mudstone to
well-sorted fine-grained bryozoan-echinoderm pack-
stone. The unit contains 1- to 3-inch-long bodies of
irregular-shaped grayish-black to black chert (fig. 7).
From 570 to 1,090 feet is a sequence consisting of thin-
to medium-bedded, gray to medium-gray cherty echino-
derm grainstones that grade upward into lime mud-
stones and dolomites.

The base of section 68A-11 (fig. 4C') is believed to
be within a few tens of feet stratigraphically from the
top of 68A-10. Section 68A-11 is approximately 542
feet, thick, and the top is marked by tundra and soil
cover. The nature of the beds that overlie this section is
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unknown. Section 68A-11 is composed of light-gray to
gray limestone and dolomites containing light-gray to
gray nodular chert. The limestones are primarily
echinoderm-bryozoan wackestones and packstones. The
beds tend to be massive.

Section 68A-12, north of Niak Creek (fig. 54, B), is
715 feet thick and is an incomplete section of the Kog-
ruk Formation bounded at its top and bottom by fault
surfaces.

The bottom 45 feet of the section (fig. 8) is dark-gray
argillaceous wackestones containing abundant colonial
corals. The remaining 670 feet is composed of light- to
medium-gray limestones and dolomites with nodular
chert in varying amounts. The rock types are wacke-
stones to echinoderm-bryozoan grainstones. Dolomiti-
zation is common. The beds from 35 to 225 feet above
the base are light-brown-gray dolomites. The remainder
of the section is a series of beds composed of lime mud-
stones, echinoderm-bryozoan packstones, and grain-
stones showing varying degrees of dolomitization.

BIOSTRATIGRAPHY
Microfaunal assemblage zones

Microfaunal assemblage zones are used in this study.
These zones have been used by Mamet and Gabrielse
(1969), Mamet and Mason (1968), and Mamet (1968)
to correlate the Carboniferous of western Canada with
the Carboniferous of the northern Cordilleran of the

PALEONTOLOGY AND STRATIGRAPHY

United States (Sando and others, 1969). Armstrong,
Mamet, and Dutro (1970) used these microfaunal as-
semblage zones to correlate the Lisburne Group of the
eastern and central Brooks Range.

The microfacies of Alaska, as in most of the Taimyr-
Alaska foraminiferal realm (Mamet, 1962; Mamet and
Belford, 1968), are generally poor in foraminifers and
algae. Within the sections of the Lisburne Group
studied in the sea cliffs of northwestern Alaska, six
foraminiferal assemblages can be recognized and tied
to the Cordilleran and Eurasiatic Carboniferous zona-
tions (Sando and others, 1969).

The middle Viséan zone 13 is identified on the pres-
ence of archaediscids (Archaediscus of the Group 4.
krestovnikovi Rauzer-Chernoussova ), endothyrids (£o-
endothyranopsis of the group £. pressa Grozdilova in
Lebedeva), Globoendothyra sp., eoforschiids (Eofor-
schia), and primitive bradyinids (Zndothyranopsis).

No characteristic assemblage zone 14 has been found.

The top of zone 15 is recognized on the basis of en-
dothyrids, and the 15/16; boundary is placed at the ex-
tinction of Zoendothyranopsis-Eoforschia; Endothyra
sensu stricto and Zellerina become an important ele-
ment of the microfauna.

Zone 16; is poorly represented throughout the en-
tire Cape Lewis 68A-9 section; the microfauna is re-
duced to scarce small endothyrids, archaediscids, and
tetrataxids.

A

F1cure 5.—Stratigraphic sections on Niak Creek. Microfossil collections A1l to B4 shown in the section “Microfossil Lists.”

A, North Niak Creek section, 68A-12, and south Niak Creek section, 68A-13. Oblique view to the east.
B, Stratigraphic section 68A-12, north Niak Creek, and section 68A—-13, south Niak Creek.
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Zone 16, is characterized by the outburst of Neo-
archaediscus Planospirodiscus, and zone 17 by the ap-
pearance of Asteroarchaediscus.

The youngest Carboniferous zone identified in this
report is in the late early “Namurian” (Eumorphoceras
equivalent) zone 18, identified on the presence of Glo-
bivalvulina? of the group . parva Chernysheva
mixed with very abundant Asteroarchaediscus and
Planospirodiscus.

Microfossil lists (stratigraphic location shown on figs.
4 and 5)

A1(0-220 feet)
Microfacies
Archaediscus sp.
Archaediscus of the group A. krestovnikovi Rauzer-Chernous-
sova.
Brunsia sp.
Calcisphaera sp.
Calcisphaera laevis Williamson.
Calcisphaera pachysphaerica (Pronina).
Harlandia, sp.
Earlandia clavatula (Howchin).
Earlandia vulgaris (Rauzer-Cherncussova and Reitlinger).
Endothyra sp.
Endothyra? of the group E.? prisca Rauzer-Chernoussova and
Reitlinger.
Endothyranopsis sp.
Endothyranopsis compressa (Rauzer-Chernoussova and Reit-
linger).
Eoendothyranopsis sp.
FEoendothyranopsis of the group E. pressa (Grozdilova in
Lebedeva).
Eoendothyranopsis? redwalli (SKipp).
Eoforschia sp.
@loboendothyra Sp.
Globoendothyra of the group G. tomiliensis (Grozdilova).
Palaecotextularia sp.
Parathuramming sp.
Age: zone 13, late middle Viséan, St. Louis equivalent.

A2(220400 feet)
Microfacies
Archaediscus sp.
Archaediscus of the group A. krestovmikovi Rauzer-Chernous-
sova.
Brunsia sp.
Calcisphaera sp.
Calcisphaera laevis Williamson.
Calcisphaera pachysphaerica (Pronina).
Endothyra sp.
Endothyrae of the group E. bowmani Phillips in Brown.
Globoendothyra sp.
Age: undetermined Viséan zone.

A3(600-710 feet)
Microfacies
Archaediscus of the group A. krestovmikovi Rauzer-Chernous-
sova.
Endothyra of the group E. bowmani Phillips in Brown.
Age: undetermined Viséan zone.
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Sea cliffs of Central Brooks Eastern Brooks
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F1cURE 6.—Regional stratigraphic correlation chart for the Lisburne Group of northwestern Alaska with the Lisburne
Group of the central and eastern Brooks Range.
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Fi1cUurRe 7.—Sea cliff showing the massive, thin-bedded dark-
brownish-gray limestone present in section 68A-10, from 375
to 450 feet above the base. These beds are overlain by light-
gray bryozoan-echinoderm wackestones and packstones.

F1cURE 8.—View of the sea cliff at the base of section 68A-12,
north of Niak Creek. Below the 715-foot level is a thick zone
of tectonic breccia. The arrows point to two lithostrotionoid
coral colonies. The bedding surface and the sides of the bed
contain numerous coralla. Although coralla are very abundant,
only 5 taxa are present.

B4 (0-215 feet)
Microfacies
Calcisphaera sp.
Calcisphaera laevis Williamson.
Calcisphaera sp.

B31

Earlandia of the group E. clavatula (Howchin).

Earlandie of the group E. vulgaris (Rauzer-Chernoussova and
Reitlinger).

Endothyra sp.

Endothyra of the group E. bowmani Phillips in Brown,

Endothyranopsis sp.

Endothyranopsis cf. E. crassa (Brady).

Eoendothyranopsis sp.

Eoendothyranopsis of the group E. pressa (Grozdilova in
Lebedeva).

Globoendothyra sp.

Tetrataxis sp.

Age: zone 15 (top of the zone), middle late Viséan, Meramec-
Chester boundary equivalent.

C5 (0-150 feet)
Microfacies

Archaediscus sp.
Calcisphaera laevis Williamson.
Cornuspira sp.
Endothyra sp.
Endothyrae of the group E. bowmani Phillips in Brown.
Globoendothyra sp.
Tetrataxis sp.
Tetrataxis of the group 7'. angusta Vissarionova.
Tetratawzis of the group T. conica Ehrenberg emend von Mdoller.
Zellerina sp.

Age: zone 16,, early late late Viséan, early Chester.

C6 (225-355 feet)
Microfacies
Calcisphaera sp.
Cornuspira sp.
Earlandia sp.
Endothyra sp.
Endothyrae of the group E. bowmani Phillips in Brown.
Endothyra? of the group H.? prisca Rauzer-Chernoussova and
Reitlinger.
Globoendothyra sp.
Tetrataxis sp.
Tetratazis of the group 7. anguste Vissarionova.
Tetratawis of the group T. conica Ehrenberg emend von Moller.
Age: zone 16;, early late late Viséan, early Chester
equivalent.

CT (450-460 feet)
Microfacies
Calcisphaera sp.
Earlandia sp.
Harlandia vulgaris (Rauzer-Chernoussova and Reitlinger).
Endothyra sp.
Endothyra of the group E. bowmani Phillips in Brown.
cf. Neoarchaediscus sp.
Tetrataxis sp.
Age: zone 16, early late late Viséan, early Chester
equivalent.

C8 (575740 feet)
Microfacies
Age: undetermined.
Earlandia sp.
Earlandia sp.
Endothyrae sp.
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C9 (T770-900 feet)
Microfacies
Calcisphaera sp.
Harlandia sp.
Earlandia vulgaris (Rauzer-Chernoussova and Reitlinger).
Endothyra sp.
Endothyra of the group E. bowmani Phillips in Brown.
Endothyra? of the group E.? prisca Rauzer-Chernoussova and
Reitlinger.
Globoendothyra sp.
Tetrata®is sp.
Tetratawxis of the group 7. angusta Vissarionova.
Tetratazis of the group 7. conica Ehrenberg emend von Mdéller.
Age: zone 16,, early late Viséan, early Chester equivalent.

C10 (1,120-1,415 feet)
Microfacies
Calcisphaera sp.
Earlandia sp.
Endothyra sp.
Age: undetermined

C11 (1,415-1,500 feet)

Microfacies
Archaediscus sp.
Archaediscus krestovnikovi Rauzer-Chernoussova.
Brunsia sp.
Diplosphaerina sp.
Earlandia sp.
Endothyra sp.
Neoarchaediscus sp.
Planospirodiscus sp.
Pseudoglomospira? sp.

Age: zone 16, latest Viséan, early Chester equivalent,

D12 (0-75 feet)
Microfacies
Archaediscus sp.
Archaediscus krestovnikovi Rauzer-Chernoussova.
Brunsia sp.
Calcisphaera sp.
Cornuspire sp.
Endothyre sp.
Kamaena sp.
Pseudoglomospirae sp.
Stacheoides sp.
Age: undetermined.

D13 (125-175 feet)

Microfacies
Archaediscus sp.
Archaediscus krestovnikovi Rauzer-Chernoussova.
Brunsia sp.
Calcisphaera sp.
Cornuspirae sp.
Endothyra sp.
Stacheoides sp.

Age: undetermined.

D14 (260-320 feet)
Microfacies
Archaediscus sp.
Archaediscus of the group A. chernoussovensis Mamet.
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Archaediscus of the group A. moelleri Rauzer-Chernoussova.
Archaediscus krestovnikovi Rauzer-Chernoussova.
Asteroarchaediscus sp.
Brunsia Sp.
Endothyra sp.
Age: zone 17, earliest “Namurian,” Glen Dean equivalent
of the Chester Series.

D15 (550-715 feet)
Microfacies
Calcisphaera sp.
Earlandia sp.
Eostaffella sp.
Age: undetermined.

D16 (1,050-1,090 feet)
Microfacies
Archaediscus sp.
Archaediscus of the group A. chernoussovensis Mamet.
Archaediscus krestovnikovi Rauzer-Chernoussova.
Archaediscus of the group A. moelleri Rauzer-Chernoussova.
Asteroarchaediscus sp.
Endothyra sp.
Endothyra of the group E. bowmani Phillips in Brown.
Fostaffella sp.
Palaeotextularia sp.
Planospirodiscus sp.
Age: zone 17, earliest “Namurian,” Glen Dean equivalent
of the Chester Series.

E17 (375-525 feet)
Microfacies
Archaediscus sp.
Archaediscus krestovnikovi Rauzer-Chernoussova.
Asteroarchaediscus Sp.
Calcisphaera sp.
Cornuspirae sp.
Endothyra sp.
Globivalvulian? of the group G.? parva Chernysheva.
Planospirodiscus sp.
Pseudoendothyra sp.
Stacheoides sp.
Age: zone 18,
equivalent.

late early ‘Namurian,” late Chester

Lithostrotionoid coral zones

The known stratigraphic distribution of lithostro-
tionoid coral species within the Lisburne Group (Mis-
sissippian) of the Lisburne Hills and sea cliff exposures
and species from DeLong Mountains (Armstrong,
1970b) are shown in figure 9.

The base of the North Niak Creek section 68A-12
contains the oldest coral fauna known in the region.
Although a large number of lithostrotionoid corals were
collected, thin-section studies reveal only four species:
Lithostrotion (Siphonodendron) warreni Nelson, Lith-
ostrotionella banffensis (Warren), and two new and
undescribed species of Lithostrotionella. This coral
fauna is found in association with a middle Viséan
(middle Meramec), late zone 13 microfauna.
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System Mississippian
Series Upper

Provincial series Meramec Chester
Microfaunal assemblage zones 13 L 14 l 15 | 16; I IGSI 17 | 18

Lithostrotionella aff. L. banffensis (Warren) — ——

Lithostrotionella sp. A, —— — —— | —
Lithostrotionella banffensis (Warren) - — — — —
Lithostrotion (S.) sinuosum (Kelly) - — — | N

Lithostrotion (S.) warrent Nelson — — — — — | _
Lithostrotionella sp.B — —— — —— — — — — — — JESUE——
Lithostrotionella mclarent (Sutherland) - —— ——8 1
Thysanophyllum astraeiforme (Warren) -———- ——t
Thysanophyllum orientale Thomson - — — — — —
Sciophyllum lambarti Harker and Mclaren - — —|
Scrophyllum alaskaensis Armstrong - — — — — |
Lithostrotionella birdi Armstrong — — — — — — |
Lithostrotion (S.)sp. A — —— —— | —L
Diphyphyllum aff. D. klawockensis Armstrong— —
Lithostrotionella aff. L. mclareni (Sutherland)

Lithostrotionella sp. C - — - - — | -

F1e¢URE 9.—Stratigraphic range of lithostrotionoid corals in the
Lisburne Group of northwestern Alaska.

The South Niak Creek section 68A-13, which is at
the zone 15-16 boundary, contains a prolific fauna of
lithostrotionoid corals, Lithostrotion (Siphonodend-
ron) sinuosum (Kelly), L. (8.) warreni Nelson, a new
and undescribed species of Lithostrotion (Siphonoden-
dron), Diphyphyllum aft. D. klawockensis Armstrong,
Lithostrotionella banffensis (Warren), L. birdi Arm-
strong, L. mclareni (Sutherland), 7Thysanophyllum
astraeiforme (Warren), Sciophyllum lambarti Harker
and McLaren, and S. alaskaensis Armstrong.

The lower 900 feet of the Cape Lewis section 68A-9
is equivalent to the basal Chester, zone 16, as indicated
by the Foraminifera, and has a lithostrotionoid coral
fauna of Lithostrotion (Siphonodendron) sinuosum
(Kelly), L. (8.) warreni Nelson, a new species of Lith-
ostrotion (Siphonodendron), Diphyphyllum aff. D.
klawockensis Armstrong, Lithostrotionella banffensis
(Warren), L. birdi Armstrong, L. mclareni (Suther-
land), Thysanophyllum astraeiforme (Warren), and
Sciophyllum lambart: Harker and McLaren.

Many of the species collected from the Lisburne
Hills sea cliffs are known to occur in the Kogruk For-
mation of the DeLong Mountains. Armstrong (1970b)
reports the following species of coral from the Meramec
zones 14 and 15 of the Kogruk Formation of the De-
Long Mountains: Lithostrotion (Siphonodendron)
stnuosum (Kelly), L. (8.) warreni Nelson, Lithostro-
tionella banffensis (Warren), L. birdi Armstrong, L.
mclareni (Sutherland), Thysanophyllum astraeiforme
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(Warren), Sciophyllum lambarti Harker and Mec-
Laren, and S. alaskaensis Armstrong.

A middle to late Meramec coral fauna that is asso-
ciated with a Foraminifera fauna is reported by Arm-
strong (1970a) from the northwestern coastal regions
of the Prince of Wales Island, southeastern Alaska.
This coral fauna has in common with the fauna of
this report the following species: L. (8.) warreni Nel-
son, Diphyphyllum Fklowockensis Armstrong, L.
banffensis (Warren), L. birdi Armstrong, 7. astraei-
forme (Warren), and 8. alaskaensis Armstrong.

Comparison of the coral faunas of the Lisburne
Group with the four coral assemblages of Macqueen
and Bamber (1968) from the Mount Head Formation
of southwestern Alberta suggests that the extinction of
L. (8.) warreni Nelson, Thysanophyllum astraeiforme
(Warren), and Lithostrotionella melareni (Suther-
land) could be slightly later in Alaska than in Alberta,
Canada.

Foraminifera suggest that the Lisburne Group coral
fauna at the north of the Niak Creek section (68A-12)
is & time equivalent of Macqueen and Bamber’s faunal
assemblage 2 from the Mount Head Formation and of
Sando, Mamet, and Dutro’s coral zone E from the
northern Cordillera of the United States. The coral
fauna from South Niak Creek section 68A-13 and the
lower 900 feet of the Cape Lewis section 68A-9 is an
equivalent of Macqueen and Bamber’s fossil assemblage
4 and of the upper part of Sando, Mamet, and Dutro’s
(1969) coral zone F.

The limitations encountered in attempting to com-
pare the coral fauna of northwestern Alaska with those
of Alberta are greatly magnified when comparisons are
made with coral faunas of the northern Cordillera of
the United States. Sando, Mamet, and Dutro’s list of
fossil corals (1969, p. E7) from the Cordilleran region
of the United States shows no species in common with
the Lisburne Group faunas.

The microfossil assemblage (fig. 9) indicates that the
prolific Kogruk Formation coral fauna straddles the
Meramec-Chester boundary and extends into the lower
Chester. Field studies in the Cape Lewis-Niak Creek
region, and also across the Brooks Range, indicate that
this coral assemblage became extinct during the early
part of zone 16;.

Above zone 16;, colonial corals are relatively rare.
Specimens of two new species of lithostrotionid corals
were collected in the carbonates of zone 16, at Cape
Lewis. A few solitary corals were the only corals found
at Cape Lewis in the upper Chester limestones of zones
17 and 18,
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STRATIGRAPHIC INTERPRETATIONS OF SOME CRETACEOUS
MICROFOSSIL FLORAS OF THE MIDDLE ATLANTIC STATES

By JACK A. WOLFE and HELEN M. PAKISER,

Menlo Park, Calif.

Abstract.—Palynologic analysis of surface samples from the
Patuxent, Patapsco, Raritan, and Magothy Formations indicates
that these rock units can be divided into two major sequences
separated by a major hiatus. The lower sequence includes the
Potomac Group (Patuxent, Arundel, and Patapsco Formations)
of Maryland and Virginia and the Raritan Formation of
northern New Jersey. The Potomac Group is thought to range
in age from probable late Aptian or early Albian (Early Cre-
taceous) through earliest Cenomanian (Late Cretaceous), and
the Raritan Formation is thought to be entirely of Cenomanian
Age. The upper sequence—the Magothy Formation—is thought
to be of Santonian and earliest Campanian (Late Cretaceous)
Age. The Amboy stoneware clay, which was formerly included
in the Raritan Formation, has a rich flora closely allied to that
of the Morgan and Cliffwood beds of the Magothy and was
recently reassigned as the basal unit of the Magothy Formation.
The Old Bridge Sand Member of the Raritan Formation also
contains a flora closely allied to that of the Magothy and is
herein removed from the Raritan Formation and made the
basal member of the Magothy Formation.

Lithostratigraphic relationships in the lowermost
outcropping beds of the northern Atlantic Coastal Plain
have received little attention since the early part of this
century. At that time, these beds were subdivided, oldest
to youngest, into the Potomac Group (Patuxent, Arun-
del, and Patapsco Formations) and the Raritan and
Magothy Formations. Environmental interpretations
of these units indicate that most were deposited in a
nonmarine environment. Some thin marine beds are,
however, present in the upper part of this sequence.

Up to the mid-1950’s, the stratigraphic section most
commonly cited from Maryland to New Jersey was as
shown in table 1.

The various lithologies within the Potomac Group
and the Raritan Formation were deposited irregularly
over a long time interval. As a result, some investigators
have doubted the existence, particularly in the Potomac
Group, of valid mappable formations (Jordan, 1962;
Owens, 1969).
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Several papers have appeared in recent years con-
cerning the palynology of the Cretaceous formations of
the Atlantic Coastal Plain. The work of Brenner (1963)
on the oldest units—the Patuxent, Arundel, and Pataps-
co Formations of the Potomac Group—is the most
extensive treatment yet to appear on eastern North
American Cretaceous microfossil floras. Our knowledge
of the Late Cretaceous palynology of eastern North
America stems largely from the papers of Groot, Penny,
and Groot (1961), Leopold and Pakiser (1964), Kim-

TABLE 1.—Part of the Cretaceous stratigraphic section in Mary-
land and New Jersey as described up to the mid-1950’s

Northern

Seriea New Jersey

Stage Maryland

Turonian Magothy

UNCONFORMITY

Magothy

Amboy
stoneware
clay!

01d Bridge
Sand Member 2

South Amboy
fire clay!

Raritan Sayreville

Sand Member 2
Woodbridge
clay!
Farrington
Sand Member 2

Raritan
\_fire clay!

Cenomanian

Upper Cretaceous
Raritan
AL

——— UNCONFORMITY

Patapsco
Arundel

Patuxent

Lower
Cretaceous
Potomac
Group

! Economie subdivisions defined by Kiimmel and Knapp (1904).
2 Names added by Barksdale and others (1943).
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yai (1966), Gray and Groot (1966), and Doyle (1969)
and from the unpublished dissertation of Steeves
(1959).

The name “Raritan” was first applied in Maryland
by Berry (1910) to exposures at Elk Neck in the north-
eastern part of the State. Correlation with the Raritan
of New Jersey was made on floral rather than lithic
similarities.

In 1966, the Elk Neck locality of Berry was examined
by Owens (1969) and samples were collected from the
various formations reported by Bascom and Miller
(1920). Although Miller thought an unconformity
separated the Raritan and Patapsco Formations, the
contact was found to be gradational. There is, however,
a well-defined unconformity between the Raritan and
overlying Magothy as evidenced by a sharp contact and
a 2-foot bed of reworked gravel in the base of the
Magothy.

The conformable relationship between the Raritan
and Patapsco is borne out by palynological data which
indicate that the change in pollen from the Patapsco
of Early Cretaceous age to the Raritan of Late Cre-
taceous age is gradual rather than abrupt, as postulated
by Brenner (1963). In addition, the Raritan of Mary-
land is older than the Raritan of New Jersey. Doyle
(1969) has also noted similar relationships.

The realization that an age difference existed be-
tween the Raritan of Maryland and the Raritan of New
Jersey precipitated the detailed study of the palynology
of the Raritan Formation at its type locality.

We have examined only 28 samples, but we think that
the present work, combined with the published work
cited previously, is adequate to support the conclusions
presented here. The sample localities are plotted in
figure 1. The precise locality data and field stratigraphic
assignments for localities in northern Maryland and in
New Jersey are given at the end of this article. Numbers
without a letter prefix are registered in the U.S. Geo-
logical Survey Paleobotany Locality Catalog in Wash-
ington, D.C.; numbers prefixed by “D” are registered
in the U.S. Geological Survey Locality Catalog in
Denver, Colo.

We have not attempted to determine the systematic
position or stratigraphic ranges of all the pollen and
spore types represented in the samples. Many of the
gymnospermous pollen and filicaceous spore types ap-
peared to have such long ranges that for the purposes of
this study, which were largely stratigraphic, these types
have little value. Particular attention was directed to the
ranges of the striate spores of the ferns belonging to
Schizaeaceae (generally placed in the form genera Ap-
pendicisporites and Cicatricosisporites). Although we
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FrcUurE 1.—Map of part of the Middle Atlantic States, show-
ing sample localities discussed in this report.

may have recognized an excess of form species of these
two genera, many of the 75 species appear to have strati-
graphic utility. The diversity of schizaeaceous foliage
especially in the megafossil flora of the Potomac Group,
however, indicates that the family should be well repre-
sented in the microfossil flora.

Pollen of Dicotyledonae, specifically triaperturate
types, was also examined in detail. Some of the pollen
can be assigned to the various from genera instituted
by Plug (1953), Krutzsch (1957,1959), and Géczén and
others (1967) for European Cretaceous dicotyledonous
pollen of the Normapolles group. Some of the species
can be assigned to those erected by other workers who
have dealt with the North American Cretaceous, but
most of the species appear to be undescribed.

We have ignored the data based on megafossil floras
as they pertain to correlations. None of the Cretaceous
megafossil floras of the Atlantic Coastal Plain or Gulf
Coast have been studied with modern techniques, and,
until such time as these floras are properly studied, no
stratigraphic interpretations based on them should be
considered to have validity.

Acknowledgments—We wish to acknowledge the as-
sistance of J. P. Owens in collecting most of the samples
and in consultation regarding physical stratigraphy, as
well as for his indefatigable interest in this study. R. H.
Tschudy and E. B. Leopold assisted in suggesting the
taxonomic relationships of some of the palynomorphs
and their stratigraphic significance.
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POTOMAC GROUP

Patuxent and Arundel Formations

Brenner (1963) noted that the pollen and spore floras
of the Patuxent and Arundel Formations are indistin-
guishable, and he therefore included both formations in
his Zone I. This indicates that probably no hiatus exists
between the Patuxent and Arundel—a conclusion in
contrast to that of Dorf (1952). The Arundel may in
fact be a local facies of the Patuxent, and in this report
we imply both Patuxent and Arundel when the term
Patuxent is used.

In addition to the northern Maryland samples, we
have also examined several samples from the Patuxent
Formation in the Washington, D.C., area. Two samples
from the Fredericksburg, Va., Patuxent were obtained
from specimens in the U.S. National Museum. Both as-
semblages compare well with the Patuxent microfossil
flora as described by Brenner (1963).

Few palynomorphs appear to be restricted to the Pa-
tuxent Formation; almost all extend upward into the
Patapsco. Brenner (1963, p. 22) lists only four species
that appear to be restricted to the Patuxent microfossil
flora. Of these four, we have found one—ZF phedripites
virginiaensis Brenn.—in one Patapsco sample (11071-
A). The remaining three index species are so rare that,
as Brenner concluded, they have little stratigraphic
utility ; we have not found any of these three species in
any of our Patuxent samples. Several species of A4p-
pendicisporites and Cicatricosisporites have been found
only in the Patuxent Formation, but the individual spe-
cies occur in only one or two samples and are thus of
little value. Brenner relied in part on the greater abun-
dance or frequency of occurrence of certain species in
the Patuxent than in the Patapsco in order to distin-
guish the microfossil floras of the two units; this ap-
proach may have some validity in attempting to cor-
relate extensively sampled sections, but it cannot be
relied on to place stratigraphically one or a few samples
from isolated sections,

The primary distinction between the Patuxent and
Patapsco microfossil floras is the lack in the Patuxent
of certain palynomorphs that are found, typically in
abundance, in the Patapsco. The most notable group
lacking in the Patuxent assemblages is the triaperturate
pollen of the dicotyledons.

Sample 11076 from near Havre de Grace, Md., was
collected from clays that grade upward into gravels that
have previously been considered to be of late Tertiary
age. Such a young age is clearly contradicted by the
microfossil flora ; triaperturate dicotyledonous pollen is
absent, and the sample contains an abundant and diverse
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flora indicative of an Early Cretaceous age. Among the

dozens of taxa present are: Appendicisporites (seven

species), Cicatricosisporites (19 species), Trilobospor-
ites marylandensis Brenn., Minerisporites wvenustus
Singh, Maexisporites, Erlansonisporites, Kuylisporites,
and 7T aurocusporites. This assemblage indicates that the
beds from which the sample came are equivalent in age
to the Patuxent Formation. Sample 11074, which was
collected from beds also gradational with so-called up-
per Tertiary gravels contained few taxa, but the domi-
nance of 7'rilobosporites marylandensis and absence of
triaperturate pollen probably indicate a Patuxent age.

The Patuxent Formation is not of early Neocomian
Age as thought by Dorf (1952). The occurrence in the
Patuxent microfossil flora of taxa such as Clavatipollen-
ites hughesi Coup. and £'phedripites indicate a maximal
age at about the Hauterivian-Barremian boundary
(Couper, 1964), that is, late Neocomian. Other species,
for example Appendicisporites crickmayi Poc. and
Minerisporites venustus Singh, have been previously
found only in beds of Albian Age (Singh, 1964). Part
of the evidence on the age of the Patuxent must be the
age of the lower part of the Patapsco Formation, be-
cause of the conformable contact between the two units
and the gradational nature of the pollen and spore floras.
The lower part of the Patapsco contains triaperturate
dicotyledonous pollen; no documentation has been pre-
sented of the occurrence of this pollen type in
beds unquestionably of pre-Albian Age (Hughes,
1961). Even many early Albian floras apparently lack
triaperturate dicotyledonous pollen; the Lower Green-
sand of England, which is of early Albian Age in its
upper part, lacks this pollen type (Hughes, 1961), and
Singh (1964) reports that this pollen type is lacking in
Alberta even in beds of middle Albian Age. On the basis
of present evidence, the lower part of the Patapsco is
considered to be somewhere in the later half of the Al-
bian Stage. The Patuxent (including the Arundel)
Formation, therefore, is at least in part of earlier Al-
bian Age, although we cannot exclude the possibility
that the lower part of the Patuxent is of Aptian Age.
This age assignment is in accord with the somewhat de-
batable evidence from the Arundel dinosaurs (Dorf,
1952, p. 2176-2177).

Patapsco Formation

The primary characteristic of the pollen and spore as-
semblages described by Brenner (1963) from the Pa-
tapsco Formation is the occurrence of a few species of
tricolpate pollen and the lack of more advanced dicoty-
ledonous types. All surface samples from the Patapsco
examined by Brenner, as well as those that we have ex-
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amined, contain at least two species of tricolpate
pollen, although in two subsurface samples Brenner
did not find this pollen type. The other pollen and spore
types listed by Brenner (1963, p. 23) as restricted to the
Patapsco (Brenner’s Zone II) are of limited use; one
of these types—Apiculatisporis babsae Brenn.—has
been found in one Patuxent sample. Most of the other
spore and pollen types thought to be restricted to the
Patapsco by Brenner have not been noted in the current
study in any of our Patapsco samples.

Brenner (1963) recognized two subzones of his Zone
IT. The lowest subzone, which has rare tricolpate pollen,
is transitional between the upper part of Zone IT and
the Patuxent Formation. If any hiatus is present be-
tween the Patuxent and Patapsco Formations, it is not
indicated by the pollen and spore assemblages. The
work of Brenner is in fact indicative of continuous
deposition from the Patuxent into the Patapsco. Some
new forms were introduced during Patapsco time, but,
in relation to the total known flora, these are few.

The beds exposed on Elk Neck show a lithologic
gradation between the Patapsco Formation and what
some workers have referred to as the Raritan Forma-
tion. The microfossil floras of these beds also display a
gradation (see also the treatment of these floras by
Doyle, 1969). The lowest sample (11071-A), which was
obtained from definite Patapsco, can be referred to
Brenner’s (1963) subzone IT-B. Included in the lowest
Elk Neck assemblage are: T'aurocusporites segmenta-
tus Stov., Granabivesiculites, and Rugubivesiculites, as
well as three species of tricolpate dicotyledonous pollen.
The striate schizaeaceous spores are also diverse and
contain numerous species that have not been found in
the Raritan Formation.

Sample 11071-B, which is also from the Patapsco,
has a fern-gymnospermous flora that is also allied to
that of Patapsco assemblages elsewhere in Maryland.
The dicotyledonous flora, however, is notably richer
than that of Brenner’s subzone IT-B. Sample 11071-B
has five tricolpate species, including Psilatricolpites sp.
of Brenner (1967) and one tricolporate species; no
tricolporates are known from subzone II-B. Sample
11071-C contains four tricolpate and two tricolporate
species, including “Z'ricolporopollenites” triangulus.

Our highest Elk Neck sample (11069) was obtained
from beds that are in the transitional interval between
definite Patapsco and the so-called Raritan (J. P.
Owens, oral commun., Jan. 1968) ; older geologic maps
place this sample in the Raritan. The dicotyledonous
flora from this sample is richer than that of the lower
Elk Neck samples; seven tricolpates and two tricol-
porates, including “Zricolporopollenites” triangulus
(fig. 2, 7) are present. One of the tricolpates represents
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“Striatopollis sarstedtensis” of Groot and Groot (1962)
(fig 2, s; our material compares well with that from the
Portuguese Cenomanian but not with typical 8. sarsted-
tensis Krutzsch, which has all striae emanating from
the poles). The fern and gymnospermous flora, how-
ever, are of the Patapsco type. Ten species of striate
schizaeaceous spores are known, including some (for ex-
ample, fig. 2, w) that are typical of the Potomac Group
and have not been found in the Raritan.

The Elk Neck pollen and spore assemblages indicate
that the so-called Raritan of Maryland probably repre-
sents the uppermost part of the Patapsco Formation.
Because of the numerous triaperturate dicotyledonous
species (particularly the presence of tricolporates) this
uppermost Patapsco is considered to represent earliest
Cenomanian. The Patapsco Formation, therefore, is of
both Albian (Early Cretaceous) and Cenomanian (Late
Cretaceous) Age.

Sample 11063 is from beds from which Berry (1911a)
obtained a small megafossil flora (11 species) near
Camden, N.J. Berry considered this assemblage to be
from the upper part of the Raritan, but neither the
field relations (J. P. Owens, oral commun., Jan. 1968)
nor the megafossil flora indicate such a stratigraphic
assignment. The 11 triaperturate pollen species include
eight tricolpates and three tricolporates; one of the tri-
colporates is “T'ricolporopollenites” triangulus. All the
dicotyledons are thus of simple construction as in the
uppermost Patapsco at Elk Neck, and at least six of the
Camden dicotyledonous species are also represented
in the uppermost Elk Neck sample. Notable as well is
the presence of a diverse schizaeaceous flora ; some of the
species (for example, figs. 2, v, #) have been found in
definite Patapsco but not in the type Raritan of north-
ern New Jersey. The palynologic data indicate that the
beds from which sample 11063 was obtained are correl-
ative with the uppermost Patapsco at Elk Neck (the
Raritan of some authors).

F1e¢UrE 2.—Pollen and spores from the Potomac Group and Rari-

tan Formation. X 1,000.

a, b. Atlantopollis sp. Loc. 11060, South Amboy fire clay,
Raritan Formation. .

c-g, 0. Complexiopollis spp. c-f, loc. 11060, South Amboy fire
clay; g, 0o, Woodbridge clay; Raritan Formation.

h, j—n. Tricolporites spp. h, j, I-n, loc. 11060, South Amboy fire
clay ; k, Woodbridge clay ; Raritan Formation.

i, Tricolpites sp. Loc. 11060, South Amboy fire clay.

p, u. Dicotetradites sp. Loc. 11069, Patapsco Formation.

g. Tricolporites sp. Loc. 11069, Patapsco Formation.

r. “Tricolporopollenites” triangulus Groot, Penny, and Groot.
Loc. 11069, Patapsco Formation.

s. “Striatopollis sarstedtensis” of Groot and Groot, 1962. Loc.
11069, Patapsco Formation.

t. Rugubivesiculites sp. Loc. 11069, Patapsco Formation.

v—2. Cicatricosisporites spp. v, loc. 11087-A ; w, loc. 11071-C;
@, loc. 11070 ; Patapsco Formation.
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The Camden area is, significantly, included by Owens,
Minard, and Sohl (1968) in the Salisbury embayment,
which was—during the Cretaceous—distinct from the
Raritan embayment of northern New Jersey. We have
not seen any samples of the so-called Raritan in the
Salisbury embayment that are as young as the samples
of the type Raritan Formation from the Raritan em-
bayment. We suggest, therefore, that the “Raritan” of
the Salisbury embayment represents the uppermost
Patapsco and that the Raritan Formation is lacking in
the Salisbury embayment.

Raritan Formation

Assemblages of plant microfossils have been described
from the Raritan Formation (Raritan fire clay, Wood-
bridge clay, and South Amboy fire clay) by Groot,
Penny, and Groot (1961) and Kimyai (1966). Our
analysis of samples from the Woodbridge clay and
definite South Amboy fire clay indicates that these sam-
ples differ strikingly in composition from the sample
from the Amboy stoneware clay (the uppermost part
of the Raritan) and a sample that is, on field evidence,
either from the Amboy stoneware clay or South Amboy
fire clay.

The microfossil flora of the basal part of the Raritan
Formation of northern New Jersey—the Raritan fire
clay—is known only from the work of Groot, Penny,
and Groot (1961). Their one Raritan fire clay sample
contains only six triaperturate species, but included
are both tricolpates and tricolporates. A diverse as-
semblage of striate schizaeaceous spores was not re-
ported, however, indicating that the Raritan fire clay
probably is slightly younger than the uppermost
Patapsco.

The samples from the Woodbridge clay and South
Amboy fire clay are similar to one another in having
fewer (an average of five) species of striate schizaea-
ceous spores in contrast to the considerable diversity of
this spore type (an average of 12 species in the Patapsco,
for example) lower in the section. These samples also
contain about the same diversity of triaperturate pollen
as the samples reported on by Groot, Penny, and Groot
(1961) and Kimyai (1966) for the Woodbridge and
South Amboy. Our two Woodbridge samples have 14
and 12 species (a total of 18 for the two samples and
a total of 21 including previous workers’ samples from
the Woodbridge) of triaperturate pollen; of these 21,
five are triporate and are members of the Normapolles
group. The South Amboy sample is richer (21 species)
in triaperturate forms than any individual Woodbridge
clay sample. Including the species illustrated by Groot,
Penny, and Groot (1961), at least 30 triaperturate
species are known from the South Amboy fire clay.
Most of the triporate species, however, represent Ai-
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lantopollis or Complexiopollis, which are two of the
characteristic Normapolles genera in the European
Cenomanian; these two genera are, however, not re-
stricted to the Cenomanian, A#lantopollis is known in
Europe in beds of late Cenomanian or younger age, as
is the “Latipollis” type of Complexiopollis (fig. 2, g).

Groot, Penny, and Groot (1961) concluded that the
South Amboy fire clay was probably of Turonian Age.
Although the known age ranges of the South Amboy
fire clay Normapolles genera are permissive for such an
age assignment, they are not indicative. Both A#lanto-
pollis and Complexiopollis are known in the Wood-
bridge clay, which, on the basis of marine mollusks, is
of mid-Cenomanian Age (N. F. Sohl, oral commun.,
Jan. 1968). The South Amboy flora, although some-
what richer in triaperturate species, is similar to the
Woodbridge flora, and we think that there is little age
difference between the two floras. The pollen flora of
the Coker Formation, the lower of two formations in
the Tuscaloosa Group of Alabama, contains one addi-
tional Normapolles genus, 7enerina, as well as Atlan-
topollis and Complexiopollis. In numbers of species of
the Normapolles group, the Coker assemblage is more
like the South Amboy than the Woodbridge assem-
blage. Groot, Penny, and Groot (1961) and Leopold
and Pakiser (1964) considered the Coker in Alabama
to be of Turonian Age, but the foraminiferal and mol-
luscan evidence indicates that the Coker in Alabama is
of late Cenomanian Age (Applin, 1964; Sohl, 1964).
All Coker Normapolles genera are indeed also known in
the later Cenomanian of Europe, and there is thus no
valid reason for considering the lower part of the Tus-
caloosa to be of other than later Cenomanian Age and
approximately correlative with the South Amboy fire
clay.

The age assignment by Doyle (1969) of the Wood-
bridge clay to the latest Cenomanian is probably not
justified by either the mollusks or pollen. Sohl, as stated
previously, considers the mollusks from the Wood-
bridge to be of probable middle Cenomanian, and not
of latest Cenomanian, Age. The fact that Normapolles
types are not known from the middle Cenomanian
microfossil floras, such as the Woodbine of Oklahoma
or the so-called Dakota of Minnesota, indicated to Doyle
(1969, p. 16) that the Woodbridge “* * * is probably
younger than most of the Middle Cenomanian * * *7,
Areas such as Oklahoma and Minnesota would proba-
bly have received most of their pollen rain and sedi-
ments (including pollen) from the region west of the
epicontinental sea and thus do not represent the Nor-
mapolles province. The appearance (or lack) of Nor-
mapolles in such areas is irrelevant to the Atlantic
Coastal Plain sequence.
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MAGOTHY FORMATION

Old Bridge Sand Member

Our knowledge of the palynology of the Old Bridge
Sand Member, which heretofore has been considered to
be part of the Raritan, is largely based on the work of
Doyle (1969). Although Doyle’s sample came from
beds stratigraphically intermediate between the South
Amboy fire clay and Amboy stoneware clay, it is uncer-
tain whether the samples represent the now largely
buried Old Bridge Sand Member (J. P. Owens, oral
commun., April 1969). Doyle (1969) illustrates only two
grains from the presumed Old Bridge. One species rep-
resents, as Doyle notes, the genus Pseudoplicapollis,
which first appears in Europe in the middle Turonian.
As shown later, the oldest occurrence of this genus else-
where in North America is in the upper McShan assem-
blage, which, largely on meager stratigraphic evidence,
has been considered to be of Coniacian Age (Murray,
1961). The second illustrated Old Bridge species is the
one that we refer to Heidelbergipollis (fig. 4, ¢), which
first appears in Europe in the early half of the San-
tonian. Although Doyle (1969) questions whether this
type of grain represents a Normapolles type, the com-
plicated and thickened pore structure indicates that
Géczan and others (1967) were probably correct in con-
sidering Heidelbergipollis to be a member of the Nor-
mapolles group. A sample obtained from the same pit

as Doyle’s contains grains of the Santonian or younger-

Praebasopollis. The significant point, however, is that
both illustrated Old Bridge genera occur in the Amboy
stoneware clay and are unknown in the South Amboy
and older Raritan assemblages. We suggest that the unit
that Doyle sampled represents the basal sand of the
Magothy Formation.

Amboy stoneware clay

Sample 11056, from the Amboy stoneware clay, and
sample 11061, from either the Amboy stoneware clay
or the South Amboy fire clay, have markedly similar
dicotyledonous pollen floras; about 75 percent of the
68 triaperturate pollen species are found in both sam-
ples. Previously described Normapolles genera, with
their known lowest occurrences in Europe, that are
present in the two samples are listed in figure 3, and
are illustrated in figure 4. At least 10 additional Nor-
mapolles genera are thought to be represented, but these
are apparently new. All are morphologically similar to
Plicapollis or Pecakipollis or closely related genera. Ex-
cept for Semioculopollis, the more morphologically bi-
zarre Normapolles genera—for example Endopollis,
Extratriporopollenites, and Oculopollis—are lacking,
but these genera are typically unknown or rare in any
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North American Cretaceous pollen flora. The known
stratigraphic ranges in Europe of the previously de-
scribed Normapolles genera that occur in the Amboy
stoneware clay indicate that this unit is no older than
Senonian and that the lower age limit is probably San-
tonian. The palynologic and molluscan evidence on the
age of the overlying Morgan and Cliffwood beds indi-
cates that the Amboy stoneware clay is probably older
than Campanian; the available evidence, therefore, in-
dicates that the Amboy stoneware clay is probably of
Santonian Age.

Morgan and Cliffwood beds

The six samples from the Morgan and Cliffwood beds
are very similar to one another in dicotyledonous pollen
content. These represent a sampling of the beds overly-
ing the Amboy stoneware clay. The number of tri-
aperturate species in individual samples varies from 42
to 57, which is about the same as in the Amboy stone-
ware clay samples. The total of 71 and 81 triaperturate
pollen species in the Morgan beds and Cliffwood beds,
respectively, represents a moderate increase over the
Amboy stoneware flora. This increase is due primarily
to an increase in species that have tricolpate and tri-
colporate grains; the number of triporate species in fact
decreases.

The flora from the Morgan beds (fig. 5) has an es-
pecially strong similarity in the composition of the
Normapolles flora to the Amboy stoneware flora. Except
for Semioculopollis, all the Amboy stoneware genera of
the Normapolles group also occur in the Morgan flora.
The Cliffwood flora, however, lacks some Normapolles

Stage Lowest occurrence
Santonian
Heidelbergipollis
Praebasopollis
—Pecakipollis
Coniacian
—Semioculopollis
[ Plicapollis
Pseudoplicapollis
Turonian | Minorpollis
+Trudopollis
Cenomanian
Complexiopollis

Freure 3.—Lowest occurrences in Europe of
previously described Normapolles genera
represented in the Amhoy stoneware clay.
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genera that are found lower in the section, for example,
Heidelbergipollis, Pecakipollis, and several of the new
Normapolles genera have not been found in the Cliff-
wood samples. In addition, the number of species within
genera such as Plicapollis and Pseudoplicapollis is
less in the Cliffwood than in the Morgan flora, whereas
the number of tricolpate and tricolporate species that
have complicated sculpture is greater in the Cliffwood.
One of these tricolpate species (fig. 5, aa) belongs to a
genus that has previously been found in Campanian and
younger beds in the Gulf Coastal Plain (Tschudy,
1970). Conifer grains, which typically form less than
25 percent of the pollen counted in the Amboy stone-
ware clay and Morgan beds, account for over half the
specimens in the Cliffwood beds. The Morgan flora, in
its strong similarity to the Amboy stoneware, is prob-
ably of Santonian Age. The Cliffwood flora, however,
contains some forms that have previously been found
only in Campanian or younger rocks. The molluscan
fauna from the base of the Cliffwood beds is of late
Santonian or early Campanian Age (N. F. Sohl, oral
commun., Jan. 1968), and thus is permissible evidence
for considering the Cliffwood flora to be of Campanian
Age. The fauna of the overlying Merchantville is also
of early but not earliest Campanian Age (N. F. Sohl,
oral commun., Jan. 1968) ; all the triaperturate pollen
species recorded from the Merchantville by Gray and
Groot (1966) also occur in the upper Magothy flora.

F16ure 4.—Pollen and spores from the Amboy stoneware clay
of the Magothy Formation. X 1,000.

a. Praebasopollis sp. Loc. 11056.

b, c. New genus A (aff. Praebasopollis). Loc. 11061.

d. New genus B (aff. Praebasopollis). Loc. 11061,

e. Pecakipollis sp. Loc. 11061.

f=h. Trudopollis spp. Loc. 11061.

i, j. Semioculopollis sp. Same grain, loc, 11061.

k. Pseudoplicapollis sp. Loc. 11061.

1. New genus C (aff. Praebasopollis). Loc. 11061,

m. New genus D (aff. Megatriopollis). Loc. 11061.

. New genus E (aff. Neotriangulipollis). Loc. 11061.

. New genus F (aff. Minorpollis). Loc, 11061.

. New genus G (aff. Plicapollis). Loc. 11056.

. Heidelbergipollis sp. Loc. 11061.

Complexiopollis sp. Loc, 11061.

. New genus H (aff. Primipollis). Loc. 11061,

. Minorpollis sp. Loc. 11061.

. New genus I (aff. Neotriangulipollis). Loc. 11061.

New genus J (aff. Vacuopollis). Loc. 11056.

w. Intratriporopollenites sp. Loc. 11061.

x—2, bb. Tricolporites spp. Loc. 11061.

aa. Tricolpites sp. Loc. 11061.

ce. Appendicisporites tricuspidatus Weyl.
11056.

I+ ILIT O

and Greif. Loc.

413-504 O - 71 - 4

B43

The pollen floras of the Amboy stoneware clay,
Morgan and Cliffwood beds of the Magothy Formation,
and the Merchantville Formation represent a continuum
that appears to show only a gradual change in floristic
composition. This continuum probably began in the
Santonian (Amboy stoneware and Morgan floras) and
continued into the Campanian (Cliffwood and Mer-
chantville floras). The fact that the Old Bridge Sand
Member has floras that are allied to that of the Magothy
Formation indicates that the Old Bridge Sand Member
should no longer be considered a member of the Raritan
Formation. It is hereby reassigned as the basal member
of the Magothy Formation.

The age relationship of the Magothy Formation of
northern New Jersey, which has supplied the samples
discussed in this report, to the Magothy at its type
section in Maryland is not certain. Stover (1964), how-
ever, illustrates a specimen of 7'risectoris stoveri (our
fig. 5, aa) from the type Magothy; this genus we have
only found in the Cliffwood beds and younger forma-
tions. The type Magothy thus probably includes age
equivalents of the Cliffwood beds.

Correlations with the pre-Selma rocks of Alabama

As noted previously, the Tuscaloosa Group of Ala-
bama contains some pollen assemblages that indicate
an approximate correlation with the South Amboy
fire clay. The pollen assemblage that particularly indi-
cates such a correlation is from locality D1109-7 (see
Leopold and Pakiser, 1964, for locality data), which is
from the middle of the lower (Eoline) member of the
Coker Formation of the Tuscaloosa. Mollusks of late
Cenomanian Age occur stratigraphically above this
pollen assemblage (Sohl, 1964). The upper formation—
the Gordo—of the Tuscaloosa Group contains a Nor-
mapolles assemblage that is generically similar to that
of the Foline as well as to the assemblage from the
South Amboy. Some of the Normapolles species of the
Gordo, however, are unknown from either the Eoline
or the South Amboy; the Gordo assemblage, moreover,
is the only Tuscaloosa assemblage dominated by
Rugubivesiculites. The meager data indicate that the
Gordo is palynologically distinct from the South
Amboy and the Eoline assemblages. Whether the Gordo
is latest Cenomanian or Turonian cannot be determined
at present.
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FIGURE 5.
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Pollen assemblages were also reported by Leopold
and Pakiser (1964) from parts of the McShan Forma-
tion, which unconformably overlies the Tuscaloosa, and
the Eutaw Formation, which is probably conformable
on the McShan. All the McShan and Eutaw assemblages
were, for purposes of correlation, treated as a single
assemblage by Leopold and Pakiser (1964) and were
considered to be of Turonian and pre-Magothy age. The
McShan assemblages came from two widely separated
stratigraphic levels: (1) D1456-5 and 6, which are in
the basal half of the McShan, and (2) D1456—4, which
is near the top of the formation. Both lower assemblages
contain fewer (7 and 8) triaperturate species than the
upper assemblage, which has 18. The Normapolles flora
of the lower McShan contains only pollen of the
Vacuopollis type, whereas the upper McShan assem-
blage contains Complexiopollis, Pseudoplicapollis,
Vacuopollis, and our new genera E (fig. 4, n) and H
(fig. 4, s). Although Complexiopollis, might be expected
in the lower McShan (the genus is represented in both
older and younger beds in this area), we think that the
greater diversity of the Normapolles group in the upper
than in the lower McShan is significant. In the paucity
of Normapolles and other triaperturate types and in
the abundance of Rugubivesiculites the lower McShan
assemblage is similar to Gordo assemblage, although
the occurrence of the Vacuopollis type in the lower
MecShan indicates a younger age for this assemblage.
We suggest that the lower McShan assemblage may be
of later Turonian Age.

The age of the upper McShan assemblage we tenta-
tively consider to be Coniacian. Lacking in the upper
McShan assemblage are such characteristic Amboy
stoneware genera as Praebasopollis and Trudopollis.

F16URE 5.—Pollen from the Morgan beds and Cliffwood beds of
the Magothy Formation. X 1,000.
a. Praebasopollis sp. Loc. 11068, Morgan beds.
b-d. Pseudoplicapollis spp. b, loc. 11067-A ; d, loc.
11067-B; Cliffwood beds. ¢, loc. 11057, Morgan beds.
e. Primipollis sp. Loc. 11068, Morgan beds.
f. New genus K. Loc. 11057, Morgan beds.
g. Compleziopollis sp. Loc. 11067-B, Cliffwood beds.
h. Plicapollis sp. Loc. 11068, Morgan beds.
i. New genus L (aff. Oculopollig). Loc. 11068, Morgan beds.
i, k. Trudopollis spp. Loe. 11057, Morgan beds.
1. Neotriangulipollis sp. Loc. 11067-B, Cliffwood beds.
m.bl\:iew genus M (aff. Interpollis). Loc. 11062-A, Cliffwood
eds.

n. New genus N (aff. Quedliniburgipollis). Loc. 11062-B,
Cliffwood beds.

0. Proteacidites? sp. Loc. 11068, Morgan beds.

p. Intratriporopollenites sp. Loc. 11067-B, Cliffwood beds.

q, 7, t, u. Tricolporites spp. q, loc. 11062-A; r, loc. 11067-A ;
u, loe. 11067-B ; Cliffwood beds. £, loc. 11057, Morgan beds.

8, v—cc. Tricolpites spp. 8, w, aa, loc. 11062-B ; cc, loc. 11067-B ;
Cliffwood beds. v, 9, bb, loc. 11057 ; @, z, loc. 11068 ; Morgan
beds.
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This lack also characterizes the known Eutaw assem-
blages, which came from the middle of the formation.
The Eutaw assemblages, however, contain additional
Normapolles types such as Pecakipollis and our new
genus M (fig. 5,m). Both the upper McShan and middle
Eutaw assemblages are, therefore, recognizably older
than the Amboy stoneware and hence pre-middle San-
tonian. The middle Eutaw assemblage is similar to that
of the Old Bridge Sand Member (basal Magothy) and
probably of early Santonian Age, and by inference the
upper McShan is of probable Coniacian Age (fig. 6).

PHYTOGEOGRAPHIC CONSIDERATIONS

Goczan and others (1967) concluded that eastern
North America was, during the Late Cretaceous, part
of the Normapolles province. This conclusion would in
turn indicate that there was not a major barrier to plant
migration between Europe and eastern North America
during the Late Cretaceous. Three of the four Norma-
polles genera present in the European Cenomanian have
also been recorded from the Cenomanian of eastern
North America, which indicates that during all or some
part of the Cenomanian these two areas were not sepa-
rated by any significant migrational barrier. After the
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Cenomanian, however, the similarity is actually very
weak, despite the presence and diversity of the Norma-
polles group in both areas. The North American Tu-
ronian floras lack some of the fundamental Normapolles
types, such as Trudopollis and Plicapollis, which are
present in Europe in the middle Turonian. Apparently,
the 7'rudopollis stock did not arrive in North America
until the Coniacian or Santonian, and the Plicapollis
stock arrived in the Coniacian. The American Turonian
appears to contain only two Normapolles stocks: the
presumably primitive Complexiopollis stock and the
Vacuopollis stock. This is in striking contrast to the
European Turonian, when the 7rudopollis, Plicapollis,
and Oculopollis stocks first appear; even more signifi-
cant is the lack in North America of the bizarre Ems-
cheripollis, Lusatipollis, and Pflugipollis.

The difference between Europe and North America
in pollen floras is even more striking during the San-
tonian. The North American floras, although having a
diversity of Normapolles genera, have almost none of
the morphologically bizarre genera found in Europe.
The North American Normapolles genera are mostly
members of the Plicapollis, Vacuopollis, and Trudopol-
lis stocks, and the majority of these American genera
are unknown in Europe. Even so, the bizarre members
of these stocks (Piolencipollis, Santonipollis, and Pom-
peckjoidaepollenites) have not been found in North
America. Indeed, the only morphologically bizarre gen-
era yet known from eastern North America are Semzo-
culopollis and Oculopollis. Groot, Penny, and Groot
(1961) recorded Quedliniburgipollis from the Magothy
Formation, and we have found grains that match the
description and illustration of their species; these
grains, however, lack the ektexinal extension that covers
the pore, which is a diagnostic feature of the genus.
In the European Santonian, in contrast, the Ewtratri-
porepollenites, Basopollis, Papillopollis, and Endopol-
lis stocks are well represented. Of the 44 Normapolles
genera described from the pre-Campanian of Europe,
only 12 are known in the North American pre-Campa-
nian, and 3 of these are present in the Cenomanian of
both areas.

In addition to the Normapolles group, the North
American Cretaceous has distinctive groups not found
in the European Cretaceous. For example, “Iniratri-
poropollenites”, which does not appear in Europe until
the Tertiary, is present in the Amboy stoneware,
Morgan, and upper Magothy floras. The tricolpate and
tricolporate floras in the North American Upper
Cretaceous are consistently more diverse than in the
European Upper Cretaceous.

The evidence appears, therefore, to indicate that there
was little floristic interchange between Europe and
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eastern North America after the Cenomanian and until
the Tertiary. The appearance of genera such as Semzo-
culopollis in North America can be thought of as the
result of long-distance dispersal. The other Normapolles
genera that were shared by Europe and eastern North
America could well be the result of parallel evolution
from the three basic stocks that, also through long-
distance dispersal, arrived in North America from
Europe. These concepts have an important bearing on
the use of palynology to correlate between Europe and
North America. If, as Géczdn and others (1967) sug-
gested, Europe is the center of evolution for the Norma-
polles group, then the first appearance of a genus such
as Semioculopollis in North America must be at least
slightly younger than the first appearance of the genus
in Europe.

LOCALITY DATA

Locality numbers are registered in the U.S. Geologi-
cal Survey Paleobotany Catalog, Washington, D.C.
Letters denote progressively higher samples at the same
locality.

11046. Lat 40°27.0’ N., long 74°17.5’ W., South Amboy quad-
rangle, New Jersey. Collector J. P. Owens. Amboy stone-
ware clay.

11057. Lat 40°26.0’ N., long 74°17.7” W., South Amboy quad-
rangle, New Jersey. Collector J. P. Owens. Morgan beds.

11058. Lat 40°27.1’ N., long 74°21.6’ W., South Amboy quad-
rangle, New Jersey. Collector J. P. Owens. South Amboy
fire clay or Woodbridge clay.

11059. Lat 40°28.2’ N., long 74°21.2° W., South Amboy quad-
rangle, New Jersey. Collector J. P. Owens. Woodbridge clay.

11060. Lat 40°28.0’ N., long 74°19.0’ W., South Amboy guad-
rangle, New Jersey. Collector J. P. Owens. South Amboy
fire clay.

11061. Lat 40°25.4’ N., long 74°21.7" W., South Amboy quad-
rangle, New Jersey. Collector J. P. Owens. South Amboy
fire clay or Amboy stoneware clay.

11062-A, -B. Lat 40°59.2’ N., long 75°1.5’° W., Camden quad-
rangle, New Jersey. Collector J. P. Owens. Cliffwood beds.

11063. Lat 40°59.3’ N., long 75°2.3’ W., Camden quadrangle,
New Jersey. Collector J. P. Owens. Raritan Formation.

11067-A, -B. Lat 40°26.8" N., long 74°12.6° W., Keyport quad-
rangle, New Jersey. Collector J. P. Owens. Cliffwood beds.

11068. Lat 40°27.7’ N., long 74°16.77 W, South Amboy guad-
rangle, New Jersey. Collector J. P. Owens. Morgan beds.

11069. Lat 39°29.2’ N., long 75°59.8' W., Earleville quadrangle,
Maryland. Collector J. P. Owens, Uppermost Patapsco.

11070. Lat 39°35.4’ N., long 76°56.9’ W., North East quadrangle,
Maryland. Collector J. P. Owens. Patapsco Formation.

11071-A, -B, -C. Lat 39°27.5’ N., long 76°0.7" W., Spesutie
quadrangle, Maryland. Collector J. P. Owens and J. A.
Wolfe. Patapsco Formation.

11072. Lat 39°31.4’ N., long 76°11.2’ W., Aberdeen quadrangle,
Maryland. Collector J. P. Owens. Patapsco Formation.
11074. Lat 39°35.2’ N., long 76°5.3° W., Havre de Grace quad-

rangle, Maryland. Collector J. P. Owens. Potomac Group.

11076. Lat 39°35.4’ N., long 76°3.9° W., Havre de Grace quad-
rangle, Maryland. Collector J. P. Owens. Potomac Group.
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11077. Lat 39°29.0’ N., long 76°15.3’ W., Edgewood quadrangle,
Maryland. Collector J. P. Owens. Patapsco Formation.
11087-A, -B, —C. Lat 39°28.8’ N., long 76°15.5’ W., Edgewood
quadrangle, Maryland. Collector J. P. Owens. Patapsco

Formation.
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PALEOCENE MOLLUSKS FROM THE GULF OF ALASKA
TERTIARY PROVINCE—A SIGNIFICANT NEW OCCURRENCE

ON THE NORTH PACIFIC RIM

By WARREN O. ADDICOTT and GEORGE PLAFKER,
Menlo Park, Calif.

Abstract—Marine mollusks of Paleocene age occur near the
base of a sequence of continental and marine strata mapped as
the Kulthieth Formation in the foothills of the St. Elias Moun-
tains, southern Alaska. The gastropod Turritella merriami bre-
vitabulate Merriam and Turner indicates correlation with the
upper Paleocene ‘“Meganos Stage” of the Pacific coast of the
conterminous United States. The fossils from the Malaspina
district (lat 60° N.) provide evidence of the oldest marine
strata thus far recorded from the Gulf of Alaska Tertiary prov-
ince, the oldest previously known strata being of middle or
late Eocene age. They also record the first occurrence of marine
Paleocene from morth of California (lat 40° N.). Accordingly,
Paleocene seas were not of restricted distribution but in fact
extended over broad areas along the North Pacific rim.

One of the more puzzling aspects of the paleogeo-
graphic history of the North Pacific basin has been the
apparent constriction of marine deposition during the
Paleocene in contrast to the widespread occurrence of
marine strata of Late Cretaceous and Eocene age. Ma-
rine Eocene strata, for example, occur along the west
coast of the conterminous United States, Canada, and
southern Alaska, but rocks of Paleocene age have previ-
ously been reported only from low latitudes—no far-
ther north than northern California near lat 40° N.
(fig. 1).

In this paper we report the first documentation of ma-
rine strata of Paleocene age from the north Pacific mar-
gin near lat 60° N. The new record is based upon the
gastropod Z'wrritella merriami brevitabulata Merriam
and Turner (1937). The collection was made in 1968 by
George Plafker in a remote part of the rugged southern
foothills of the St. Elias Mountains within the Gulf of
Alaska Tertiary province (fig. 2).
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The 7Twurritella and indeterminate fragments of
mollusks, including a nuculanid, were collected from a
hard, massive sandstone near the base of a sequence of
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Ficure 1.—Index map of the northeastern part of the chiﬁc
Basin, showing Paleocene occurrences of Turritella
Merriami brevitabulata Merriam and Turner.
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localities referred to in the text.

terrestrial and marine strata mapped by Plafker and
Miller (1957) as the Kulthieth Formation. The Kul-
thieth Formation is part of a belt of Paleogene sedi-
mentary and volcanic rocks that fringes the margin of
the Gulf of Alaska from the vicinity of Yakutat Bay
westward to the Trinity Islands (fig. 2). At the fossil
locality (USGS M4109), at least 3,900 feet of the
Kulthieth Formation is exposed in a homoclinal section
that strikes roughly north and dips between 90° and 75°,
with tops to the west (fig. 2). The sequence consists
predominantly of uniformly bedded, light-gray to
greenish-gray, hard, arkosic sandstone, pebbly sand-
stone, and sandy pebble conglomerate. Interbedded with
the coarse clastic rocks are subordinate amounts of

reddish-brown- to orange-weathering, leaf-bearing
caleareous sandstone, dark-gray siltstone, and thin beds
of sheared bituminous coal.

The Kulthieth Formation is in contact to the east
with a highly contorted and sheared sequence of
greenish-gray-weathering, gray to dark-gray siltstone
containing minor amounts of fine-grained laminated
sandstone in thin beds or lenses. These rocks were
mapped as an unnamed siltstone sequence by Plafker
and Miller (1957). The contact between the two units is
crudely conformable but is marked by crumpling and
slickensiding indicative of differential fault movement
between the Kulthieth Formation and the relatively
incompetent siltstone sequence. The general map rela-
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tionships shown in figure 2 suggest that rocks of the
Kulthieth Formation are exposed on the flanks of a
complex, north-south-trending anticlinorium which is
cored by the siltstone sequence. Elsewhere in its outcrop
area the upper part of the siltstone sequence appears to
intertongue with coal-bearing rocks of the Kulthieth
Formation. The bulk of the siltstone unit, which totals
several thousand feet in thickness, lies stratigraphically
below the Kulthieth in the Malaspina district.

The Kulthieth Formation was assigned a Paleo-
cene(?) and Eocene age by Platker and Miller (1957).
Mainly on the basis of one specifically identifiable fos-
sil, Turritella woasana sargeanti Anderson and Hanna,
they postulated that the unit was mostly of Eocene age,
probably largely, if not entirely, of late Eocene age.
As will be discussed subsequently, restudy of this 7'ur-
ritella indicates that it was misidentified and is in fact
a species known only from rocks of middle Eocene age.

The siltstone sequence was considered by Plafker and
Miller to be older than the Kulthieth Formation and
younger than the Late(?) Cretaceous Yakutat Group
on the basis of structural, stratigraphic, and lithologic
evidence. A few poorly preserved marine mollusks sub-
sequently collected from this unit in the Malaspina and
Yakataga districts have proven to be nondiagnostic as
to age, but detrital limestone from a probable out-
crop of the siltstone sequence in the Yakataga district
has yielded middle Eocene orbitoid Foraminifera
(Stoneley, 1967). On the basis of the limited available
evidence, it appears that the siltstone sequence includes
strata ranging in age from Paleocene through middle
Eocene.

A

PALEONTOLOGY AND STRATIGRAPHY

PALEONTOLOGY

Turritella merriami brevitabulata Merriam and
Turner (1937, p. 105, pl. 6, figs. 1, 2) is represented by
an external mold preserved in very fine grained sand-
stone. A latex rubber cast has been compared with
specimens from California including the holotype and
paratype figured by Merriam (1941, pl. 14, figs. 1-7).
Although the earliest whorls on the specimen from the
Malaspina district are not preserved, crisp spiral sculp-
ture and faint growth lines are discernible on later
whorls (fig. 3). This specimen has the channeled su-
tures, sculpture, and straight-sided, nontabulate whorl
profile characteristic of 7'. merriami brevitabulata. De-
tails of the growth lines on the Alaskan specimen also
indicate affinity with the California species. Segments
of the delicate growth lines preserved on one of the
whorls indicate a moderately deep antispiral sinus with
the apex near, or just below, the middle of the whorl.
The growth line angle on this specimen is narrow, about
10° to 12°.

AGE AND CORRELATION

This subspecies is the earliest representative of the
late Paleocene to early Kocene Twrritella merriami
stock of Merriam (1941, p. 41). It differs from other
species assigned to this stock principally in lacking a
subsutural flange. 7wrritella merriami brevitabulata
is reported from several localities near Mount Diablo,
Contra Costa County, Calif., and from a locality near
Covelo, Mendocino County, Calif. (Merriam and
Turner, 1937; Clark, 1940). These occurrences are in
strata assigned to the “Meganos Stage” of Clark and

F1eure 3.—Turritellas from the Kulthieth Formation, Malaspina district, Alaska.
A. Turritella merriami brevitabulata Merriam and Turner. X 1. USNM 646,470, a rubber cast. USGS Cenozoic

loc. M4109.

B. Cristispira pugetensis Allison. X 2, USNM 646, 471. USGS loc. D333 (T).
C. Cristispira pugetensis Allison. X 2. USNM 646, 472. USGS loc. D333 (T).
D. Cristispira pugetensis Allison. X 1. USNM 646, 473. USGS loc. D333 (T).
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Vokes (1936), a unit considered to be of late Paleocene
age in the standard Pacific coast chronology (Weaver
and others, 1944 ; Durham, 1954).

DISCUSSION

Although marine strata of Paleocene age have long
been suspected to occur in the higher latitudes of the
marginal eastern North Pacific, the present record pro-
vides the first evidence of marine strata of this age
from north of Mendocino County, Calif. (near lat 40°
N.). Weaver and others (1944, chart 11) postulated
that the Metchosin Volcanics of southwestern Canada
and northwestern Washington would prove to be of
Paleocene age, but so far fossils of Paleocene age have
not been recovered from marine sedimentary rocks
interbedded with this volcanic sequence.

The oldest strata previously recognized from the Gulf
of Alaska Tertiary province include the Stillwater
Formation in the Katalla district, the Kulthieth For-
mation in the Malaspina district, and the Orca Group
in the Prince William Sound district (localities 4, B,
0, fig. 2). The Stillwater Formation of the Katalla
district was considered to be of middle Eocene age on
the basis of sparse, poorly preserved specimens of crabs,
bivalves, gastropods, and echinoids (MacNeil and
others, 1961 ; Miller, 1961). Turritellas collected as float
on Wingham Island in the Katalla district were be-
lieved by C. W. Merriam to represent a middle Eocene
species, but he further noted that the specimens also
resembled a Late Cretaceous species (Miller, 1961).

Mollusks from two localities in the Samovar Hills,
Malaspina district, were previously regarded as of late
Eocene age (Plafker and Miller, 1957), but restudy of
the 7'wrritella upon which this determination was based
(fig. 3) indicates that it is Cristispira pugetensis Alli-
son, rather than the late Eocene 7. wwasana sargeanti
Anderson and Hanna. These specimens are differenti-
ated from 7. wwasana sargeanti by the development of
two rather than five strong primary spiral ribs, a promi-
nent medial keel, and a concave subsutural whorl pro-
file. The occurrence of C. pugetensis suggests that the
Kulthieth is in part of middle Eocene age, the species
having been described from the middle Eocene Raging
River Formation of northwestern Washington (Alli-
son, 1965). It should be noted that the Kulthieth also
contains marine invertebrate assemblages of undoubted
late Eocene age (Miller, 1957; Plafker, 1967), as well
as plants of early Oligocene age (Wolfe, 1969). The
further possibility that part of the Kulthieth Forma-
tion may be of early Eocene age is suggested by the
occurrence of very poorly preserved Turritellas that re-
semble 7. buwaldana crooki Merriam and Turner in
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collections by Plafker from this general area (USGS
loc. M4112 and M4119). This subspecies is of widespread
occurrence in rocks assigned to the lower Eocene “Capay
Stage” of Clark and Vokes (1936) in California. Thus,
available data indicate that the Kulthieth Formation
includes marine strata ranging in age from late Paleo-
cene through late Eocene, and nonmarine strata of early
Oligocene age. The associated unnamed siltstone unit
is probably largely of Paleocene age, although it may
include strata as young as middle Eocene in the
Yakataga district (Stoneley, 1967).

On the basis of a single collection of fossil erabs and
mollusks, the lower part of the Orca Group in the Prince
William Sound district was assigned a probable middle
to late Eocene age by Plafker and MacNeil (1966). The
known stratigraphic ranges of the crabs from the Orca
Group suggest a late Eocene age. It should be empha-
sized, however, that the lower limits of the ranges of
these crustaceans are poorly known owing to the pau-
city of pre-upper Eocene stratigraphic records (Rath-
bun, 1926). The much better documented biozone of
Acila decisa, the only specifically determined mollusk
in the collection from the Orca Group, is from the lower
Paleocene “Martinez Stage” to the upper Eocene “Tejon
Stage” in the conterminous United States. Accordingly,
the possibility that the Orca Group may be, in part,
of Paleocene age should not be ruled out.

In summary, the newly reported occurrence of marine
Paleocene mollusks in southern Alaska indicates that
Paleocene seas covered a much broader area along the
North Pacific rim than was previously known. It fur-
ther seems probable that marine strata of this age may
be more widely distributed in the Paleogene sequence
of the Gulf of Alaska margin than has hitherto been
suspected. Dating of these rocks is hampered, however,
by the scarcity of diagnostic fossils, a scarcity resulting
from the prevailing structural complexity and thorough
induration of the rocks, and from local mild metamor-
phism.
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TWO NEW FOSSIL POLLEN GENERA FROM UPPER CAMPANIAN
(CRETACEOUS) ROCKS OF MONTANA

By BERNADINE D. TSCHUDY, Denver, Colo.

Abstract.—Two new fossil pollen species typifying two new
genera were well represented in rock samples from the upper
Campanian of Montana. These are similar to, and are probably
relatives of, several pollen species previously described from
Upper Cretaceous sediments from the Western-Siberian lowland
of the U.8.8.R. The new genera and species from Montana are
described and illustrated, and five species from the U.S.S.R.
are transferred from the genus Proteacidites to one of the new

genera.
-—

In this report, two new genera and their type species
are described ; and their similarities to, and differences
from, several formerly described genera and species are
discussed.

The taxons which are dealt with here were considered
to merit detailed study because of: (1) their resem-
blance to several medium to large pollen species previ-
ously described from Upper Cretaceous rocks of the
Western-Siberian lowland of the U.S.S.R., (2) their sus-
pected stratigraphic importance, and (8) the abundance
of specimens available for study. The two species,
though resembling six species from the Western-Sibe-
rian lowland of the U.S.S.R., as shown in photographs
and drawings, were found to be morphologically differ-
ent from the Russian species. Stberiapollis montanensis
n. sp. was abundantly represented in sample D3726-E
from the Parkman Sandstone Member of the Judith
River Formation; however, it occurred as only 1 per-
cent of a total pollen and spore count in that sample. A
few specimens of the same species were also found in
samples from five other localities (see table 1). Montana-
pollis endannulatus was found only in sample D4067
(basal part of the Bearpaw Shale or uppermost part of
the Judith River Formation) and in that sample only
in very low concentration—the 25 specimens studied
were recovered from a total of 12 slides. In the Rocky
Mountain area, as far as is known, the two taxons in-
vestigated are limited to upper Campanian rocks.

Acknowledgments—I1 am grateful to Ivan J. Mittin
for translations from essential parts of Russian publi-
cations and to W. A. Cobban and J. R. Gill for their
correlation of several of the samples with stratigraphic
units and ammonite zones.

PHOTOGRAPHY AND TYPE SLIDES

The photographs that illustrate the new species in this
report were taken on Zeiss photoscopes. Figure 3, b was
taken under Nomarski phase contrast on Polaroid type
55 P/N film. Neofluar 54X and Apochromatic 40X oil-
immersion objectives and 35-mm KB-14 film were used
for the remainder of the photographs.

All specimens illustrated in this report are deposited
in the type-slide files of the U.S. Geological Survey lab-
oratory at Denver, Colo. The type specimens are within
the ink-circled areas on the slides; they may also be
located by the mechanical stage coordinates which are
given in the plate explanations and with the individual
holotype and paratype assignments. My coordinate
readings for the center point of a 1- by 3-inch standard
microscope slide are 108.2 X12.4 mm (horizontal X ver-
tical axes) ; with the slide label placed to the left on the
microscope stage, the vertical coordinates decrease
toward the bottom edge of the slide, and the horizontal
coordinates decrease toward the right edge. Conversion
of coordinates to those of another mechanical stage can
be made by the methods of Traverse (1958) and
Tschudy (1966).

SYSTEMATIC DESCRIPTIONS

Group NORMAPOLLES Pflug, 1953

Normapolles Pflug, 1953, p. 95.
Normapolles Pflug, 1953. In Gdéczan and others, 1967, p. 434—445.

Remarks.—Genera of the Normapolles Group are
characterized by highly differentiated, widely variable,
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TaBLE 1.—Stratigraphic distribution of Siberiapollis montanensis eand Montanapollis endannulatus in upper Campanian rocks
from Montana

USGS Western Estimated Locality
Paleobot. Stratigraphic Interior age of zone Siberiapollis Montanap Collector
loc. No. unit ammonite (millions 17 i d latus County Section T. R. of sample
zone of years) 1
D1613__._ Minor Creek  ____________________ X - Park____._ NWwWYX% 20 2S8. 9E. A E.
Formation. Roberts.
D1612_________ A0 o e X . do.__.. % 19 2 8S. 9 E. Do.
D4067____ Bearpaw Shale  Baculites 75-76 X X Phillips... NW%NEX% 31 22N. 24 E. J. R. Gill.
(basal part) or  scotts.?
Judith River
Formation
(uppermost
part).
D3725-D_ Judith River —-do-_____._ 75-76 X - Blaine.... NW% 26 24 N. 17E. J. R. Gill
Formation and L. G
(upper part). Schultz.
D3726-A._ Judlth River Baculites 78-79 ) Fergus.._. C.NE¥4 31 23 N. 17E. Do.
Formation asperi-
(Parkman formis.2
Sandstone
Member) 3
D3726-E_._____ do__ . __.__.___ do_______ 78-79 X - do_.___ C.NEx4% 31 23N. 17E. Do.

1 Gill and Cobban (1966, p. A35).
2W. A. Cobban (oralcommun., Aug. 6, 1970).

and bizarre apertures. Affinities of most genera of this
group with modern families of plants are uncertain,
and genetic relationships within the group are not
implied.

Form-genus Siberiapollis n. gen.

Type species—Siberiapollis montanensis n. sp.,
USGS Paleobot. loc. D3726-E, slide (6) at 80.5X4.9;
figure 2, a (holotype) ; center NE1 sec. 31, T. 23 N., R.
17 E., Fergus County, Mont.; Judith River Formation
(Parkman Sandstone Member), upper Campanian.

Description—Tricolporate, angulaperturate, iso-
polar to subisopolar pollen grains. Shape in polar view
triangular; sides of triangle plane, concave, convex, or
irregular; corners rounded or bifurcating (owing to
gaping colpi). Shape in equatorial view rhomboidal to
oval. Colpi slitlike to V shaped, extending less than half
the distance to poles. Endopores with simple collarlike
endannuli, which are located near base of colpi. Exine
variable in thickness; endexine and ektexine extending
to colpal exits. Surface sculpture varied (verrucate,
gemmate, clavate, reticulate, or areolate; not psilate,
echinate, or striate). Grains without arci or plicae.

New combinations.—The following species, on the
basis of the authors’ descriptions and figures, appear to
conform to Siberiapollis and are here transferred from
Proteacidites.

Siberiapollis deruptus (Chlonova, 1961, p. 71, pl. 14, figs. 103,
103a) n. comb.

Siberiapollis occulatus (Samoilovitch, in Samoilovitech and
others, 1961, p. 176-178, pl. 55, figs. la~d) n. comb.

3J. R. Gill (oral commun., Sept. 29, 1970).

Stberiapollis crassiporus (Samoilovitch, in Samoilovitch and
others, 1961, p. 183-184, pl. 58, figs. la-d, 2) n. comb.
Siberiapollis angulatus (Samoiloviteh, in Samoilovitch and
others, 1961, p. 187-188, pl. 60, figs. la—c, 2a—d) n. comb.
Riberiapollis trilobatus (Samoilovitech, in Samoilovitch and
others, 1961, p. 190-191, pl. 61, figs. 4a—-d) n. comb.
Note—Srivastava’s (1969, p. 1573) transfers of Pro-
teacidites occulatus Samoiloviteh, Proteacidites angula-
tus Samoilovitch, and Proteacidites trilobatus Samoilo-
vitch to Beaupreaidites Cookson emend. Srivastava,
1969, are not recognized here because I do not believe
that Beaupreaidites as emended by Srivastava is a legi-
timate genus. Srivastava’s designation of vestibulate
apertures for Beaupreaidites would exclude its type
species, B. elegansiformis Cookson (lectotype : in Cook-
son, 1950, pl. 1, fig. 4 designated by Potonié, 1960, p.
121), which does not have vestibulate apertures.
Remarks—Siberiapollis n. gen. was erected as a
form-genus to accommodate a group of pollen species
having morphological similarity to each other but
doubtful affinity with any particular modern plant
family. In addition to the type species, I have included
in this new genus several species from the Upper Cre-
taceous of the Western-Siberian lowland, descriptions
and illustrations of which were published by Chlonova
and by Samoilovitch (see new combinations above)
under the genus Proteacidites. It was in recognition of
the Siberian species that the name Siberiapollis was
chosen.
Affinity.—Uncertain. Neither in the modern-pollen
files of the U.S. Geological Survey laboratory at Den-
ver, Colo., nor in illustrations of the literature (Cookson
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and Erdtman, ¢n Erdtman, 1952, p. 339-369; Wode-
house, 1932, p. 335-336, pl. 21, figs. 21, 26; Cranwell,
1942, pl. 55, fig. 19) have I found any modern proteace-
ous pollen species to which species of Siberiapollis have
close similarity. Slight resemblance of Siberiapollis
species to pollen of some members of the families Rubi-
aceae, Oenotheraceae, and Proteaceae is seen, but I do
not believe the likeness is sufficient to justify assignment
to any one of these modern families.

Comparison with other fossil pollen genera.—Within
the Normapolles Group, Siberiapollis probably most
closely resembles Bakonyipollis Géczan, in Géezin and
others, 1967 (p. 447-448). Siberiapollis, in common with
Bakonyipollis, has endopores with endannuli, but it dif-
fers from Bakonyipollis in that it does not have plicae
and has distinctly different exinal structure in the aper-
tural areas. (See Goczan in Géczén and others, 1967,
text fig. 15, p. 447.)

Siberiapollis, because of its complex colporate aper-
tures, is distinct from Proteacidites Cookson ex Couper,
1953 (p. 42), which has porate apertures, and from
Beaupreaidites Cookson ex Couper, 1953 (p. 43), which
has colpate apertures.

Siberiapollis is distinguishable from Montanapollis
n. gen. by its longer colpi, by its simple rather than
banded pore rings, and by its lack of the multiple lateral
branches from the endexine in the apertural zone.

Siberiapollis montanensis n. sp.

Figures 1, 2

Holotype—USGS Paleobot. loc. D3726-E, slide (6)
at 80.5X4.9; figure 2, a; center NE1/ sec. 81, T. 23 N.,
R. 17 E., Fergus County, Mont.; Judith River Forma-
tion (Parkman Sandstone Member), upper Campanian.

Paratype—USGS Paleobot. loc. D3726-F, slide (9)
at 82.1X7.5; figure 2, b; same locality data as for holo-
type.

Paratype—USGS Paleobot. loc. D3726-E, slide (5)
at 109.8X2.1; figure 2, ¢; same locality data as for
holotype.

Distribution.—See table 1.

Description (based on 70 specimens in polar view
and 10 in equatorial view).—Tricolporate, angulaper-
turate, isopolar pollen grains. Shape in polar view tri-
angular; sides of triangle plane, slightly concave,
slightly convex, or irregular; in some specimens the
equatorial outline of grain is slightly modified owing
to indentations at the base of the apertural areas. Shape
in equatorial view rounded-rhomboidal to oval. Diam-
eter 42,-84u (commonly 48u~T0u), polar axis 84u—59pu.
Apertures: Colpi (as seen in polar view of grains) slit-
like to V shaped, extending approximately one-third
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the distance from corners of grain to poles; colpal lips
approximately 3u wide, tapering to become narrow at
base of colpus; lips prominent in some specimens, in
others indistinct or apparently lacking; colpal margins
smooth to rough or unevenly serrate. Endopores located
near base of colpi, 12p~17p in diameter, each bordered
by a smooth pore ring (endannulus) 2.5p-5.0p wide;
endannulus, at least in some specimens, not a complete
ring (figs. 1; 2, d); in pale or eroded specimens pore
rings indistinet to fragmentary. Pollen wall : Exine con-
sisting of endexine and ektexine. Endexine 0.5p-2.0p
thick on body of grain, thickening in apertural areas to
as much as 3u in most specimens (to as much as 5u in a
few specimens). Ektexine composed of a basal columnar
layer and a surface sculptural layer; ektexine 0.5u~1.5u
thick, thinning near apertural areas, becoming very thin
in apertural zone. Ektexinal columnar layer very thin,
in some specimens not clearly discernible; individual
columnar elements very short and slender—these visi-
ble in some specimens at X 1,000 oil-immersion magnifi-
cation. Surface sculptural layer consisting of closely
spaced, more or less isodiametric elements having
rounded tops, these elements becoming very short in
apertural areas and merging—forming a thin, almost
smooth surface layer. Surface sculpture areolate (nega-
tive reticulum) ; areolae (in surface view of grains)
round, rounded triangular, or irregular in outline, 1.0u—
5.0x in diameter; negative net irregular and in part
discontinuous (where areolae fuse and break the net) ;
individual areolae supported on one or more delicate
columellae; areolae in some specimens appear to hover
over endexine with only a very thin space between them
and the endexine; in other specimens, or parts of in-
dividual grains, the areolae appear to lie directly on the
endexinal layer; size of areolae varies from grain to
grain, as well as on individual grains; areolae arranged
almost like parts of a jigsaw puzzle, or less closely

(o] 10 20 30y

FIcURe 1.—Diagrammatic drawings of apertural area of
Siberiapollis montanensis n. sp. A, grain in pt_)lar view ;
B, grain in equatorial view; C, grain in oblique view.
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spaced, but diameters of areolae usually greater than
width of spaces between them. On surface view of well-
preserved grains (at X 1,000 oil-immersion magnifica-
tion) the highest focal level shows the round, angular,
and irregular areolae; at slightly lower focal level the
tops of the individual columns appear, with resultant
display of a much finer subsurface texture. Surface
ornamentation the same on distal and proximal hemi-
spheres of grain; in some specimens ornamentation
slightly coarser on polar areas than in vicinity of aper-
tures. Grains without arci or plicae.

Remarks—The specimen called Beaupreaidites an-
gulatus (Samoilovitch) Srivastava, 1969 (pl. 1, figs. 38—
5) from the Edmonton Formation of Alberta, Canada,
as illustrated in photographs, appears to be very similar
to some of the specimens of S. montanensis; however,
the aperture structure of Beaupreaidites Cookson
emend. Srivastava 1969 (p. 1573, text fig. 2), to which
the species was assigned, does not correspond to that of
S. montanensis.

Similar species—In respect to size of grain, pore-
collar appearance, and surface ornamentation, 8. mon-
tanensis resembles Siberiapollis (Proteacidites) de-
ruptus (Chlonova, 1961, p. 71, pl. 14, figs. 103, 103a)
n. comb.; however, the colpi of S. montanensis are
shorter and less gaping than those of S. deruptus; and
the endexine in the apertural area of 8. montanensis
thickens appreciably, whereas it appears to become
thinner in that area in S. deruptus.

S. montanensis n. sp. also resembles but is distinct
from several large pollen species classified under the
genus Proteacidites by Samoilovitch (én Samoilovitch
and others, 1961, p. 175-191). Some similarities to and
difference from these species are as follows:

1. 8. montanensis differs from Proteacidites magnus
Samoilovitch by its very prominent colpi and also
by shorter and more delicate columellae in its col-
umnar layer.

FIGURE 2.—S8iberiapollis montanensis n. sp.

a. Polar view of holotype. USGS Paleobot. loc. D3726-E, slide
(6) at 80.5x4.9.
b. Equatorial view of a paratype. USGS Paleobot. loc. D3726-
E, slide (9) at 82.1X7.5.
¢. Polar view of a paratype. USGS Paleobot. loc. D3726-E,
slide (5) at 109.8X2.1.
d. Equatorial view, showing ends of incomplete pore ring.
USGS Paleobot. loc. D3726-R, slide (1) at 114.8X14.0.
3 Polargview. USGS Paleobot. loc. D3726-E, slide (5) at 91.5
X19.6.
. Oblique polar view. USGS Paleobot. loc. D3726-E, slide
(5) at 114.89.8.
g. Polar view of a grain with sculptural layer partially de-
tached. USGS Paleobot. loc. D3726-E, slide (1) at 81.0
X10.2.

)
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2. In shape and size, many of my specimens of S. mon-
tanensis strikingly resemble Samoilovitch’s (pl.
55, fig. 1a) photograph of Proteacidites occulatus
(= Siberiapollis veculatus n. comb.) ; however, on
the basis of a careful examination of her photo-
graphs and of her (pl. 55, fig. 10) detailed draw-
ing, as well as of her description, the two species
are judged to be distinctly different. Samoilovitch
stated that her P. occulatus is subisopolar; as seen
from equatorial views, 8. montanensis is isopolar.
The pores and colpi of S. montanensis are appar-
ently very similar to those of S. occulatus; how-
ever, the structure of the exine in the apertural
areas in the two species is distinctly different—
the endexine of 8. occulatus apparently thickens
at the base of the aperture area, then thins abrupt-
ly and becomes very thin at the colpal rim, whereas
the endexinal layer of S. montanensis thickens in
the apertural area, and in most specimens it at-
tains its maximum thickness at the colpal exit.

3. 8. montanensis, in common with Siberiapollis (Pro-
teacidites) crassiporus (Samoilovitch) n. comb.,
has a thickened endexinal layer near the colpal
exit (“pore aperture” of Samoilovitch) and has
internal pores with thickenings; however, S. mon-
tanensis differs in that it has much less thickening
of the exine on the mesoporiums, and its exine
sculpture is coarser than that of S. crasséporus. The
pore apertures of S. crassiporus were described as
short, slit shaped, and very narrow or locked
together, whereas the colpi of most specimens of
S. montanensis are gaping.

4. 8. montanensis has apertures which are apparently
very similar to those of Siberiapollis (Proteaci-
dites) angulatus (Samoilovitch) n. comb., and the
surface sculpture of these two species appears to
be very similar. S. monfanensis differs from S. an-
gulatus in that its columnar layer is discontinuous
in the apertural area, whereas in 8. angwlatus this
layer remains about the same thickness in the aper-
tural areas (as stated by Samoilovitch). The en-
dexine of 8. montanensis is about equal in thick-
ness to the ektexine, whereas Samoilovitch stated
that the sexine is twice as thick as the nexine in
S. angulatus. As shown in photographs of 8. an-
gulatus, the columnar layer is thicker and much
more distinet than in S. montanensis. In 8. mon-
tanensis the endexine thickens in the apertural
area; this thickening is not a characteristic of S.
angulatius, either as described or as illustrated.
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Among the large number of variable but merging
grains described under the species S. montanensis are
three grains (for example, fig. 2, ¢) whose shape resem-
bles that of Siberiapollis (Proteacidites) trilobatus
(Samoilovitch) n. comb.; however, they are distinctly
different from 8. ¢rilobatus in that their surface sculp-
ture is much coarser.

Form-genus Montanapollis n. gen.

Type species—Montanapollis endannulatus n. sp.,
USGS Paleobot. loc. D4067, slide (4) at 92.9X21.1;
figure 3, d (holotype) ; NW14,NE1, sec. 31, T. 22 N., R.
24 E., Phillips County, Mont.; Bearpaw Shale (basal
part) or Judith River Formation (uppermost part),
upper Campanian.

Description—Tricolporate, brevissimicolpate, an-
gulaperturate pollen grains. Shape in polar view
triangular; sides of triangle plane, slightly convex,
slightly concave, or irregular; angles rounded, each
angle notched by a shallow aperture. Colpi very short,
slitlike, U or V shaped, closed or gaping. Endopores
(ora) encircled by banded pore ring consisting of sev-
eral endannuli which originate from lateral branching
of endexine in apertural area. Ektexine thinner in aper-
tural area than on body of grain. Endexine and ektexine
extending to colpal exits. Vestibulum not present be-
tween endexinal and ektexinal wall layers in apertural
area. Surface sculpture varied. Grains medium to large
in size (>40p in diameter). Grains without arci or
plicae.

The distinguishing features of this genus are the
banded pore rings encircling the endopores and the very
short colpi.

Affinity—Uncertain.

Comparison with other fossil pollen genera.—Mon-
tanapollis n. gen. is distinct from Siberiapollis n. gen.
by reason of its shorter colpi, its banded pore rings, and
by the lateral branching of the endexine in its aper-
tural zones.

The multiple endannuli of the ora of Montanapollis
resemble those of Aélantopollis Krutzsch, in Géczén
and others, 1967 (p. 445-446, text fig. 13) and Neotrian-
gulipollis Géczan, Groot, and Krutzsch, in Goczan and
others, 1967 (p. 479-480, text fig. 42) as shown
in the authors’ text figures; however, Montanapollis
is easily distinguishable from those genera as indi-
cated below. The sculptural and columnar wall
layers of Montanapollis become thinner in the aper-
tural area, whereas those of Atlantopollis are approxi-
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mately the same thickness in the apertural area as on
the body of the grain. Montanapollis also differs from
Atlantopollis in that it does not have an enlarged en-
dannulus adjacent to its apertural exits. The outermost
wall layer of Montanapollis thins in the apertural area,
whereas in Neotriangulipollis it thickens. The outer wall
layers of Montanapollis do not separate in the area ad-
jacent to the apertural exit to form a vestibulum as they
do in Neotriangulipollis.

The colporate apertures and banded pore rings of
Montanapollis distinguish it from both Proteacidites
Cookson ex Couper, 1953 (p. 42) and Beaupreaidites
Cookson ex Couper, 1953 (p. 43).

Montanapollis endannulafus n. sp.
Figures 3, 4

Holotype—USGS Paleobot. loc. D4067, slide (4) at
92.9X21.1; figure 3, d; NW1,NE1, sec. 31, T. 22 N, R.
24 E., Phillips County, Mont.; Bearpaw Shale (basal
part) or Judith River Formation (uppermost part),
upper Campanian.

Paratype.—~USGS Paleobot. loc. D4067, slide (3) at
75.0X10.7; figures 3, a, b; same locality data as for
holotype.

Paratype—USGS Paleobot. loc. D4067, slide (10)
at 76.0X8.8; figure 3, g; same locality data as for
holotype.

Distribution—To date found only in USGS Paleo-
bot. loc. D4067 (Bearpaw Shale, basal part; or Judith
River Formation, uppermost part).

Description (based on 25 specimens in polar view;
species has not been observed in equatorial view).—
Tricolporate, brevissimicolpate, angulaperturate pollen
grains. Shape in polar view triangular; sides of tri-
angle plane, slightly concave, or irregular; angles
rounded, each notched by a shallow aperture; in some
specimens equatorial outline slightly modified by in-

F1GURE 3.—Montanapollis endannulatus n. sp.

a. Polar view of a paratype, USGS Paleobot. loc. D4067, slide
(3) at 75.0X10.7.

b. Same grain as @, Nomarski phase-contrast photograph
showing surface detail.

¢. Polar view, USGS Paleobot. loc. D4067, slide (11) at 105.2
X13.8.

d. Polar view of holotype, USGS Paleobot. loc. D4067, slide
(4) at 92.9x21.1.

e. Polar view, USGS Paleobot. loc. D4067, slide (11) at
98.2X2.9.

f. Oblique polar view, USGS Paleobot. loc. D4067, slide (12)
at 76.7X9.3.

g. Polar view of a paratype, USGS Palecbot. loc. D4067, slide
(10) at 76.0X8.8.
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dentations at the base of the apertural areas. Diameter
45p~T0u. Apertures: Colpi slitlike, U or V shaped, very
short, terminating at approximate top of endopore
ring; colpal margins smooth, not thickened. Endopores
(ora) encircled by banded pore rings 3p—Tu wide; pore
ring consisting of a series of narrow, interfingering,
incomplete endannuli, the endannuli originating from
lateral branches of endexine. Pollen wall: Exine on
body of grain 2u-4p thick. Endexine on body 1u—2u
thick, in some specimens slightly thinner near base of
apertural areas than on the remainder of body. In lower
and midparts of apertural areas the endexine repeatedly
branches laterally and forms several narrow, interfin-
gering, discontinuous endannuli, which make up the
banded pore ring; in some specimens endexinal branch-
ing and banded pore ring very distinct, in others these
not clearly visible. Ektexine made up of a basal colum-
nar layer and a surface sculptural layer. Columnar
layer thin, with maximum thickness of approxi-
mately 0.5 on body of grain; columnar elements deli-
cate, distinct at X 1,000 oil-immersion magnification in
some specimens, not clearly visible in others where the
columnar layer appears as an interloculum (or space)
between the sculptural layer and the endexine ; columnar
layer very thin to nondiscernible in apertural areas.
Ektexinal sculptural layer 0.5u—1.5u thick on body, in
some specimens appearing to be partially detached (figs.
3, a, e)—apparently owing to structural weakness of

Endexine

Columnar layer

Sculptural Iayer}mexme

Surface view showing
tops of sculptural
elements

Colpus ] 10 20 304

FicUure 4.—Diagrammatic drawing of Montanapollis
endannulatus n. sp., showing aperture and wall
detail.
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the underlying columnar layer; sculptural layer becom-
ing very thin near base of, and in, apertural areas. Sur-
face of grains appearing rugulate to irregularly reticu-
late at high focal level at X 1,000 magnification. Surface
ornamentation the same on distal and proximal hemis-
pheres of grain.

This species is assumed to have a shorter polar axis
than equatorial diameter, because of the fact that speci-
mens have been found only in polar view.

Similar species—Montanapollis endannulatus may
be related to a pollen taxon from the “Maestrichtian-
Danian” of the Western-Siberian lowland called Pro-
teacidites crassiporus subspecies pachysexinius Samoil-
ovitch, #n Samoilovitch and others, 1961 (p. 184-185,
pl. 58, figs. 8a—-d). The photograph of P. crassiporus
subsp. pachysexinius shows only a suggestion of a
banded pore ring and an indication of branching of
the endexine in only one of the apertures. M. endan-
nulatus differs from P. crassiporus subsp. pachysewinius
in that it has thinner ektexine on the body of the grain,
has less differentiation between the ektexinal thickness
on the body and in the apertural areas, and does not
have the thickened endexinal layer (endannulus) ad-
jacent to the colpal exits.
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Abstract.—Plutonic rocks of two different types crop out on
Thurston Island. A group of rocks petrographically and petro-
chemically identical with the Eights Coast batholith is probably
Late Pennsylvanian in age. The Landfall Peak Adamellite is
distinct from other west Antarctic intrusive rocks but is petro-
chemically similar to older volecanic rocks of the Jones Moun-
tains. Mineral concentrates from the Landfall Peak Adamellite
gave K-Ar ages of 150 and 145 m.y. and a lead-alpha age of
250 m.y. The Landfall Peak Adamellite may date from the
Paleozoic and contain reset isotopic clocks, or it may be of
Jurassic age.

Thurston Island, between the Amundsen and Bell-
ingshausen Seas, in West Antarctica (figs. 1 and 2) was
first visited by the 195960 U.S. National Science Foun-
dation—U.S. Navy expedition to the Bellingshausen Sea.
Seven localities were examined by Campbell Craddock
and H. A. Hubbard (Craddock and Hubbard, 1961;
Craddock and others, 1964b).

During the 1960-61 austral summer, two adjacent
areas were reconnoitered : the Eights Coast (figs. 1, 2)
by A. A. Drake, Jr., on the U.S. National Science Foun-
dation-U.S. Navy expedition (Drake, 1962; Drake and
others, 1964), and the Jones Mountains (figs. 1, 2) by
geologists from the University of Minnesota (Crad-
dock and others, 1964a).

More recently, geologists from the University of Wis-
consin have made more detailed studies of areas of out-
crop along the Eights Coast, Jones Mountains, and
Thurston Island (Craddock and others, 1969).

The purpose of this paper is to describe rocks col-
lected on Thurston Island, to present isotopic mineral
ages of adamellite from the western end of the island,
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and to suggest some possible relations between the rocks
of Thurston Island, the Eights Coast, and the Jones
Mountains.

We wish to acknowledge the work of Campbell Crad-
dock, Hubbard’s geologic partner on the 1959-60 expe-
dition, who examined outcrops on the eastern part of
Thurston Island, whilst Hubbard examined those west
of long 98° W. In addition, Craddock supplied us with
samples of gneissic quartz diorite from eastern Thurs-
ton Island as well as samples of granite and intrusive
felsite from the Jones Mountains.

GEOLOGIC SETTING

Rocks described from the Eights Coast-Thurston
Island area consist mostly of quartz diorite or quartz
diorite gneiss (Craddock and Hubbard, 1961; Drake,
1962; and Craddock and others, 1964b; Drake and
others, 1964). These rocks are intrusive into metasedi-
mentary rocks on Thurston Island and at places along
the Eights Coast (Craddock and Hubbard, 1961 ; Drake,
1962) and cut gabbroic rocks on Dustin Island (fig. 2)
(Drake and others, 1964). The quartz diorite from the
Eights Coast area also has adamellite, granodiorite, and
gabbro phases. These rocks have been assigned to the
Eights Coast batholith (Drake, 1962 ; Drake and others,
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Eights Coast, showing sample locations.

1964). The rocks are very light gray, medium to coarse
grained and have a poorly to well-developed foliation
resulting from a parallel arrangement of biotite, horn-
blende, and plagioclase crystals. Typical modes (6, 7, 9,
10) of quartz diorite and leucogabbro are given in table
1. Amphibolite inclusions are common in the outcrops
visited, as are mafic dikes.

Quartz diorite of the Eights Coast batholith is in-
truded by pink granitic rock on McNamara Island and
Lepley Nunatak. These pink rocks are fine grained and
are characterized by myrmekitic textures. They range
from granodiorite to granite in composition and are
probably small hypabyssal intrusive bodies. Typical
modes (8 and 11) are given in table 1.

Quartz diorite gneiss similar to that of the Eights
Coast batholith has been described from the eastern part
of Thurston Island (Craddock and Hubbard, 1961;
Craddock and others, 1964b). This Thurston Island
rock has been interpreted as having a metamorphic
origin (Craddock and others, 1964b); however, a
sample (sample 5, table 1) furnished us by Craddock,
although foliated, has the interlocking texture and
delicately oscillatorily zoned plagioclase typical of
intrusive rocks. More recently, Craddock and others
(1969) have also reported intrusive rocks from
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TaBLE 1.—Chemical analyses, CIPW norms, and modes of plutonic rocks from Thurston Island, Eights Coast, and Jones Mountains,
Antarctica

1 2 3 4 5 6 7 8 9 10 1 12 13

Chemical analyses (weight percent)

SiOy . 67. 8 68. 2 73.3 ______ 62. 0 48 2 62. 9 75.7 60. 9 70. 1 73.1 744 72,9
ALO. - ____ 15. 5 15. 6 131 17. 7 24. 6 17. 2 13. 1 18. 3 15,7 139 13.3 137
Fe,Os o __ 1.3 1.1 .93 L. 3.4 1.5 1.9 . 80 3.7 1.1 1.5 . 80 .95
FeO______________ 2.6 2.2 2.3 __.___ 2.6 2.8 2.4 .44 2.8 1.0 .65 .18 . 50
MgO__ . _____ .8 .7 7 . 2.3 51 1.8 .1 1.9 1.0 .51 .42 . 68
CaO____________. 2.4 2.1 2.1 ______ 6.3 14. 8 6.2 .20 6. 4 3.2 11 .64 1.0
Na,O__._.________ 4.1 4.2 4.2 ______ 3.5 1.5 4.5 4.2 4 4 4.0 40 37 3.3

P10 S 4.4 4 3 .6 ______ .23 34 1.2 4.5 .16 2.0 41 48 5.1
HO+ . ____ .87 .1 14 (. ____ 67 16 . 60 .12 60 .21 31 .48 .35

O— . .05 58 1.2 ______ 31 81 .05 . 45 06 1.2 65 .52 75
TiOy .. .51 50 34 _____. 71 31 97 21 . 80 . 32 34 .11 20
POs. . .17 .12 L05 . .40 .08 .44 .03 .30 21 12 .16 17
MnO.____________ .12 .12 .09 L. .13 .05 . 08 .05 .12 02 06 .04 05
COpo .. .05 11 11 . .05 . 08 .05 .09 .05 07 08 .05 05

Total_________ 100. 4 99.9 100.1 ______ 100.3 100.33 100.2 100.0 100.5 100.1 100.4 99.6 99.7
CIPW norms
Quartz___________ 19. 9 21, 2 371 ______ 25. 4 1.5 17. 8 33. 5 18. 7 32.2 3.6 33.0 32.3
Orthoclase. ___..__ 26. 1 25. 6 89 ______ 1.1 1.7 7.2 27. 1 1.1 11. 7 245 289 30.6
Albite____________ 34. 6 35. 6 36.1 ______ 29. 3 12. 6 38.2 36. 1 37.2 34.1 34.1 32.0 27. 8
Anorthite. ________ 11.1 10. 3 9.7 _._.___ 28. 6 59. 2 23. 4 1.1 29. 5 15. 0 47 2.5 4.2
Corundum________________ .3 1.0 ______ 1.4 . .8 .- 1.6 1.0 1LO 1.
CaSiOs_ .. .. 5.6 2.1 .. .
MgSiOs_ . ___ 2.0 1.8 1.8 ___.__ 5.7 12. 8 3.4 .2 48 2.5 1.3 L1 1. 37
FeSiOs. ... _.__ 3.0 2.5 3.0 ______ 1.1 3.6 2.3 . __. .9 4 ..
Magnetite_ . ___ . __ 1.9 1.6 .4 ______ 4.9 2.1 2.8 .6 5.3 1.6 1.2 ______ 1.2
Ilmenite__________ .9 9 R 1.4 .6 1.8 .5 1.5 .6 .6 .2 .5
Apatite.__________ .3 .3 L3 . 1.0 .3 1.0 _____.___ .7 .3 .3 .3 .3
Hematite o R S, .6 .8 .2
Total ________ 99.8 100.1 99.9 _ . ___ 99.9 100.0 100.0 100 .2 99.8 100.0 99.9 99.8 100.1
Modes (volume percent)

Plagioclase__ ... 3.4 347 41.4 66.9 641 76.6 60.6 124 70.2 63.4 3L1 ___. ________
Quartz___________ 16. 4 15. 3 43.2 21.0 20.7 Tr 22. 5 36. 9 18. 6 23.3 34.3 -
K-feldspar________ 44, 2 42. 0 6.0 2.8 o ____________ 48. 4 ________ 2.3 3.4 (..
Biotite___________ 4.7 51 . 3.7 3.8 5.7 A 3.9 L1 170 .
Hornblende_______ 1.9 1.6 .8 .3 56 9.9 6.1 _._.____ 3.3 L2 -
Chlorite__________ Tr. Tr. 51 3.0 2.2 1.0 . _____ 8 1.1 6.5 .
Opaque minerals.___ .8 7 .3 16 2.5 Tr. 8 2 2.2 2.3 N I
Sphene___________ Tr. Tr. Tr. Tr. .6 Tr. 16 .. "6 5 Lo IIITIITITTT
Apatite_..________ Tr. Tr. Tr. _____. .3 Tr. 8 Tr. Tr. Tre oo
Myrmekite__ ____________ . 4§ S 3
Epidote__________ Tr. Tr. 3.1 5 Tr 1.0 Tr 6 B S
Zircon____________ Tr. Tr. Tr. ______ Tr. oo __ Tr Tr Tr. Tr. Tr. oo -
Carbonate

minerals_______________________ TP oo 5\ U
Clinopyroxene_____ _____ . o N
1. Medium-grained adamellite from Landfall Peak, Thurston Island. Plagloclase is calele oligoclase as determined optically in ofls. Collected by H. A. Hubbard.
2, M%ltil%xgglriained adamellite from unnamed islet just off Dyer Point, Thurston Island. Plagioclase is calcie oligoclase as determined opticaily in ofls. Collected by H. A.
3. M;?ilzmﬁ?é%:? dgranodlorite from dredge station 26, near Porter’s Pinnacles, Bellingshausen Sea. Plagioclase is sodic andesine as determined optically in ofls. Collected by
4, Fl{)l;- It_:Io fgleiﬁl%légﬁ-grained hornblende-biotite quartz diorite from ‘‘Gneissic Islet,” Thurston Island area. Plagioclase is andesine as determined optically in oils. Collected
5. M*gg(ﬁ;gg}?inm quartz diorite from east part of Lofgren Peninsula, Thurston Island. Plagioclase is sodic andesine as determined optically in ofls. Collected by Campbell
6. Gabbro from pavement outcrops near astro station on Dustin Island. Plagioclase is sodic bytownite as determined optically in oils. Collected by A. A. Drake, Jr.
7 M?’liillsum-gramed quartz diorite from ““Peelers Pinnacles,” McNamara Island, Eights Coast (Drake and others, 1064). Plagioclase is sodic andesine as determined optically in
8. Fine-grained granite from same location as 7. Plagioclase is sodic oligoclase as determined optieally in ofls. Rock has a granophyric texture and contains abundant myrme-

kite, the components of which were counted individually. Collected by A. A. Drake, Jr.
9, Medium-grained quartz diorite from northwest corner of McNamara Island. Plagioclase is sodic andesine as determined optically in ofls. Collected by A. A. Drake, Jr.
10. Medium-grained quartz diorite from Lepley Nunatak, Eights Coast. Plagioclase is sodic andesine as determined optically in oils. Collected by A. A. Drake, Jr.
11, Fine-grained adamellite from same location as 10. Rock has a granophyric texture. Plagioclase is oligoclase. Collected by A. A. Drake, Jr.
12. Felsite dike from Avalanche Ridge, Jones Mountains. No thin section available for modal analysis. Collected by Campbell Craddock.
13. Pink granite from Avalanche Ridge, Jones Mountains. No thin section available for modal analysis. Collected by Campbell Craddock.
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eastern Thurston Island. Intrusive and high-grade
metamorphic rocks are very probably interlayered in
this area.

South of the Eights Coast in the Jones Mountains
(fig. 2), coarse-grained pink granite (sample 11, table
1) isin fault contact with felsic extrusive rocks (called
herein Jones Mountains older volcanic rocks) (Crad-
dock and others, 1964a). Both the granite and older
volcanic rocks are cut by basalt and felsite (sample 10,
table 1) dikes of Cretaceous( ?) age and are unconform-
ably overlain by flat-lying extrusive and hypabyssal
bodies of olivine-basalt (Craddock and others, 1964a).

Four different rock types are known on the western
part of Thurston Island : basement amphibolite, horn-
blende-biotite quartz diorite, hornblende-biotite ad-
amellite, and hornblende granodiorite known only from
a dredge sample.

The easternmost area visited by Hubbard, informally
known as the gneissic islets, is at lat 71°50’30"” S., long
98°18” W. (locality 4, fig. 2). Here are two small islets,
the larger of which is about 50-65 m long by 20-25 m
wide. The exposed rock is gneissic, very light gray horn-
blende-biotite quartz diorite that contains conformable
thin to thick layers of basement gneiss which here is
“salt and pepper” amphibolite. Foliation dips steeply
northeast and is marked in both diorite and amphibolite
by oriented hornblende and plagioclase. A fault prob-
ably lies between the islets and the coast of Thurston
Island, and apparently approximately parallels the
coast. Rock similar to that of the islets crops out about

halfway up the largely snow- and ice-covered cliff of the
coast.

Amphibolite

The “salt and pepper” amphibolite is fine grained, the
largest crystals being about 3 mm long. The amphibolite
is composed principally of andesine and hornblende, but
clinopyroxene and biotite are also present. Much of the
andesine in the rock has been altered to sericite and
epidote. Some plagioclase grains are normally zoned
and appear similar to the feldspar in the biotite-horn-
blende diorite and are probably related to the emplace-
ment of that unit. Much of the clinopyroxene has been
altered to uralite. Biotite forms at the expense of horn-
blende and seems spatially related to zoned feldspars.
Hornblende, including that in uralite, is commonly
altered to mixtures of chlorite, epidote, and opaque min-
erals which have reaction rims of sphene.

Hornblende-biotite quartz diorite

The hornblende-biotite quartz diorite is fine to fine
{nedlum grained ; most minerals range from 1 to 3 mm
In maximum dimension, although some plagioclase
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phenocrysts are as much as 5 mm long. Paragenetically
early well-twinned andesine, incipiently altered to
sericite, forms large to medium-sized anhedral grains.
Some of these grains are bent or broken. Other andesine
forms medium-sized oscillatorily zoned crystals that
have calcic oligoclase rims and occur spatially with late
quartz. The quartz is strained and embays and pene-
trates hornblende and biotite. Much of the hornblende
has been altered to pale-green chlorite, epidote,
and opaque minerals which are spatially associated with
sphene, which probably formed by reaction. The biotite
is brown, and much of it has also been altered to chlor-
ite. Apatite is abundant within the biotite. A mode
(sample 4) is given in table 1.

Biotite-hornblende adamellite

Biotite-hornblende adamellite was studied at two
places on Thurston Island. The first of these is at lat
71°56” S., long 100°32” W., just west of Dyer Point
(loc. 2, fig. 2). Here two of three small islets were exam-
ined. The rock exposed on the islets is massive, contains
pinkish-gray potassium feldspar and light-gray plagio-
clase, and is characterized by clots of mafic minerals.
The unit contains feldspathized inclusions of fine-
grained amphibolite.

Adamellite also crops out on Landfall Peak at lat
72°00730"” S., long 102°01” W. on the northwesternmost
end of Thurston Island (fig. 2). The peak rises from a
gentle snow slope at an altitude of about 400 feet to
about 1,300 feet. The east face is nearly vertical.

The rock exposed in this cliff is light- to medium-
gray medium-grained biotite-hornblende adamellite.
The rock has a faint flow structure which dips about
55° S. and is marked by parallelism of tabular min-
erals. Some phases of the adamellite are coarse grained
and have sharp contacts with the medium-grained rock.
Inclusions of partly digested feldspathized fine-grained
amphibolite are present in the cliff. Numerous quartz
veins range from 14 to 1 inch in width, average less
than 14 inch, strike about east, and dip from vertical
toabout 55° S.

The biotite-hornblende adamellite is medium to
coarse grained, the feldspars ranging from about 4 to
10 mm in size. The other minerals are less than 4 mm in
maximum dimensions. The potassium feldspar is ortho-
clase microperthite, the exsolved well-twinned albite
forming both patch and string intergrowths. Andesine
forms both early subhedral zoned crystals and later
well-twinned anhedral grains. The more calcic zones of
the plagioclase are incipiently altered to sericite. Quartz
is unstrained and encloses zircon, sphene, and apatite.
Both biotite and hornblende are brown and are partly
altered to chlorite and opaque minerals. The alteration
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of the biotite and hornblende probably is the result of
late-stage deuteric alteration, as evidence of post con-
solidation metamorphism is lacking. Modes (1 and 2)
are given in table 1.
Hornblende granodiorite

Granitic rock was also collected in a dredge sample
from near Porter’s Pinnacles (loc. 3, fig. 2). This rock,
hornblende granodiorite, is pinkish gray to grayish
orange pink and medium grained. Although plagio-
clase (andesine) and quartz grains average 3 to 4 mm,
some plagioclase grains are as much as 9 mm in maxi-
mum dimension; mafic minerals occur in 1- to 2-mm
clusters. Plagioclase is intergrown with large quartz
grains. Some plagioclase is antiperthitic and has patches
and rims of potassium feldspar. Late quartz forms
small rounded grains and embays plagioclase. The rock
is strongly altered, the andesine being saussuritized and
the hornblende being largely altered to chlorite. A mode
(13) is given in table 1.

PETROGRAPHIC COMPARISONS

The modal compositions of rocks collected from
Thurston Island are compared with modes of other
plutonic rocks from West Antarctica in table 1 and
on figure 3. The hornblende-biotite quartz diorite from
the gneissic islets (table 1, sample 4) clearly is petro-
graphically similar to rocks of the Eights Coast batho-

Quartz

Eights Coast
batholith

PETROLOGY

lith (table 1, samples 6, 7, 9, 10; Drake, 1962; Drake
and others, 1964) as well as to gneissic quartz diorite
collected by Craddock from the east end of Thurston
Island (sample 5). The rock from the gneissic islets,
as well as those from the east part of Thurston Island
(Craddock and others, 1964b), contains abundant am-
phibolite layers and inclusions and may be a border
phase of the Eights Coast batholith.

The Landfall Peak Adamellite (table 1, samples 1
and 2) does not plot with the Eights Coast rocks, nor
does it resemble rocks of generally similar composition
of the Andean granite-gabbro suite, the best known
suite of west Antarctic rocks. The adamellite could con-
ceivably be related to some of the poorly understood
pre-Andean rocks of the Antarctic Peninsula. In any
case, it is clear that the Landfall Peak rocks belong
to a separate pluton.

The affinities of the dredged hornblende granodiorite
(table 1, sample 3) are uncertain. It plots relatively
near the Landfall Peak Adamellite and has clustered
mafic minerals as does the adamellite. Its different ap-
pearance may be due to alteration, and it may well be-
long to the Landfall Peak Pluton.

AGE OF LANDFALL PEAK ADAMELLITE

Mineral concentrates separated from adamellite (1),
collected at Landfall Peak, were dated radiometrically.
The K-Ar ages of biotite and hornblende, together with

EXPLANATION

A
Eights Coast batholith

A
Eights Coast pink granitic rocks

x
Landfall Peak Adamellite

a
Pre-Andean, Antarctic Peninsula
(Adie, 1954; Goldring, 1962)
L]
Andean granite-gabbro suite
(Adie, 1955; Hawkes, 1961;
Curtis, 1966)

(o}

Clark Mountains (Boudette
and others, 1966)

Numbers refer to samples
in table 1

Plagioclase

K-feldspar

FIGURE 3.—Plot comparing modes of some intrusive rocks from West Antarctica.
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TABLE 2.—Analytical data and K-Ar ages of biotite and hornblende from adamellite 1, Landfall Peak, Thurston Island, Antarctica
fAnalysts: R. F. Marvin, H, H. Mehnert, H. H. Lipp, and Wayne Mountjoy. Approximate location of sample (fleld number 1): lat 72°00'30"’ 3., long 102°01'15" W.]

K0 Ko *Ardo *Ardo *Artd Age
Sample (percent (ppm) (ppm) Total Ard Ko (m.y.)
average) (percent)
Biotite_ __ _ _ e 7.29 7. 38 0. 0671 93 0. 00912 15046
Hornblende . _ _ _ _ __ _ __ e . 871 . 882 . 00777 88 . 00883 145+ 5

Symbol: *, radiogenic isotope.
Decay constants: K40=0.585X 10-1¢/yr.
=4.72X10-19/yr.

Abundance: K =1.22X10~* g/gK.

Potassium determinations, 7.23 percent and 7.38 percent K,O for biotite. Ar determined by isotope-dilution techniques.
1 Potassium determined by isotope dilution by W. T. Henderson and H. H. Mehnert: 0.876 percent and 0.866 percent Kz0.

the corresponding analytical data, are given in table
2. Although the K-Ar ages are slightly discordant, they
indicate that the adamellite has a minimum age of about
150 m.y. (million years) (Jurassic).

The lead-alpha age of a zircon concentrate and cor-
responding analytical data are given in table 3. The
lead-alpha age, 250 m.y., suggests a Permian age for
the adamellite, but as lead-alpha ages can be anoma-
lously old because of the presence of xenocrystic zircons
or inherited lead, we will assume the K-Ar age to be
approximately correct. We are aware, alternatively,
that the K-Ar age may be a reduced age and that the
system may have initially started during the Permian.

PETROCHEMICAL COMPARISON OF IGNEOUS ROCKS
IN WEST ANTARCTICA

Petrochemical data from West Antarctica exclusive
of the Transantarctic Mountains are few, but a com-
parison is important to better understand the few iso-
topic ages available. Granitic rocks of possible Tertiary
age crop out in the southern part of the Antarctic Pe-
ninsula (Knowles, 1945). These rocks probably belong
to the Andean granite-gabbro suite defined by Adie
(1955). Late Cretaceous or early Tertiary isotopic ages
were reported for similar rocks from the north part of
the Antarctic Peninsula by Halpern (1962). Adie
(1954) recognized older plutonic rocks in the Margue-
rite Bay of the Antarctic Peninsula and believed that

TABLE 3.—Lead-alpha age of zircon from adamellite 1 from Land-
fall Peak, Thurston Island, Antarctica

[Alpha activity measurement by T. W. Stern; spectrographic analysis of lead by
Harold Westleyf

Alpha counts per milligram Lead 1 (ppm) Calculated age 2
per hour (m.y.)
188 19 2504+ 30

1 Average of duplicate determinations.

2 Age calculated by the equationt = Clead/alpha, where C, a constant based upon
an assumed Th/U ratio of 1, equals 2,485, lead = lead content in parts per million, and
alpha = alpha activity in alpha counts/mg-hr.

these rocks were of early Paleozoic age. Drake and
others (1964) showed that the rocks exposed along the
Eights Coast differ petrochemically from the Andean
suite, are distinctly older, and belong to a large com-
posite batholith. Boudette and others (1966) found that
adamellite in the Clark Mountains is of Late Jurassic
age. Adie (1964) found that the Upper Jurassic vol-
canic group and Andean granite-gabbro suite of the
Antarctic Peninsula are geochemically very much like
each other as well as like the Jurassic volcanic and the
Cretaceous intrusive suite of the West Patagonian
Cordillera.

Halpern (1967) found that intrusive rocks in eastern
Ellsworth Land are petrochemically similar to the An-
dean granite-gabbro suite and are of Cretaceous age.
In a later paper, Halpern (1968) suggests that a late
Paleozoic “Samfrau” orogenic-plutonic belt occupies
most of West Antarctica and that the Cretaceous An-
dean orogenic-plutonic belt is marginal to or superposed
on the “Samfrau belt” and follows the circum-Pacific
margin of Antarctica toward New Zealand.

The chemistry of the Landfall Peak Adamellite and
some other rocks from West Antarctica is compared
in several variation diagrams. Rocks from the Andean
granite-gabbro suite are included in all plots, as this
is the only well-defined igneous suite in West
Antarctica.

In the silica variation diagram (fig. 4), the Land-
fall Peak Adamellite contains more K.O and total Fe
and less CaQ, MgO, and Al;O, relative to SiO, than
either Eights Coast of Andean rocks. MgO and Na,O
differ little in the three rock types. The Landfall Peak
Adamellite differs most markedly from the Eights
Coast rocks in K,O and CaO content. Pink granitic
rocks from the Eights Coast, Jones Mountains intrusive
rocks, and the Clark Mountains Adamellite plot near
the Andean variation curves. There is a suggestion that
the Jones Mountains older volcanic rocks may be related
to the Landfall Peak Adamellite.
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Total Fe as FeO

255 \;’5 38 60 & 2 75 Rocks of the Marguerite Bay basement complex
L e (Adie, 1964) are compared with the other west Antarc-
L o, tic rocks in figure 5. The Marguerite Bay, Andean, and
" Y, o Eights Coast rocks plot along distinctly different
N e . curves, and it is readily apparent that the Landfall
C .

Peak Adamellite is unrelated to any of these rocks.
These plots also suggest that the Eights Coast pink
granitic rocks may be related to the Andean suite, as are
most of the rocks collected by the Expédition Antarcti-
que Frangaise.

Normative comparisons of the rocks discussed above
are shown on figures 6 and 7. Analyses of the Marguerite
Bay basement complex are not available for compari-
son, as only variation diagrams were published by Adie
(1964). Rocks from the Eights Coast batholith and the
Andean granite-gabbro suite plot in clearly defined
fields as do the older volcanic rocks from the Jones
°o ¢ Mountains. The Landfall Peak Adamellite plots within

Andean variation
curve

Andean variation curve

‘IlTrI\illllT

—
—

18- Eights Coast
variation curve

e b e b e e by

Fe,04

the Jones Mountains older volcanic field on both dia-
grams, supporting the suggested relation shown on the
silica variation diagram (fig. 4). The dredge sample of

5
 Andean variation .
curve - Eights Coast

variation curve

Kot

Il i 1 |

FeO

MgOo

o0
‘l"ﬁ‘ T T T T

CaO

r . i hornblende granodiorite (table 1, sample 3) shows no
L - systematic relation to any group of rocks. A genetic
I~ . relation between the Andean suite and pink granitic
- ) rocks from the Eights Coast, Clark Mountain Adamel-
- Eights Coast variation curve : lite, and intrusive rocks from the Jones Mountains is
o 1 not well supported by these data.
- 1 West Antarctic rocks are also compared in Larsen
S . Andean variation curve ] diagrams (fig. 8). The tie lines of rocks from the Eights
% s - Coast batholith (fig. 84) plot characteristically and
anirgira‘gisoﬁ‘::aus:ve\'@; S ] differ markedly from those of the Andean suite (fig.
A °w | 8B) and other west. Antarctic igneous rocks. Plots of

Landfall Peak Adamellite (fig. 8C) again differ mark-
edly from the Andean and west Antarctic groups of
rocks, but are similar to those of the Jones Mountains
old volcanic rocks. The plots of the Eights Coast pink
granitic rocks, Jones Mountains intrusive rocks, and
Clark Mountain Adamellite resemble one another but
are not like those of other rocks.

Alllll!lLLllll

LI T T 1 T T T

EXPLANATION

4 Eights Coast batholith + Jones Mountains older volcanic rocks
(Craddock and others, 1964a)

A Eights Coast pink granitic rocks

O Jones Mountains intrusive rocks
(Craddock and others, 1964a)

T T |

®

Eights Coast
variation curve

o Antarctic Peninsula, Expedition

Antarctique Frangaise,

__ — 1903-05 (Hamilton, 1961) x Landfall Peak Adamellite
+
Fand o - o Andean granite-gabbro suite C Clark Mountains (Boudette
| Andean variation curve B (Adie, 1955) and others, 1966)
] o__ B—
- . 5@f Eights Coast variation curve - . . . .
oL L I | F1cURE 4.—Silica variation diagram comparing the chemistry
50 55 60 65 70 75

SiO, of some west Antarctic rocks.
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EXPLANATION

A
Eights Coast batholith
A
Eights Coast pink granitic rocks

L]
Andean granite-gabbro suite
o
Marguerite Bay basement complex
x
Landfall Peak Adamellite

+

Jones Mountains older volcanic
rocks

o
Jones Mountains intrusive rocks

n
Expédition Antarctique Frangaise
e Altered (Adie, 1955)
]
Expédition Antarctique Frangaise
(Hamilton, 1961)

C
Clark Mountains (Boudette and
others, 1966)
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Numbers refer to samples
in table 1

Na, 0+K,0 B MgO0

FIGUIEE 5.—Comparispn of the compositions of some rocks from West Antarctica. 4, K:0-Na,0—-CaO; B, FeO-Na,0+
K.0-MgO. Total iron as FeO (weight percent). Variation curves for Andean granite-gabbro suite and Marguerite Bay
basement complex from Adie (1955, 1964). Numbers refer to sample numbers in table 1.
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EXPLANATION

A
Eights Coast batholith

A
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x
Landfall Peak Adamellite

Jones Mountains older voicanic
rocks
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Jones Mountains intrusive rocks
.
Andean granite-gabbro suite

[
Antarctic Peninsula, Expédition
Antarctique Frangaise
(Adie, 1955)
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Expédition Antarctique Frangaise
(Hamilton, 1961)

Cc
Clark Mountains (Boudette
and others, 1966)

Numbers refer to samples
in table 1

Ab

An

FIGURE 6.—Plot comparing norms of some igneous rocks from West Antarctica.

AGE CORRELATIONS

The Eights Coast batholith has been interpreted to
be at least Jurassic (150 m.y.) in age (Drake and
others, 1964) and to have undergone a thermal event
about 97 m.y. ago. The foliated quartz diorite from the
east end of Thurston Island is similar chemically and
petrographically to the foliated rocks of the Eights
Coast batholith and is probably of the same age. Crad-
dock and others (1964b), however, report a Rb-Sr
biotite age of 280 m.y. (Late Pennsylvanian-Early
Permian) for the gneissic quartz diorite. It seems likely,
therefore, that the Eights Coast batholith, including
the quartz diorite from Thurston Island, is at least as
old as Late Pennsylvanian. The lead-alpha age of zircon,
150 m.y. (Jurassic), from the Eights Coast sample is
considered anomalously young.

The Landfall Peak Adamellite is not foliated, nor is
there any petrographic evidence of recrystallization.

A Permian age, however, is certainly not impossible,
as suggested by the 250-m.y. lead-alpha age. Pink gran-
ite in the Jones Mountains has a minimum Late Trias-
sic age, so Mesozoic plutonism is not impossible. If, on
the other hand, the Landfall Peak Adamellite is related
to the older volcanic rocks in the Jones Mountains, as
suggested by the scanty available data, the 150-m.y.
(Jurassic) age as given by the K-Ar method would
be reasonable, as the volcanic rocks probably are be-
tween 104 and 199 m.y. old (Craddock and others,
1964a). It is also possible that the Eights Coast batho-
lith, the Landfall Peak Adamellite, and the Jones
Mountains pink granite all date from the Paleozoic,
the contained isotopic clocks being variously reset by
Andean plutonism. This solution would mesh nicely
with Halpern’s concept of an Andean plutonic-orogenic
belt marginal to or superposed on a Paleozoic “Sam-
frau” plutonic-orogenic belt in this area.
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EXPLANATION
A
Eights Coast batholith

A
Eights Coast pink granitic rocks

X
Landfall Peak Adamellite
+

Jones Mountains older volcanic
rocks

o

Jones Mountains intrusive rocks
L]

Andean granite-gabbro suite

[ ]

Expédition Antarctique Frangaise

(Adie, 1955)

[u]

Expédition Antarctique Frangaise

(Hamilton, 1961)

[o]
Clark Mountains

Numbers refer to samples
in table 1

Jones Mountains older

Plagioclase

Orthoclase

FIcUReE 7.—Plot of norms of some igneous rocks from West Antarctica.
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AMPHIBOLITES NEAR SALIDA, COLORADO

By RALPH E. VAN ALSTINE, Washington, D.C.

Work done in cooperation with the Colorado Geological Survey

Abstract.—Field and chemical evidence is given for the origin
of five Precambrian amphibolite samples from the Salida area,
Colorado. It is concluded that concordant bodies of amphibolite
were metagabbro sills at three of the localities and metabasalt
flows at the other two. The chemistry and mineralogy of these
two types of amphibolite are contrasted. The gabbroic rocks
have lower differentiation indices and higher crystallization
indices than the basaltic rocks. The amphibolites follow trends
of basic- or middle-stage differentiates and not those of sedimen-
tary rocks. The plotted relationships of Ni, Cr, and Niggli ti to
Niggli mg for these amphibolites also are typical of basic igne-
ous rocks.

In the Salida area, Chaffee County, Colo., many am-
phibolite masses are conformably interlayered in a Pre-
cambrian crystalline complex predominantly of sedi-
mentary origin. Comparable bodies of hornblende gneiss
and schist in areas immediately to the west (Dings and
Robinson, 1957, p. 6) and north (Van Alstine, 1969, p.
6) were considered to have been produced by meta-
morphism of sedimentary rocks, although, in the west-
ern area, Stark (1934, p. 1005-1006) had recognized
that the schist “grades into ellipsoidal greenstone not
unlike the pillow lavas of the Lake Superior region.”
Rocks in the Salida area are less metamorphosed than
those to the north and west, however, and it was thought
that study of these amphibolites might reveal their ori-
gin. Five of the amphibolite masses, therefore, were ex-
amined in the field and studied petrographically in thin
section, and chemical analyses were tested statistically
to determine whether the rocks were of sedimentary or
igneous origin. The investigation is part of a project
conducted in cooperation with the Colorado Geological
Survey.

On the basis of the field and laboratory studies, the
five amphibolites are of igneous origin. Three are inter-
preted as metagabbro sills and two as metabasalt flows.
This paper describes the evidence leading to these con-
clusions. Statistical testing of the chemical analyses
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followed techniques developed by Leake (1963, 1964),
Shaw and Kudo (1965), and van de Kamp (1969).

FIELD AND PETROGRAPHIC RELATIONS

The amphibolites are interlayered with metasedimen-
tary rocks consisting of black fine-grained amphibolitic
and biotitic schists and phyllites, light-colored arkosic
gneisses and quartzites, quartz-andalusite-sillimanite-
garnet micaceous schist, quartz-plagioclase-cordierite
schist, and skarn. The cordierite-bearing rock locally
contains zoisite, phlogopite, tale, chlorite, gahnite, gar-
net, tourmaline, and accessory magnetite, sphene, apa-
tite, and zircon.

Except for dikelike extensions from sills, the amphi-
bolite bodies have concordant contacts with the adjacent
rocks. In the area north of Salida (fig. 1) the amphib-
olites strike about N. 50° E. and dip 60° SE.; south-
west of Salida those sampled strike north and dip 60°
W. (fig. 2). In the area to the north the amphibolites
range in thickness from about 2 to 350 feet, whereas
those investigated to the southwest are 1-3 feet thick.

The original textures of the now strongly foliated
amphibolites were largely obliterated during recrystal-
lization to the almandite-amphibolite facies of regional
metamorphism, but locally diabasic and amygdaloidal
textures are present, and crystals of hornblende contain
remnants of diopsidic pyroxene. Green hornblende
forms 45-63 percent of the metagabbros and 73-74 per-
cent of the metabasalts. The rest of the rocks consist
largely of plagioclase ; indices of refraction indicate that
the composition is Ans; to Ang; in metagabbros and
about An;, in metabasalts. One medium-grained meta-
gabbro contains plagioclase crystals as long as 7 mm;
all the other rocks are fine grained. A few flakes of bio-
tite are found in one of the metagabbros, and quartz
forms nearly 15 percent of another metagabbro. Quartz
also is present in amygdules in the metabasalt, where
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F1cURE 1.—Generalized geologic map of the Salida area, Chaffee County, Colo., showing five amphibolite localities.
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FI1cURE 2.—Amphibolite along U.S. Highway 285 southwest of
Salida, Colo. Black sills of metagabbro cut light-colored gneiss;
pick (right center) shows scale.

it constitutes an estimated 2 percent of the rock. Horn-
blende appears to have formed later than plagioclase.
In the quartz gabbro, quartz and magnetite embay the
hornblende and other earlier formed minerals.

CHEMICAL RELATIONS

Comparison of analyses of the amphibolites in table 1
indicates some chemical differences between the meta-
gabbros and metabasalts. The metagabbros are higher
in magnesium oxide and calcium oxide contents than
the metabasalts; total iron exceeds magnesia in all sam-
ples. The metabasalts have higher values of Si0,, K.O,
Be, Nb, Pb, Sr, V, Y, Yb, and Zr than the metagabbros.
These amphibolites have no normative corundum and
almost no carbonate; thus they are not aluminous or
calcareous metasediments. All these rocks have low
Niggli k values, 0.15 or less, which is typical of ortho-
amphibolites. With respect to normative minerals and
Niggli parameters (Niggli, 1954), the metabasalts have
more orthoclase, ferrosilite, apatite, alk, and si than the
metagabbros, but have no forsterite or fayalite and
contain a less calcic normative plagioclase.

The two metagabbros have 4.5 and 10.5 normative
olivine and are olivine tholeiites. In the Needle Moun-
tains of southwestern Colorado, amphibolites considered
by Barker (1969, p. A7T-A9) to be metamorphosed oli-
vine tholeiites have similar chemical analyses and min-
eralogy; pillow structures show that they are at least
partly metavolcanic. Barker (1969, p. A19-A21) re-
ported that other amphibolites in the area are inter-
layered with gneiss and have tholeiitic basalt composi-
tions, normative quartz, hypersthene, and no olivine.

PETROLOGY

TABLE 1.—Chemical compositions of amphibolites, Salida area,
Chaffee County, Colo.

Metagabbro Metabasalt
Specimenno___..__.. 1 2 3 4 5

Chemical analyses ! (weight percent)

SiOp . 48. 56 47.24 49.58 51.82 51. 40
AlOp . 15. 70 19.79 16.27 17.80 15. 07
FeOs________ 2. 96 3. 17 6. 88 2. 62 3. 98
FeO___________ 7. 25 6. 44 5. 49 6. 60 8. 91
MgO:ooeene 8. 46 5. 57 6. 57 5. 00 3.99
CaO__________ 10. 65 12.82 11.18 9. 33 9. 64
Na,O____ _____ 2. 94 2. 12 .75 3. 45 2. 78
KO .. . ___ 35 .57 14 . 83 . 58
HO—_________ 14 .16 08 02 02
H 04 1.19 1. 00 1. 00 1. 08 1. 36
TiOg_ . ______ 90 . 80 1. 30 96 1. 48
POs____ _____ 33 . 34 .35 41 45
MnO_____ .. 29 .14 . 38 17 23
F____ 14 .10 s AT 12 16
COo . 00 .02 .02 04 02
Subtotal_____ 99.86  100.28 100.16 100.25 100. 07
Less O______ . 06 . 04 .15 .07 .10
Total________  99.80 100.24 100.01 100.18 99. 97
Semiquantitative 6-step spectrographic analyses ?
Ag . L L L L L
Ba____________ 0.010 0.015 0.020 0.1 0. 020
Be____ . _ L N L .0001 . 0001
Co__ . ____ . 005 . 002 . 005 . 003 . 005
Cro___ . .02 . 003 .01 .01 L
Cu____________ . 0007 .003 . 003 . 003 . 003
Ga____________ . 0015 . 0015 . 0015 . 0015 . 0015
517, [y T . 0003 N .0003 .0007 N
Nb____________ N N .0003 .0005 . 0005
Ni_ . . 015 . 003 . 005 . 007 L
Po____________ N N N .0015 . 0010
Se____________ . 005 . 0015 . 005 . 003 . 005
Sro____ .02 .03 .05 .07 . 05
V.o . 015 .01 .02 . 015 .03
Y . . 002 . 0015 . 003 . 003 . 005
Yb_oo_ o ___ .0002 .00015 .0003 .0003 . 0005
Zr______ _____ . 005 . 002 . 005 . 007 . 007
Norms (weight percent)
Quartz. .- wc-o- 0 0 13. 6 1.3 6. 8
Corundum_____ 0 0 0 0 0
Orthoclase_____ 2.1 3.4 0.8 4.9 3.5
Albite_ ________ 25. 3 18. 1 6. 4 29.5 23. 8
Anorthite______ 29.0 43. 2 41.0 30. 9 27. 3
Wollastonite_ _ _ 9.0 7.6 4.9 5. 2 7.2
Enstatite_ _____ 1.5 10. 1 16. 5 12. 6 10. 1
Ferrosilite_ _ __ _ 5. 4 5.9 3.0 8. 8 11. 2
Forsterite______ 6.9 2.7 0 0 0
Fayalite_ ______ 3.6 1.8 0 0 0
Magnetite_ - - __ 4, 4 4.6 10. 1 3.8 5 8
Ilm%nite _______ LT 1.5 2.5 1.8 2.8
Apatite________ .8 .8 .8 1.0 1.1
Fluorite_ _ - -_ 2 .1 .3 .2 .3
Total______ 99. 9 99. 8 99.9 100.0 99. 9

See footnotes at end of table.
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TaBLE 1.—Chemical compositions of amphibolites, Salida area,
Chaffee County, Colo.—Continued

Metagabbro Metabasalt
Specimen no_._...... 1 2 3 4 5
Niggli values
al_____________ 20. 61 26.50 22.68 26.59 22. 85
fm____________ 47. 11 36.79 47.04 38.25 42, 68
Co e 25. 42 31.21 28.34 25.34 26. 58
alk____________ 6. 85 5. 50 1. 93 9. 82 7.89
) S 108.20 107.34 117.31 131.36 132 26
P 1.51 .37 231 1.83 2. 86
Poco oo .31 .33 .35 .44 .49
ho . 8. 84 7. 58 7.89 9. 13 11. 67
koo ___. .07 .15 .11 .14 .12
mg ..o . 60 .51 .49 .49 . 36
si/ .. 127.39 121.98 107.73 139.28 131. 55
(o P —19.20 —14.64 9.58 —7.92 .71
Salic._________ 55. 71 64.04 61.26 65. 87 60. 57
Femic_________ 43. 04 34.92 37.68 33.00 38. 01
Differentiation
index________ 27. 4 21.5 20. 8 35.7 34.1
Crystallization
index________ 52. 4 59.6 58. 0 44. 0 39.3

L, element detected, but below limit of determination; N,
element looked for but not detected. Other elements looked
for but not detected: As, Au, B, Bi, Cd, Ce, Eu, Ge, Hf,
In, La, Li, Pd, Pt, Re, Sb, Sn, Ta, Te, Th, Tl, U, W, Zn.
1 Standard rock analysis by Ann Vlisidis, Paul Elmore, and Sarah Berthold.

2 Semiquantitative spectrographic analysis by Joseph Harris. Spectrographic re-

sults are reported in percent to the nearest number in the series 1.9, 0.7, 0.5, 0.3, 0.2,

0.15, 0.1, and so forth, which represents approximate points of group data on a geo-
metric scale.

In figure 3, which is a ternary diagram for alk
(K.0+Na,0), F (FeO+2Fe,0;+Mn0O), and M
(MgO), the two olivine metagabbros plot near each
other; the two metabasalts are close to them but are

AV4 AV4 AV A\ N AV
10 20 30 40 50 60 70 80 90

alk

Fieure 3.—Ternary variation diagram of alk (K:0+4Na:0),
F (FeO+2Fe.0;4+Mn0O), and M (MgO) relations for five
amphibolites, Salida area, Colorado. Specimens are same
as in table 1.
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richer in alkalies and poorer in magnesia. The third
metagabbro, which actually is a quartz gabbro, is high
in Al,O;, Fe,O;, and normative quartz, and low in
FeO, N2,0, and K,O. It contains the most calcic norma-
tive plagioclase (Ang); its Fe,0s;/FeO ratio is 1.3,
whereas that ratio for the other four rocks ranges from
0.40 to 0.49.

Two methods * for distinguishing orthoamphibolites
and para-amphibolites gave slightly different results
when applied to the five analyses of amphibolites from
the Salida area. The X, discriminant function, using
Cr, V, Ni, Co, Se, Sr, Ba, and Zr, gave positive (igne-
ous) values for all five rocks analyzed (table 2) ; rocks

TaBLe 2.—Amphibolite discriminant functions for five rocks
from the Salida area, Colorado

{Methods of Shaw and Kudo (1965)]

Specimen number.._.__._.________ 1 2 3 4 5
Diseriminant X;__._______ 5.8 2.9 9.3 4.8 12. 0
Discriminant X, . ______ 1.4 —.5 .4 —.4 1.5

of sedimentary origin have negative values by this
method. The X, discriminant function, using oxides of
Ti, Al, Fe, Mn, Mg, Ca, P, and C, gave positive (igne-
ous) values for two of the analyses. The calculations for
the other three amphibolites were so close to zero that
little confidence could be given to their discriminatory
value; two amphibolite calculations gave slightly nega-
tive (sedimentary) values, and one result was slightly
positive (igneous). An X, discriminant function of
Shaw and Kudo (1965, p. 431) was not calculated for
the amphibolites as it uses only values of cobalt and
scandium and was regarded by the authors as less relia-
ble than their two other discriminant functions.

Niggli mg-c plots (fig. 4) for the five amphibolites
are closer to the differentiation trend of mafic igneous
rocks than to trends of sedimentary rocks approxi-
mately at right angles to this trend (Leake, 1964, fig. 1).
All five analyses plot with mafic igneous rocks and not
with pelitic rocks or graywackes (Rivalenti and Sighi-
nolfi, 1969, fig. 2). A triangular plot of Niggli mg, ¢,
and al-alk (fig. 5) similarly shows that the five analyses
closely follow the trend of Karroo dolerites rather than
sedimentary compositional trends (Leake, 1964, fig. 2).
All five analyses fall within the area of middle-stage
differentiates.

1 Discriminant functions after Shaw and Kudo (1965) :
X;= —2.69 log Cr —3.18 log V —1.25 log Ni +10.57 log Co +7.73
log Sc¢ +7.5¢4 log Sr —1.95 log Ba —1.99 log Zr —19.58
— 7.07 log TiO, +1.91 log ALO, —3.29 log Fe,0, +8.48 log FeO
+2.97 log MnO +4.81 log MgO +7.80 log CaO +3.92 log P20s
+4-0.15 log CO: —15.08
Major oxides in weight percent.
Trace elements in parts per million.

X

3
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Freure 4—Niggli ¢ (Ca0) and mg (MgO/FeO+4-MnO-2Fe.0;+
MgO) variation diagram for five amphibolites, Salida area,
Colorado. Trend lines for Karroo dolerites and for sedimen-
tary mixtures from Leake (1964, fig. 1) and Rivalenti and
Sighinolfi (1969, fig. 2).

differentiates
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FieURE 5.-—Ternary variation diagram of Niggli mgX100, c,
and al-alk (Al:0s—Na.O+K:0), recalculated to 100, for
five amphibolites, Salida area, Colorado. Trend lines for
Karroo dolerites and for sedimentary mixtures from Leake
(1964, fig. 2).

Plots of Niggli mg and ¢ against si (fig. 6) show that
mg and ¢ vary inversely with si for the five orthoam-
phibolites. For graywackes, Rivalenti and Sighinolfi
(1969, p. 180-183) found no such correlation between
these values. A plot of Niggli ¢ against al-alk (fig. 7)
shows that the five amphibolites are well within the
boundary of the igneous field and not with graywackes
on the boundary of the igneous and sedimentary fields
(Rivalenti and Sighinolfi, 1969, p. 180). ,

As Orville (1969) suggested, all hornblende-plagio-
clase assemblages regardless of their igneous or sedimen-
tary origin have compositions very much like those of

amphibolites, Salida area, Colorado.

al-alk

Fieure 7.—Plot of Niggli ¢ and al-alk for five
amphibolites, Salida area, Colorado, A, B, C, D,
and E approximate the fields of pelites, gray-
wackes, igneous rocks, dolomites, and lime-
stones, respectively. Partly from Rivalenti and
Sighinolfi (1969, fig. 3) and from van de
Kamp (1969, fig. 1).

mafic igneous rocks; therefore, bulk compositions are
not necessarily diagnostic of origin, and certain minor
elements, such as Ni, Cr, and T4i, may he more discrimi-
natory than other constituents. In figure 8, which is a
plot of Niggli ti and nickel and chromium contents
against Niggli mg values for the five amphibolites, an
increase of mg is accompanied by a marked increase in
nickel and chromium and a decrease in ti. These abun-
dance ranges and relationships are typical of mafic
igneous rocks, whereas nickel and chromium in mixtures
of pelitic sedimentary rocks with dolomite or limestone
increase with decrease of mg (Leake, 1963, p. 1194; van
de Kamp, 1969, fig. 3). A chemical analysis (Joseph
Harris, U.S. Geological Survey, analyst, July 1, 1966)
of a metasedimentary quartz-feldspar gneiss near the
amphibolites north of Salida shows that all five amphi-
bolites are consistently higher than the gneiss in Al,
Cr, Fe, Mg, Ni, Sc, Sr, Ti, and V, and lower in Be, K,
and Si.
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Ficure 8.—Plot of Niggli mg, Niggli ti, and
Ni and Cr contents for five amphibolites, Sa-
lida area, Colorado.

Plots of the differentiation indices of the amphibol-
ites against the major oxides (fig. 9) show that these
indices vary directly with SiO, and inversely with MgO
and CaO. The differentiation indices (Thornton and
Tuttle, 1960), which are the sums of the weight percent-
ages of normative quartz, orthoclase, and albite, range
from 20.9 to 27.3 in the metagabbros and from 34.1 to
35.7 in the metabasalts (table 1). The above relations
between the indices and these major oxides are those
shown by other igneous rocks whose composition be-
comes progressively more mafic, as suggested by Thorn-
ton and Tuttle (1960, p. 676).

Crystallization indices (Poldervaart and Parker,
1964, p. 285), measures of the progression of igneous
rocks from the primitive system anorthite-diopside-for-
sterite, were calculated for the five amphibolites of the
Salida area (table 1). As the indices for the three meta-
gabbros range from 52.4 to 59.6 and those of the meta-
basalts are 39.3 and 44.0, the olivine metagabbros are
less differentiated than the metabasalts. Ali but one of
the rocks are within the gabbro (basalt) field when the
crystallization indices are plotted against normative
quartz (fig. 10).
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FicUre 9.—Plot of the differentiation indices of five Salida area,
Colorado, amphibolites against SiO., MgO, and CaO. Con-
toured diagrams represent 5,000 analyses of igneous rocks
from Washington’s tables (Thornton and Tuttle, 1960, p.
674-678).
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F16URE 10.—Plot of the crystallization indices and norma-
tive quartz for five amphibolites, Salida area, Colorado.
Four indices fall within the outlined gabbro (basalt)
field (Poldervaart and Parker, 1964, fig. 2).

As an indication of the oxidation state, oxidation

2Fe,0; X 100

for the five amphibolites from the Salida area (table 3).
As this ratio gives the percentage of ferric atoms in
total iron atoms, a rock containing only magnetite
would have an oxidation ratio of 66.6 (Chinner, 1960,
p. 186-187). If the quartz metagabbro that is richest
In magnetite (specimen 3) is excluded, the average oxi-
dation ratio of the amphibolites is 28, which agrees well
with oxidation ratios for some other mafic igneous rocks.
The average Connemara striped amphibolites of Ire-
land, which Evans and Leake (1960, p. 354, 361) showed
to be metamorphosed rocks of basaltic composition,
have an oxidation ratio of 28.9, and the average Watch-
ung Basalt of New Jersey has an oxidation ratio of 26.1
(Preto, 1970, p. 780).

Barth (1948; 1955, p. 354) has reported that in the as-
sociation of 100 cations with approximately 160 oxygens
in ordinary rocks, the oxygen shows a strong tendency
to accumulate in quartz and feldspars near the surface
and to become scarcer with depth in olivines, pyroxenes,
and related silicates. The numbers of oxygen ions needed
to combine with cations in the five amphibolites of the
Salida area are calculated at 153 and 155 for the two
metagabbros and 157 and 158 for the two metabasalts.
For the quartz metagabbro, the number of such oxygen
lons is 160 ; this slightly greater number may be a reflec-
tion of the late-formed quartz and magnetite in this

ratios expressed as mols were calculated
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TasLe 3.—Ozxidation ratios of amphibolites from the Salida area,
Colorado

[Fe:03 and FeO values in weight percent]

Specimen number ___________._ 1 2 3 4 5
FeOs . 2.96 3.17 6.88 2.62 3.98
FeO__________________. 7.25 6.44 549 6.60 891
Oxidation ratio. ________ 26.8 30.7 53.1 26.2 286

rock. Although the genetic relations of the metagabbros
to the metabasalts are unknown and the rocks probably
were emplaced at different levels of the crust, any
slightly greater oxygen values originally in the extru-
sive rocks may have been preserved in spite of metamor-
phism of both rock types to the amphibolite stage.

CONCLUSIONS

Chemical analyses of Precambrian amphibolites of
the Salida area support field evidence that the concor-
dant bodies were metagabbro sills and metabasalt flows.
One method for discriminating between orthoamphibo-
lites and para-amphibolites gave igneous values for all
five amphibolites from the Salida area. A second method
gave igneous values for two of the analyzed rocks, and
calculations for the other three were so close to zero
that they lack discriminatory value. These amphibolites
follow trends of middle-stage differentiates and not
those of sedimentary rocks.
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MINOR-ELEMENT CHANGES IN PELITIC BELT ROCKS CAUSED BY
METAMORPHISM IN THE PEND OREILLE AREA, IDAHO-MONTANA

By J. E. HARRISON and J. C. HAMILTON, Denver, Colo.

Abstract.—Changes in trace-element content during regional
and cantact metamorphism of certain Belt argillites and siltites
have been examined by means of quantitative spectrographic
and wet chemical analyses. Identification of changes during
metamorphism is complicated by a considerable range in original
content plus increased variability in both rock types during
metamorphism. Trends suggest loss of B, Co, Cr, and Ni, and
perhaps Ba, Pb, S¢, and V. Sr and perhaps Ga have increased
in contact-metamorphosed rocks. Data on Cu do not indicate
clearly whether the Cu content has increased or decreased
during metamorphism. They do indicate that Cu has been re-
distributed to some degree, which suggests that metamorphic
processes should not be discarded as potential contributors to
stratabound copper deposits in Belt rocks.

Recent comparative studies of the geochemistry of
Belt rocks from two widely separated areas in Idaho
and Montana (Harrison and Grimes, 1970) suggested
that further investigation of the Idaho area might pin-
point changes in minor-element content during regional
and contact metamorphism of Belt rocks. The earlier
studies used semiquantitative spectrographic methods
of analysis, which revealed some trends of change and
hinted that others might be present. We hoped that
quantitative spectrographic analysis would document
trends identified in the earlier studies as well as reveal
further trends not identifiable by the less precise semi-
quantitative method.

We selected a total of 88 samples of 2 rock types from
each of 2 formations for the current study. Previous
studies indicated that the pelitic rocks—argillites and
siltites—were more uniform from place to place than
psammitic or carbonate rocks. The pelitic rocks, there-
fore, offered a better opportunity to examine small
chemical changes due to a metamorphic process, because
the original chemical variability was small and not as
likely to mask small differences resulting from meta-
morphism. In addition, certain pelitic rock types could
be identified with confidence in the higher grade meta-
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morphic zones where schists and gneisses had been
formed from the argillites and siltites.

Spectrographic analytical techniques used in this
study have been described elsewhere (Bastron and
others, 1960). The generally low content of lead and
zinc required that we use a wet chemical method de-
scribed by Holmes (1945) for determination of these
elements. Precision of the spectrographic method for
several elements in sedimentary rocks similar in minor-
element content and general chemistry to Belt rocks is
given by Barnett (1961) in terms of the coefficient of
variation for a single spectrographic determination. The
precision ranges from 6 to 20 percent, with most ele-
ments at about 10 percent. Using similar calculations,
we determined the precision for a single determination
by the wet chemical method used for low-level lead and
zine to be 17 percent for lead and 32 percent for zine.

GEOLOGIC SETTING

The Pend Oreille area is almost entirely in the Idaho
panhandle (fig. 1). Bedrock of the area is predomi-
nantly rocks of the Belt Supergroup that have been
intruded by scattered plutons of granodiorite of Creta-
ceous age.

Belt rocks of the area are a monotonous sequence, at
least 42,000 feet thick, of argillite and siltite, minor
quartzite, and sparsely scattered limestone or dolomite.
Metamorphism increases from top to bottom: the Mis-
soula Group rocks, uppermost in the Belt, are in the
chlorite-sericite zone of the greenschist facies; second-
ary biotite first appears in parts of the Wallace Forma-
tion; and the Ravalli Group and the Prichard Forma-
tion are in the biotite zone of the greenschist facies.

Metamorphism has also resulted from intrusion of
Precambrian gabbroic sills, Tertiary porphyry dikes,
and Cretaceous granodiorite plutons. Contact meta-
morphic effects from the sills and dikes are generally
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limited to a few feet of hornfels host rocks on each side
of the intrusive sheet, but the Cretaceous plutons have
metamorphic aureoles a few hundred to a few thousand
feet wide approximately proportional to the size of the
now-exposed pluton.

Structurally, the Pend Oreille area represents a
highly faulted west limb of a large syncline trending
approximately north. Large upright to overturned folds
related to thrusting occur in the northwest part of the
area, and smaller folds are scattered throughout the
remainder of the area where faulting or forceful intru-
sion of the Cretaceous plutons has disturbed the rocks.
A major fault, the Hope, transects the center of the area
(fig. 1) ; apparent movement along this fault is about
16 miles right lateral.

Two formations are particularly suited to a study of
metamorphic effects. The Wallace Formation contains
pelitic rocks that are in the chlorite-sericite zone of re-
gional metamorphism in some areas and, mostly in
lower parts of the formation, are in the biotite zone
of regional metamorphism. The Prichard Formation
contains pelitic rocks that are everywhere in the biotite
zone of regional metamorphism, and, at places, are in
the biotite or garnet zone of contact metamorphism.
In addition, increased metamorphism has changed the
normally bedded but biotitic rocks into schistose or
gneissic rocks that still retain some of the original
bedding structures, such as thin black-and-white lami-
nations or the salt-and-pepper aspects of poorly lami-
nated, even-grained siltites. The number of samples of
each metamorphic grade, rock type, and formation used
in this study is given in table 1.

CHEMICAL DATA

Analytical results on selected minor elements of each
sample are given in table 2. Sample localities are shown
on figure 1.

Table 3 presents statistical summaries of the various
groups of samples listed in table 2 on all elements ex-
cept beryllium, the concentration of which was reported
as at or below the sensitivity limit for most samples.
For purposes of calculation, a small number about half-

TasLE 1.—Distribution of samples among formations, rock types,
and metamorphic grades, Pend Oreille area, Idaho

Metamorphic grade
+<—Regional——«—Contact——

Formation Rock type
Chlorite-  Biotitic Biotitic
sericite but gneiss or
bedded schist
Wallace_________ Argillite_______ - 6 5 .
. Siltite__________ 5 11 [
Prichard_________ Argillite________________ 14 24
Siltite. . ______ 8 15

AND HAMILTON
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way between the sensitivity limit and zero was sub-
stituted for the L’s in table 2 as follows: Co, 2; Cu, 1;
Ga, 5; Nb, 10; Ni, 2; and Sc, 2. Where more than half
the samples in a given group were reported as L, no
statistical calculations were made; the mean (X) is
reported in table 3 as less than the sensitivity limit for
the element (for example, Li(50) for boron in one group
of Prichard argillites). All statistical results are re-
ported to two significant figures, in accordance with

standard practice.

INTERPRETATION OF DATA

The standard deviations for most of the elements are
fairly large (table 3). The ratio of the standard devia-
tion to the mean, expressed in percent (coefficient of
variation), ranges from 1 to 169 and averages about 40.
Figure 2 expresses this ratio graphically and also gives
some information about the rocks and the processes
that have affected them.

Large standard deviations in these analyses could
result from imprecision in analytical technique, errors
in sampling or grouping the rock types, original sedi-
mentary ranges in trace-element composition, and vari-
ations resulting from metamorphism. Precision of the
analytical technique averages about 10 percent, which
is considerably less than the average coeflicient of vari-
ation for the sample groups. Much of the copper is in
discrete sulfide minerals unevenly distributed in the
sample; the exceptionally large coefficients of variation
(fig. 2) are in part due to the particulate nature of the
small amounts of copper in these Belt rocks (Harrison
and Grimes, 1970). Element content near the sensitivity
limit of the method results in significant loss of pre-
cision. In the graphs (fig. 2) for Co, Ga, Nb, and Ni,
this is a factor that should cause larger than normal
coefficients of variation. The rocks have been grouped
on the basis of formation, grain size, mineralogy, and
degree of recrystallization. Each of these factors is
readily discernible, although most require petrographic
examination and X-ray analysis. This extra care in
grouping and splitting of pelitic rocks into argillites
and siltites stems from the experience of Shaw (1954),
who had difficulty in discovering trends of trace-
element change during metamorphism, because of con-
siderable range in parent-rock composition. For most
elements, therefore, the graphs are believed to portray
a measure of the original variation in element content
and to give some indication of metamorphic trends.

A consistently large coefficient of variation (all bars
in the graph for a given element are tall) indicates a
large original variation not reduced significantly dur-
ing metamorphism. This seems true in general for cop-
per and lead.
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Ficure 1.—Simplified bedrock geologic map of the Pend Oreille
area, Idaho-Montana, showing localities sampled for argil-
lites and siltites of the Wallace and Prichard Formations.
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The graphs (fig. 2) also show some patterns that
have geologic meaning. The Wallace Formation repre-
sents rocks that are in the incomplete process of being
transformed from chlorite-sericite-zone to biotite-zone
metamorphic grade by regional metamorphism. The
Prichard Formation represents rocks that approach or
are at equilibrium in the biotite zone of regional meta-
morphism, but that at places have been prograded by
contact metamorphism and folding to biotitic schists
and gneisses, some of which contain sparse, tiny gar-
nets. The Prichard Formation is everywhere at least in
the biotite zone of regional metamorphism, and the
Wallace Formation shows no contact metamorphic ef-
fects. We cannot, therefore, study a direct continuum
from chlorite-sericite metamorphic grade to biotitic but
bedded grade to gneissic biotite grade, because we can-
not assume that the original minor-element content of
the Prichard Formation rocks was identical with that
of the Wallace rocks. We can, however, examine trends
of regional metamorphism in the Wallace rocks and
trends of contact metamorphism in the Prichard rocks.
If we consider the paired groups of samples on figure 2
(C-B, B-G, C-B, B-G), it seems evident that for most
elements the metamorphic processes have resulted in
greater variability (the left side of the pair is lower
than the right), or at least the processes at the stage at
which we are examining them have done little to
homogenize the trace-element content for most ele-
ments. If this tendency to shift elements around
so as to make the rocks more variable even at these low
levels of metamorphism is combined with a tendency
to concentrate or remove certain elements, then such
processes operating over the vast areas of Belt rocks
could lead to economic deposits of certain elements.

Possible changes in element content during metamor-
phism are shown on figure 3, where the data from table
3 have been plotted on a semilogarithmic scale for con-
venience. Here again, because of the variability of the
parent rocks and the generally increased variability
caused by metamorphism, we must look only for pat-
terns and not for apparent differences of mean values.
If, however, a pattern of gain or loss is consistent in
two rock types of a formation, or in two rock types of
two formations, then some evidence for an actual change
exists.
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TABLE 2.—Minor-element content of argillites and siltites from the Wallace and Prichard Formations, Pend Oreille area, Idaho

[L, sample reported as containm§ less than the sensitivity limit for the element; leaders (__

sam

_), not determined. Quantitative spcctrographlc a}r:]alyses by J. C. Hamilton (85
Wel

es) and P. R. Barnett (3 samples); wet-chemical analyses by J. B. McHugh, H. G. Neiman, and E. P.

Wet chemical

Quantitative spectrographic analyses (ppm) analyses
(ppm)
Element ... B Ba Be Co Cr Cu Ga Mn Nb Ni Sc Sr V. Y Yb Zr Pb Zn
Sensltivity limit of analytical
------------------------- (50) 3 G ) (2) (2) (10) (2) @ 6 © (10) 1) @ @ (20) 2 (5)
ARGILLITES AND ARGILLITIC ROCKS
Wallace Formation

Chlorite—sericite rocks
1 140 1,200 ____ 7 52 8 swoe 180 cwew 220 16 26 86 40 ____ 240 9 80
2. 120 760 ____ 8 38 3 - 82 ____ 18 13 25 66 40 ____ 260 10 110
Buswsammms s e wws = 130 1,100 ____ 13 55 10 ____ 890 ____ 16 17 40 64 40 ____ 210 4 40
I 100 500 ____ 7 b8 30 ____ 250 ____ 21 17 19 74 40 ____ 220 5 90
B 130 1,000 ____ 6 49 9 ____ 60 ____ 14 13 30 78 50 ____ 450 6 32
6 ___ 120 740 5 9 60 7019 ______ 30 22 14 40 77 60 8 460 6 55

Biotitic but bedded rocks
Tocscncsnvensmpsns = 70 80 L L 15 4 L 440 20 6 9 13 31 40 7 250 b} 18
< Ly 80 680 L 11 69 11 12 350 20 24 21 17 130 40 5 270 b} 38
9 . 80 540 L 8 37 22 L 110 20 14 12 24 54 30 3 220 34 95
10 70 420 8 9 35 12 L 240 L 16 13 21 69 40 4 210 7 50
L 110 660 L 9 69 26 11 180 30 20 23 26 110 50 6 290 22 65

Prichard Formation

Biotitic but bedded rock
12 . 80 960 6 L 66 9 20 430 30 6 17 89 85 70 6 290 24 80
8 . S 60 880 ____ L 66 13 ____ 320 ____ L 18 40 68 30 ____ 180 46 38
L 50 1,100 L 11 74 40 19 640 20 25 16 90 79 50 6 280 22 110
16 . 70 1, 000 6 11 62 23 15 500 20 19 22 63 110 50 6 280 36 110
16 . ____ 50 830 L 7 50 32 10 380 20 18 15 33 74 50 b} 260 8 50
17 . 70 1,100 ____ 9 51 19 ____ 500 ____ 18 16 70 72 40 ____ 300 19 80
8L e s e s o 200 1,200 L 14 62 43 19 430 20 24 18 44 90 40 7 230 14 65
19 o e e 120 1,300 L 11 65 52 21 570 20 25 18 42 130 60 7 300 14 80
20 . 120 1,200 L L 82 8 19 310 20 L 21 74 100 50 7 320 13 42
21 . 90 1,000 L L 28 26 12 310 20 L 12 72 44 30 5 200 8 30
22 . 50 990 9 14 69 38 15 340 20 20 22 55 110 50 6 220 14 75
23 o mmesmma s oy s - 70 1,000 L 11 52 9 17 590 30 21 15 66 96 50 7 250 16 80
24 ___ 110 1,400 L 8 49 31 24 500 30 10 21 42 120 30 b] 240 11 85
25 . 60 1,400 L 8 44 6 16 560 20 14 15 65 66 50 6 260 22 85

Biotitic schist or gneiss
26 ________ L 2,000 L 6 90 4 40 900 30 9 25 140 130 80 9 330 22 70
27 .. L 510 L 6 34 5 L 240 L 12 10 22 44 30 4 260 90 48
28w e se s Sms 100 980 L 10 47 18 13 540 20 20 14 59 79 50 5 250 34 75
29 . L 1, 100 6 L 81 23 21 370 20 L 27 97 130 40 ) 240 19 38
30 160 1,200 L 6 47 33 19 740 20 11 14 45 86 50 6 240 16 48
3l . 80 1,300 L 13 59 80 23 780 20 22 17 92 87 50 6 280 28 95
32 ___ L 1,200 L L 54 34 24 560 30 6 19 110 110 80 6 320 14 60
5 1 S L 1,500 L L 66 11 25 370 30 L 19 90 70 40 4 230 14 40
34 _ . L 1,100 L L 70 9 21 110 30 5 14 120 60 50 5 260 9 38
30 L 1,000 L L 61 20 24 320 30 L 16 110 60 50 4 240 14 40
36 ___ L 1,300 L L 62 28 23 70 30 L 18 55 70 60 4 240 14 3C
37 ___ L 900 L L 60 12 19 690 30 L 15 190 70 60 6 300 15 70
b 1 S L 890 L L 39 42 20 460 20 5 16 77 60 40 4 240 28 60
39 o ___ L 1,400 L L 68 32 23 460 30 8 19 31 100 60 5 240 14 50
40 110 1,200 L 8 64 32 24 420 30 16 17 37 100 60 5 210 7 90
41 . L 1, 300 8 8 10 4 10 690 30 12 23 76 110 70 7 310 25 95
42 L 1,200 L L 62 19 24 270 20 L 18 56 100 40 3 180 20 42
3 L 1,600 L L 41 8 18 240 20 L 10 140 66 40 4 230 15 29
Ao e o L 1 000 L L 30 L 17 150 20 L 10 68 49 40 4 240 5 10
45 . L 920 L L Hl 6 19 430 20 L 14 210 86 40 4 260 20 38
46 _ . L 780 L L 30 8 12 180 20 L 14 140 46 40 3 260 5 10
47 . L 940 L L 65 14 29 570 30 L 19 96 120 60 6 290 15 45
48 _ _ _________ L 950 L L 49 16 23 350 20 L 13 98 72 80 7 290 5 37
;1| O — L 1,200 L 8 67 24 26 450 30 14 22 84 120 80 6 270 30 44
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TABLE 2.—Minor-element content of argillites and siltites from the Wallace and Prichard Formations, Pend Oreille area, Idaho—Continued

[L, sample reported as containing less than the sensitivity limit for the element; leaders (____.), not determined. Quantitative spectrographic analyses by J. C. Hamilton (85
samples) and P. R. Barnett (3 samples); wet-chemical analyses by J. B. McHugh, H. G. Neiman, and E. P. Welsch]

‘Wet chemical
Quantitative spectrographic analyses (ppm) analyses

(ppm)
Element_ .. .. ______....__ B Ba Be Co Cr Cu Ga Mn Nb Ni Sc Sr v Y Yb Zr Pb Zn
Sensitivity limit of analytical
method. .. ... (50) 3) (O] 2) @ 10 @ @ 6 O 10) 1) @) @ @ @ (5)
SILTITES AND SILTY ROCKS
Wallace Formation

Chlorite-sericite rocks:
50 . 190 1,000 ____ 13 69 16 ____ 62 ____ 21 18 23 76 40 ____ 280 25 42
5Y . 150 820 ____ 6 42 8 ____ 670 ___. 22 11 26 59 30 ____ 260 9 38
52 .. 320 820 ____ 14 51 10 ___. 200 ____ 15 14 28 76 30 ____ 240 34 75
(13 T 90 730 ____ 19 29 20 ____ 93 ____ 20 6 24 40 30 ____ 190 24 38
b4 . 110 780 __._ L 48 12 ____ 130 ____ 21 10 29 52 30 ____ 310 8 80

Biotitic but bedded

rocks:

5b o __ 70 630 L 9 35 20 L 180 20 17 12 21 52 40 4 220 19 60
56 ______ 60 410 L 7 41 28 L 200 L 14 10 24 62 30 4 350 18 48
57 e ___ 110 860 7 6 54 9 L 530 20 20 13 17 74 30 4 230 18 85
58 .. 60 360 L 10 48 7 13 ______ 30 21 12 50 58 40 5 370 9 65
59 _ 140 880 ____ 13 44 13 ____ 160 ____ 27 14 28 68 50 ____ 270 15 65
60_________________ 50 200 L 13 33 64 L 460 L 26 8 13 42 30 4 300 12 140
61__ . __. 70 440 8 13 40 92 L 340 20 29 13 24 67 50 5 280 7 50
62 _ o __ 50 760 L L 25 18 L 46 20 11 9 14 40 30 4 220 19 70
63 __ 90 1,700 L L 23 360 L 100 L 15 9 82 32 40 5 340 6 32
64__ . ____ 90 710 L 6 25 22 L 200 20 12 8 33 52 30 4 180 26 110
65 o __. 50 250 L L 30 16 L 180 20 11 11 23 37 50 6 570 60 90

Prichard Formation

rocks
66_ . L 670 L 7 20 4 L 28 L 9 9 35 29 40 5 300 8 8
67 . L 970 L 8 52 19 13 440 30 10 18 65 78 40 5 340 12 30
68 _ . 50 890 L 9 55 26 16 440 20 17 20 55 86 60 7 290 19 85
69 . L 680 ___. 8 41 17 ____ 340 ____ 13 13 62 54 40 ____ 200 16 85
70 . L 800 L 8 52 11 12 410 30 15 16 93 81 60 5 430 10 36
71 __ 50 610 L 15 55 56 10 700 30 31 16 150 81 50 5 350 26 120
72 . L 460 L 7 31 30 L 340 30 12 10 45 42 40 3 330 13 38
4 T L 460 L 12 22 34 L 390 L 16 8 57 40 30 3 180 36 42
Biotitic gneis s or schist
T4 . L 690 L L 23 3 12 400 20 10 8 110 40 40 4 330 14 50
£ L 740 7 7 110 10 20 670 30 11 19 230 120 70 7 370 28 85
76 .. L 540 L L 26 4 16 440 20 9 8 180 40 40 4 260 11 42
A S L 520 L L 26 26 13 320 30 5 10 120 40 70 6 390 13 32
78 . L 530 L 7 22 3 16 540 30 9 10 88 40 50 4 260 13 75
79 o ___. L 110 L L 11 4 L 210 20 5 8 130 40 40 3 210 14 36
80 ... L 960 L L 19 8 L 460 20 L 5 110 40 40 4 420 75 46
81 . L 890 7 7 68 14 10 480 20 L 17 98 82 60 5 360 20 40
82 . L 610 L L 22 5 L 350 20 L 8 74 34 40 3 320 15 12
83 . L 880 L L 45 4 12 270 20 8 9 260 54 40 3 240 5 10
84 _ . L 360 L L 23 4 L 300 20 L L 96 22 40 3 590 5 10
85 o L 470 L L 18 3 L 220 L L L 37 20 40 3 360 20 10
86 _ o __ L 380 L 14 81 19 23 1,000 30 44 24 290 110 90 9 550 15 67
87 . L 670 L 13 30 34 14 200 20 26 8 76 47 50 4 330 5 27
88 .. L 780 L L 52 8 24 340 30 L 16 140 92 70 7 290 5 43
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TABLE 3.—Average minor-element conlent, in parts per million, of argillites and siltites from the Wallace and Prichard Formations,
Pend Oreille area, Idaho

[Metamorphic grade: C, chlorite-sericite; B, biotitic but bedded; G, biotitic gneiss or schist. ')—(, mean; s, standard deviation. L followed by number in parentheses, indeter-
minate amount less than the number given; leaders (--..), insufficient data}

Argillites and argillitic rocks

Siltites and silty rocks

Wallace Formation Prichard Formation Wallace Formation Prichard Formation
C B B G C B B G
X ] X s X s X s e s X s X s X s

42 L(50) . ..._._. 170 91 76 29 L(50) ... L0y ...

180 100 300 830 100 650 420 690 610 23
4.4 | 714:) I 11 6.8 7.5 4.4 9.2 2.8 L) --._.__.

14 54 18 48 15 36 10 41 15 8 28
16 20 17 13 4.8 59 100 25 16 9.9 9.5
7.2 21 6.8  eieo- L(10) ... 82 53 12 6.4

130 110 430 220 110 57 190 130 390 180 410 210
7.1 9.2 25 5.9 . 18 8.1 20 12 23 5.9

6. 8.7 6.8 6.3 20 2.8 18 6.6 15 7.0 9.1 12

3 1 18 18 20 11 19 15 18 9.4 16 18
6. 3.0 17 4.5 12 4.5 11 2.1 14 4.4 10 6.2

5. 18 93 47 26 2.5 30 20 70 36 140 73

41 24 84 26 61 16 53 14 61 23 55 31

7. 11 54 15 32 4.5 38 8.7 45 11 52 16
1. 1 .08 5.1 Le 4.5 71 4.7 1.4 4.6 1.8

29 72 50 23 55 21 74 31 55 37 39 24

33 260 41 260 35 260 45 300 110 300 81 350 110

Elements that appear to have decreased during both
regional (as shown by the Wallace Formation) and
contact (as shown by the Prichard Formation) meta-
morphism are B, Co, Cr, and Ni, and perhaps Ba, Pb,
Sc, and V. No elements appear to have increased during
both regional and contact metamorphism, but strontinum
and perhaps gallium show increases during contact
metamorphism alone. The same patterns for B, Co, Ni,
and Sr were suggested by previous semiquantitative
spectrographic analyses of Prichard rocks (Harrison
and Grimes, 1970). The high variability and particu-
late nature of original sedimentary copper, an ele-

ment of especial current interest in Belt rocks, make
measurements of its absolute change during metamor-
phism difficult. A large number of samples of rocks
containing more abundant copper might yield more
conclusive results. It does seem probable, from its in-
creased variability with metamorphism (fig. 2), that
copper has been redistributed somewhat by metamor-
phic processes. If so, the possible effects of metamorphic
changes should not be overlooked as a potential concen-
trating mechanism of stratabound copper ores in Belt
rocks.
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F1eure 2.—Coefficient of variation of minor elements in different formations, rock types, and metamorphic grades. Formations :
hachured, Wallace; solid, Prichard. Rock types: q, argillite; s, siltite. Metamorphic grade: C, chlorite—sericite ; 8, biotitic but
bedded ; G, biotitic gneiss or schist.
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Ficure 3.—Graphs showing changes in average minor-element content during metamorphism, Rock type: a, argillite; s, siltite.
Metamorphic grade: C, chlorite-sericite; B, biotitic but bedded; G, biotitic gneiss or schist.
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STRONTIUM ISOTOPIC COMPOSITION OF TWO BASALTS
REPRESENTATIVE OF THE SOUTHERN SNAKE RIVER

VOLCANIC PROVINCE

By EDWIN H. McKEE and ROBERT K. MARK,!
Menlo Park, Calif., Stanford, Calif.

Abstract.—The isotopic ratios ¥Sr/®Sr from two samples of
Pliocene olivine basalt from north-central Nevada are 0.7056
and 0.7058. These values are similar to those from Snake River
Plain basalts and other upper Cenozoic basalts in north-central
Nevada and support field evidence that the Snake River vol-
canic province extends about 100 miles, in a southerly direction,
from Idaho into Nevada. These basalts have very similar bulk
chemistry to ocean-ridge tholeiites but have ¥Sr/®Sr values
that indicate a significant enrichment in Sr® compared with
ocean-ridge tholeiites.

Recently published data on the strontium isotopic
composition of basalts from the Western United States
have outlined the general framework on which further
isotopic studies, more closely tied to geologic details,
can be related. In particular, the papers of Hedge and
Walthall (1963), Hedge (1966), Leeman (1970), and
Leeman and Manton (1970) have delineated areas
within the Great Basin and adjacent regions (Sierra
Nevada, Snake River Plain, Colorado Plateaus, and
the Arizona part of the Basin and Range province)
in which basalts seem to have consistent and different
87Sr/%Sr values.

In general, basalts from the central part of the Great
Basin have lower 37Sr/*Sr values (about 0.704) than
those from surrounding regions (about 0.706). It should
be noted, however, that the limited number of samples
from this large region and the lack of geologic control,
especially age, may prove such generalizations invalid.

GEOLOGIC SETTING

In this study the isotopic composition of strontium
was measured in two samples of olivine basalt from
north-central Nevada (fig. 1). The samples are from
the top flow of a series of more than 20 upper Miocene

1 Stanford University.

B92

to Pliocene flows that have been mapped and dated by
K/Ar methods, and on which whole-rock analyses are
available. Because the geologic control is good, and be-
cause this flow is representative of a much larger basalt
field, it was felt that its strontium isotopic composition
would have more than average geologic importance.

Primarily on the basis of geologic mapping, but sup-
ported by petrographic studies and age relationships,
the basaltic field north of the town of Battle Mountain,
Nev. (fig. 1), has been considered a southern extension
of the Snake River volcanic province by McKee and
Silberman (1970). The top flow in a series of flows in
the Sheep Creek Range north of the town of Battle
Mountain can be traced continuously for about 30 miles
northward. Beneath this uppermost flow are more than
1,000 feet of basaltic flows, most of which are not olivine
bearing. All the basalts are part of the same volcanic
field, which thins southward and pinches out about 20
miles southeast of Battle Mountain. North of the Sheep
Creek Range, basalts of this volcanic field are found
in the area around Midas (fig. 1), and to the northeast
and northwest of Midas similar basalts merge with
units from the Snake River Plain.

Most of the volcanic rocks south of Battle Mountain
are unrelated to Snake River volcanic rocks. These cen-
tral Nevada rocks are older, between 20 and 35 m.y.
(million years) old, and are mostly rhyolite ash-flow
sheets or lava flows of intermediate composition (Mc-
Kee and Silberman, 1970).

SELECTION AND ANALYSIS OF BASALTS

The two samples of Pliocene (10 m.y. old by K/Ar
methods; McKee and Silberman, 1970) olivine basalt
from the top flow north of the town of Battle Mountain
are alkali-poor tholeiitic basalts chemically very simi-

U.S. GEOL. SURVEY PROF. PAPER 750-B, PAGES B92-B95
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EXPLANATION

Terrestrial volcanic rocks of late
Tertiary and Quaternary age
1,2 ¥Sr/%Sr localities, this paper
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F1cUuRE 1.—Map of the central part of the Great Basin and southern part of the Snake River Plain. The shaded areas are
mostly lava flows of basaltic and andesitic composition and rhyolite ash-flow sheets. Most of these rocks are of late

Miocene age or younger. *C. E. Hedge and D. C. Noble (written commun., 1970).
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lar to ocean-ridge tholeiites from both the Atlantic and
Pacific oceans (Kay and others, 1970). Whole-rock
analyses of them are given in table 1. The other olivine-
free flows in the series tend to be andesitic basalts on
the basis of chemical analyses (Gilluly and Gates, 1965,
table 7). The upper alkali-poor tholeiitic flow was se-
lected for strontium isotopic analysis because it seemed
to most nearly represent a “primitive” oceanic basalt.
Low amounts of K, P, Rb, Sr and Zr and relatively high
amounts of Cr and Sc, comparable to values given by
Engel, Engel, and Havens (1965) for oceanic tholeiites,

TaBLE 1.—Chemical analyses of two samples of Pliocene olivine
basalt from north of Baitle Mountain (Sheep Creek Range), Nev.

[Samples analyzed by methods described in U.S. Geol. Survey Bull. 1144-A (Shapiro
and Brannock, 1962), supplemented by atomic absorption. Analyzed by Leonard
Sh%ﬁlgg, ]pro;ect leader; SrO analyzed by Lois B. Schlocker using flame photometric
me s

Location (fig. 1)

1 2
Weight percent
SiOy . 48. 2 47. 4
ALOs. . 16. 6 16. 7
F8203 ____________________ 2.5 1. 4
FeO_ o ___ 6. 6 81
MgO_ . 8.9 9.3
CaO_ . ____ 12.1 11. 3
Na, O ___ 2.1 2.1
.17 .34
. 30 .44
. 68 .21
. 86 1.2
.23 .26
.17 .19
14 .05
. 033 . 033
Total ._______________ 100 99
Parts per million
Ba_____ . ___ 300 1200
Co__ o ______ 50 170
Cro . 300 1500
Niooo . 200 1 30
Se. . 70 1 70
Voo .. 300 1300
Zro . 30 170
Rb_o . 7.8 2 6.7
Partial semiquantitative 6-step spectrographic analyses 3
87Sr/86Sr2_ .. 0. 7058+ 0. 0005 0. 7056 + 0. 0002

! Results are identified with geometric brackets whose boundaries are 1.2, 0.83,
0.56, 0.38, 0.26, 0.18, 0.12, and so forth, but are reported arbitrarily as midpoints of
these brackets, 1, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, and so forth. The precision of a reported
value is approximately plus or minus 1 bracket at 68 percent, or 2 brackets at 95-
percent confidence.

2 Rb analyzed by Carl E. Hedge by X-ray fluorescence with an uncertainty of + 2

ppm.
. 3 Corrected to Eimer and Amend SrCO; standard of 0.7080. & indicates standard
deviation of internal ratios.
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characterize this flow. The barium content, however, is
higher than the average for oceanic tholeiites (Engel
and others, 1965).

Samples were dissolved in hydrofluoric and per-
chloric acids, and strontium was separated using a cation
exchange resin. The strontium blank was less than 0.1
pg per analysis. Mass analyses were made on a 30-cm
radius, 90°-sector, single-focusing mass spectrometer
using a triple filament source configuration and Fara-
day cage collector. Outgassed rhenium filaments were
used. Isotopic fraction was corrected for by normaliz-
ing Sr/*Sr to 0.1194. Rubidium correction to mass 87
is less than 0.02 percent. The *’Sr/*Sr measured on the
Eimer and Amend SrCO, standard is 0.70824 = 0.00009
(standard deviation 7 analyses). All data are corrected
to a value for the Eimer and Amend standard of 0.7080.
Replicate analyses of other basalts yield a standard de-
viation of approximately 0.0002 for $"Sr/**Sr.

DISCUSSION OF RATIOS OBTAINED

The #7Sr/%¢Sr values of the basalts from the Sheep
Creek Range are shown in table 1. These ratios (0.7056
+0.0002 and 0.7058+0.0005) show that this flow is en-
riched in radiogenic strontium compared with typical
oceanic basalts (average about 0.704 ; Gast, 1967, Hamil-
ton, 1968). The flow is comparable to the basalt analyzed
by Leeman (1970; value of 0.7052,' sample WPL-67)
from about 40 miles to the west and a sample (No. 88,
fig. 1) analyzed by C. E. Hedge and D. C. Noble (writ-
ten commun., 1970) with a value of 0.7057, collected
about 60 miles to the northwest of the Sheep Creek
Range. It is also about the same as one of the basalts
from the Snake River Plain reported by Hedge (1966;
0.7060, sample locality Clover Creek, Idaho) and the
average values for the Snake River Plain basalts given
by Leeman and Manton (1970), but lower than three
other Snake River Plain basalts reported by Hedge
(1966; 0.7066, 0.7075, and 0.7077, sample localities
Wendell, Dietrich, and Shoshone, Idaho).

CONCLUSIONS

The 3"Sr/**Sr values of two samples of Pliocene (10
m.y. old by K-Ar methods) olivine basalt from the
Sheep Creek Range, north of Battle Mountain, Nev.,
are slightly less than 0.706. This value is similar to those
reported for basalts of the Snake River Plain (Hedge,
1966 ; Leeman and Manton, 1970) and for upper Ceno-

1 Leeman’s &7Sr/%Sr value of 0.7056 corrected to an Eimer and Amend
SrCO, standard of 0.7080.
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zoic basalts in northern Nevada (Leeman, 1970). Stron-
tium ratios of upper Cenozoic basalts from central
Nevada are less radiogenic (about 0.704; Leeman,
1970). The similarity in strontium isotopic composition
between the basalts in the Sheep Creek Range of north-
ern Nevada, other upper Cenozoic basalts in north-
central Nevada, and the Snake River Plain basalts
supports field evidence that the Snake River Plain
volcanic province extends into north-central Nevada
about as far south as the town of Battle Mountain.

On the basis of major-element chemistry, the basalts
from the southern Snake River Plain described here are
almost identical with ocean-ridge tholeiites described by
Kay and others (1970). "Sr/%*¢Sr values for the south-
ern Snake River Plain basalts, however, indicate a sig-
nificant enrichment in radiogenic strontium when com-
pared with the average of ocean-ridge tholeiites. This
Sr®? enrichment indicates a fundamental difference in
the evolution of these two otherwise similar tholeiitic
basalts.
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Abstract—Several areas in Wisconsin have exposures of’

Precambrian volcanic-sedimentary sequences similar to the
Archean greenstone belts from which commercially important
amounts of copper, lead, zinc, gold, and silver are obtained in
Ontario and Quebec, Canada. The areas of principal interest
in Wisconsin total about 1,600 square miles; sparse data from
scattered outcrops and explorations for iron ore, and from
magnetic surveys (both dip-needle and aeromagnetic), suggest
that additional areas, which total about 1,000 square miles,
are underlain by similar sequences. The amount of exposed
bedrock in the areas ranges widely and is generally so sparse
that geophysical surveys must supplement geologic mapping
in order to plan explorations for potential mineral deposits.

The Archean greenstone belts of Canada (fig. 1) con-
tain many massive sulfide ore deposits. These belts are
volcanic-sedimentary sequences that consist of abundant
greenstone with associated rhyolite-dacite and metased-
imentary rocks (Goodwin, 1965) ; lithologically similar
assemblages of the same or younger Precambrian age
are present in central and northern Wisconsin (fig. 2)
in Marathon and Lincoln Counties, Florence and Mar-
inette Counties, Oneida County, and Iron and Ashland
Counties, and possibly other localities. The similarity
of the geology in these areas to that in Canadian ore-
bearing volcanic belts makes them appear favorable
for prospecting, and the results of an 18-month drilling
campaign on a promising copper prospect near the
center of Rusk County are now being evaluated.

According to Leith, Lund, and Leith (1935, pl. 1)
northern Wisconsin is underlain by small areas of mafic
voleanic rocks and large areas of “undifferentiated
Huronian series [that] * * * probably includes some
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F1cure 1.—Map showing areas (shaded) of Archean greenstone
belts in Canada and volcanic-sedimentary sequences in
‘Wisconsin.
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F1cURE 2.—Generalized geologic map showing approximate extent of Precambrian volcanic-sedimentary sequences and
associated granite in northern Wisconsin. Diagonal lines indicate principal areas referred toin text, and stipple indicates
the inferred areas. Geology is not known in adjacent unshaded areas, except that granite is abundant between the
‘Wausau area of Marathon and Lincoln Counties and the edge of the Paleozoic strata.

magnetic igneous rocks.” These areas and the one in cen-
tral Wisconsin, as well as the geologic data on which
they are based, are also shown by Dutton and Bradley
(1970). The areas of “undifferentiated Huronian series”
are locally to possibly extensively underlain by mafic
and felsic rocks of flow and pyroclastic origin with
associated metamorphosed argillaceous and some cherty
ferruginous rocks. All these rocks are commonly in the
biotite or garnet grade of metamorphism and locally
in the staurolite grade.

A summary of information on the relationship of
massive sulfide deposits and volcanism by Anderson
(1969) provides a good basis for initially appraising

413-504 O - 71 - 8

the significance of these associated lithologies in Wis-
consin relative to their mineral resource potential. The
geologic age of about one-third of the 103 deposits
considered in that summary is Precambrian. About
two-thirds of the hosts for the 103 deposits are almost
equally classed as silicic or mafic volcanic rocks, and
hosts for most of the other deposits are tuffaceous beds
with associated chert and iron-formation. The massive
sulfide deposits contain pyrite or pyrrhotite and com-
monly also one or more associated sulfides of copper,
lead, and zinc. The mineralized areas tend to be tabular
or lenticular forms that parallel bedding or foliation.
The discussion includes the suggestions of various geol-
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ogists as to derivation of the ore-forming constituents
from igneous rocks, transport by vapor or hydrous
fluids, and deposition in eugeosynclines.

MARATHON AND LINCOLN COUNTIES

An area of about 900 square miles around Wausau in
Marathon and Lincoln Counties (fig. 1) that includes
townships 27 through 31 north and part of each range
from 3 through 9 east is of special interest. Glacial
drift of pre-Wisconsin age is discontinuous over the
area, but the relative and total amounts of exposed
Precambrian bedrock are probably the highest in the
State (Dutton and Bradley, 1970). This area was ex-
amined by Weidman (1907) and was also studied dur-
ing the mineral lands classification by the Wisconsin
Geological and Natural History Survey from 1914 to
1921. A description of interesting exposures in the area
and a related modification of the geologic map by
Weidman (1907) were prepared by LaBerge and Weis
(1969). Geologic and geophysical data on the Wausau
area and all other areas of Precambrian rocks in Wis-
consin have been compiled and interpreted by Dutton
and Bradley (1970). The areal geology and the sequence
of rock types, however, have not been adequately deci-
phered, nor have the possibilities for sulfide deposits
been studied.

Felsic igneous rock is the principal lithologic group
with four or possibly five general megascopic subdi-
visions: (1) granite is widely distributed and in several
varieties; (2) syenite and nepheline syenite are west
of Wausau—mainly in T. 29 N., Rs. 6 and 7 E.; (3)
felsite and porphyritic rhyolite-dacite are also near
Wausau—mainly T. 29 N, Rs. 7, 8, and 9 E.; (4)
foliated to gneissic rocks of probable igneous affinities
but unknown specific origin are in the southern part
of the area; and (5) in some areas stratified material
is in part or mainly of direct pyroclastic derivation or
was deposited after transport by streams. Rubidium-
strontium ratios in whole-rock analyses indicate that
the geologic ages are 1.64 billion years for rhyolite and
1.60 billion years for the granite; these are probably
the youngest igneous rocks in the area. Rhyolite con-
tains locally a small amount of visible sulfide that is
mainly or exclusively pyrite, but no samples have been
chemically analyzed insofar as is known.

Mafic igneous rock is widely distributed but is only
locally a dominant or major feature. Three general
megascopic subdivisions are present: (1) Phaneritic
rocks are gabbro and diorite which thus far have not
been mapped separately, nor have relative amounts been
determined. (2) Aphanitic rocks are greenstone, some
of which is locally ellipsoidal; the exposed amounts
of aphanitic and phaneritic mafic rock appear to be
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about equal. (3) Foliated rocks of undetermined origin
are presumably derived from the other subdivisions
but have not been distinguishable or mapped separately.
The greenstone areas near Wausau locally contain very
small amounts of visible chalcopyrite, malachite, and
azurite.

Metasedimentary rock is exposed or has been pene-
trated only sparingly and locally. The subdivisions are
(1) quartzite, which is topographically prominent at
Rib Hill near Wausau and Powers Bluff northwest of
Wisconsin Rapids, and (2) undifferentiated others
(slate, phyllite, schist, and graywacke) northwest of
Wausau.

The association in this area of greenstone, rhyolite,
graywacke, and at least minor occurrences of copper-
bearing minerals suggests the possibility that a vol-
canic-sedimentary sequence may be present and that
its potential should be investigated.

FLORENCE AND MARINETTE COUNTIES

Florence and Marinette Counties are in northeastern
Wisconsin. The area of outcrops is triangular, about
35 miles wide across the northern side, and extends
about 60 miles southward (fig. 2). Glacial drift is
widespread in the area.

The abundance of outcrops ranges from moderately
abundant in the terminal parts to very sparse in the cen-
tral part of the area. Associated volcanic and sedimen-
tary rocks underlie about 200 square miles of Florence
County, 150 square miles in the northern part of Mar-
inette County, and 50 square miles in the southern part.
Phaneritic igneous rocks are the most commonly ex-
posed and in decreasing order of approximate areal
extent are granites, granodiorite, quartz diorites, and
metagabbro. Metabasalt that is locally ellipsoidal is the
most common aphanitic rock and is second to granites
in order of abundance of exposures and probable areal
extent. Mafic rocks at the southern end of the area are
metamorphosed tuff, agglomerate, and basalt; the visi-
ble pyrite and pyrrhotite in these rocks is estimated to
be more than 10 percent locally. Rhyolite and porphy-
ritic rhyolite are present at both extremities of the area
and also at one small locality in the central part. Con-
glomerate is present in the southern part, quartzite
oceurs locally in the central part, and both are present in
Florence County.

Most of the rocks in the area are probably of middle
Precambrian age, but about half the metabasalt (Quin-
nesec Formation) may be older. The sequence of the
units has not been definitely determined (Mancuso,
1957, 1960; Prinz, 1965; Cain, 1964, 1966; Bayley and
others, 1966; and Banks and Cain, 1969), except for
general but not unanimous agreement that the Quin-
nesec Formation is probably the oldest unit.
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The Quinnesec Formation consists of older metaba-
salt with minor phyllite and gruneritic iron-formation
and younger rhyolite and porphyritic rhyolite. This as-
semblage is lithologically similar to Archean green-
stone belts that contain massive base metal sulfide
deposits in Ontario and Quebec, but significant oc-
currences of sulfide deposits in Wisconsin have not been
indicated by examinations thus far. Exploration in the
NE1,SW1, sec. 16, T. 36 N., R. 21 E., is reported to
have yielded a sample that contained 12.39 oz (ounces)
of silver and 0.61 oz of gold per ton. Five other samples
had from 0.01 to 0.1 oz of silver per ton. Short fiber
chrysotile asbestos occurs locally along fractures in
small knobs of serpentinized basalt in SE1/ sec. 24, T.
36 N, R. 21 E. Small occurrences of quartz-talc-mag-
nesite with minor magnetite and chromite are in seec. 21,
T.37TN.,R.21 E. :

The Hoskin Lake Granite of middle Precambrian
age has pyrrhotite with associated fluorite in sec. 7, T.
38 N., R. 20 E. Molybdenite-bearing quartz veins are
in this granite in sec. 33, T. 38 N., R. 19 E., and in the
Belongia Granite in sec. 18, T. 33 N., R. 20 E.

Pieces of core from a drill hole in the Michigamme
Slate of middle Precambrian age in sec. 27, T. 39 N, R.
18 E., contain veinlets and disseminated grains of
pyrrhotite.

ONEIDA COUNTY

The area of interest in Oneida County includes much
of T. 36 N., Rs. 10, 11, and possibly 8 and 9 E., and part
of T. 35 N., R. 10 E.; its extent is about 100 square
miles (fig. 2). Glacial drift is widespread, swamps are
numerous, and outcrops are generally small and
scattered.

Greenstone, which is locally ellipsoidal, is the most
common rock exposed. Felsite and porphyritic rhyolite
are least exposed and crop out only in the central part
of the area, The abundances of phaneritic mafic and
felsic rocks are about equal.

The rhyolite contains minor occurrences of sulfide,
probably pyrite, but the resource potential of the area
has not been investigated.

IRON AND ASHLAND COUNTIES

Minor ellipsoidal basalt, associated garnet-biotite-
quartz schist, and several occurrences of metamorphosed
iron-formation underlie an area of about 200 square
miles mainly in Iron and Ashland Counties near the
middle of the north boundary of Wisconsin. The few
outcrops are in the western half of the area where meta-
basalt and schist are equally abundant but are in sepa-
rate parts of the area. Iron-formation and associated
rocks in several loctaions have been penetrated by ex-
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ploratory drilling to appraise suitability of the iron-
formation for beneficiation, but no sulfide other than
pyrite has been reported in any of the rocks. Kalliokoski
(1968) interpreted geologic relations in an area of
Ontario east of Lake Superior and extending into west-
ern Quebec as suggesting that the environment favor-
able for deposition of massive base-metal sulfides was
presumably less favorable for accumulation of major
iron-formation deposits. Hutchinson (1970) reported
that similar contrasts in metal distribution formerly
suggested for other parts of Ontario and Quebec were
no longer so distinctive.

INFERRED AREAS

The results of magnetic surveys in the areas consid-
ered thus far suggest that the underlying rock is more
magnetic than the mapped exposures; in any case, the
association of magnetic anomalies with the volcanic-
sedimentary belts suggests that magnetic surveys might
help in the search for new belts. Metabasalt is commonly
somewhat magnetic, and some local anomalies deter-
mined by ground surveys with a magnetometer have
been reported to be caused by felsic rocks. Linear mag-
netic anomalies and rather sparse outcrop information
suggest that the Price-Oneida-Vilas area and the Rusk
County area are also volcanic belts.

Data from geologic and dip-needle surveys (Hotch-
kiss and others, 1915 and 1929) and an aeromagnetic
survey (Patenaude, 1966) may possibly indicate that
geologic conditions of interest underlie a poorly defined
area that extends northeasterly from southwestern
Price County through parts of Oneida and Vilas Coun-
ties. The area is about 85 miles long and as much as 25
miles wide. Granite crops out locally along a central
longitudinal strip, and associated low magnetic values
separate high magnetic values in Vilas and Price Coun-
ties to the north from those in Price County to the
south. Mafic rocks crop out sparsely in the north-
ern part. Local drilling in the southern part has been
reported to have penetrated mainly magnetic horn-
blende schist, but one hole was reported to have been
in graywacke, sericite schist, and slate.

Another magnetically anomalous area trends north-
eastward from western Rusk County ; it is about 50 miles
long and has a maximum width of about 15 miles.
Geologic data are rather scarce, but the area is of spe-
cial interest because of locally mineralized rock. There
are a few granite outcrops, fewer of diorite-gabbro, and
very locally some metabasalt, graywacke, and quartzose
sericitic rock that may be altered metasedimentary or
volcanic rock. Quartzite that unconformably overlies
the older rocks is at, south of, and northwest of the
location of the anomaly. Strata of late Cambrian age
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between and beyond the quartzite areas cover most of
the other Precambrian rocks, which, according to re-
ported information from local drilling in southwestern
Rusk County, include rhyolite, granite, and syenite.
Specimens of quartzose sericitic rock collected by a
Wisconsin Geological Survey party on August 14, 1914,
from the bottom of a 50-foot dug well that was 10 feet
into bedrock in the SE14SE1/ sec. 16, T.33 N., R. 6 W.,
contain small amounts of scattered malachite. Two
samples from the well were reported (Hotchkiss and
others, 1915, p. 169) to contain 1 oz of silver per ton,
and one sample contained 0.75 percent copper but the
other had none. An occurrence of similar rock with
less evidence of copper was reported to be in a pit 15
feet deep in the northeast corner of the SE1; sec. 16.
A third occurrence is mentioned in the field notes of
May 15, 1910, as “schistose granite mineralized with
copper sulphides and carbonate” from a pit 12 feet
deep in the SW14,NW1; sec. 15, T. 33 N., R. 6 W. Also
of interest and possible significance is a fine-grained
siliceous and sericitic rock that contains much dissemi-
nated pyrite as exposed along the highway in the SW1/
sec. 10, T. 34 N., R. 8 W. Large quantities of pyrite in
“highly mashed acid porphyries” were reported in sec.
19, T. 36 N., R. 7T W. (Hotchkiss and others, 1915, p.
211), but no pyrite was seen when the locality was vis-
ited about 1965.

A different occurrence of copper in this area is that
of considerable malachite associated with quartz veins
in sheared greenstone exposed in the SE14 sec. 35, T.
36 N., R. 8 W. Limonitic stain and sulfides, which are
probably pyrite, are in diorite associated with gray-
wacke in the NW1; sec. 17, T. 35 N, R. 6 W.

The possibility of volcanic-sedimentary sequences in
and near Rusk County and the recent drilling of a
promising copper prospect near Ladysmith, Wis., sug-
gest that the resource potential of the indicated
areas and others that may be found merit further
investigation.
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Abstract.—Monomoy Island, an active spit undergoing short-
and long-term changes in its coastline, projects southward from
the elbow of Cape Cod. The 1969 shoreline was determined from
cartographic aerial photography using Ektachrome Aero, Ekta-
chrome infrared Aero, and Plus-X Aerographic films. Compari-
son of this shoreline with older shorelines, of as long ago as
1887, showed numerous changes in the configuration of the spit.
The north end of the island has been receding since 1948. If re-
treat of the northern half of the Atlantic Ocean shore continues
at the current rate of about 40 feet per year, the island may
separate into two parts in 70 or 80 years. Eastward progradation
of the southern half of the island has continued at a rate of about
40 feet per year since at least 1853. The present encroachment
of the south end of Monomoy Island into two deep basins
to the southeast and southwest may result in a major reduction
in the rate of southward progradation of the spit and may lead
to increased erosion of the western shore.

The Terrestrial Sciences Laboratory, of the U.S. Air
Force Cambridge Research Laboratories, along with the
U.S. Geological Survey in 1969 initiated a cooperative
project to study selected segments of the coastline of
New England with airborne cartographic cameras and
an airborne infrared line-scan system, supported by
ground and sea-surface observations. Two objectives
of the project are to monitor temporal changes in shore-
line and tidal-zone movement of sediment on the coast
of Massachusetts.

Monomoy Island was chosen as the subject of this
paper because it is an active spit undergoing rapid
short-term changes as a result of storms and also slower

1 Contribution No. 2438 of the Woods Hole Oceanographic Institution.

long-term changes resulting from erosion and deposi-
tion by nonstorm waves and currents. Recent geologic
quadrangle maps (Koteff and others, 1968 ; Oldale and
Koteff, 1970) show some of the changes in the Monomoy
Island shoreline as far back as 1887. With this previous
information and the aerial photography acquired in
1969 the long-term trends can be recognized and rea-
sonable predictions can be made as to the future config-
uration of Monomoy Island.

METHODS

In May 1969, complete 1: 24,000-scale film coverage of
Monomoy Island was obtained as part of a larger aerial
survey project, utilizing Ektachrome Aero, Ektachrome
infrared Aero, and Plus-X Aerographic films in
9-inch X 9-inch format, using gyrostabilized K-17 and
KC-1B cameras in a U.S. Air Force JC-130A aircraft.
The scale was deliberately chosen for rapid comparison
with existing U.S. Geological Survey topographic and
geologic maps. Overlay plots of frame-by-frame cover-
age were made to determine the amount of stereoscopy
available and to determine whether orthorectification of
these frames is necessary for geologic mapping pur-
poses. Little or no rectification was found to be necessary
for the present study of Monomoy Island.

The Ektachrome infrared Aero film recorded the
greatest amount of detail in the shallow waters of the
tidal and subtidal zones and gave the best shoreline
detail of the three film types. In exposure of the Ekta-
chrome infrared Aero film, a Wratten No. 12 filter was
used to eliminate virtually all light reflectance at wave-
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lengths shorter than 510 nanometers (fig. 1). The yel-
low-dye layer of the film, sensitive to the green spectral
region, was relied upon most heavily to yield variations
in tonal density depending on intensity of apparent
light reflectance from the ocean bottom below the water
of the tidal zones. This dye layer recorded the greatest
detail in bottom morphology. The cyan-dye layer of the
film, sensitive to infrared radiation (fig. 1), which is
readily absorbed by a water column as a function of its
depth, gave sharp discrimination of shorelines in shal-
low water of tidal flats and shoal areas.

Stereoscopic pairs were used to plot the planimetric
shoreline of Monomoy Island as recorded on Ekta-
chrome infrared Aero film on May 7, 1969, at midday,
between low tide and mean tide. The mean tide in
this area is about 3.7 feet, although the range is 6.5
feet on the Atlantic Ocean shore of Monomoy Island
and 4.1 feet on the Nantucket Sound shore of Monomoy.

GEOGRAPHY AND GEOLOGY

Monomoy Island is a sand spit that projects south-
ward from the elbow of Cape Cod (fig. 2). It is one of
the many spits and shoals that characterize the shore
and nearshore areas in this region and that form a bar-
rier between Nantucket Sound and the open Atlantic.
On the ocean side of the spit, waves and currents gen-
erated by easterly winds erode and redeposit the sand
and gravel. Waves and currents generated by westerly
winds similarly affect the western shore of the spit but
have less energy. North of the island the outer shore
of Cape Cod is made up of Nauset Beach, a spit that
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F1eURE 1.—Spectral sensitivities of the three film layers of
Ektachrome infrared Aero film (type 8448), utilized to plot
the 1969 shoreline features of Monomoy Island. During ex-
posure of the film the Wratten No. 12 filter, the spectral
transmittance of which is also shown, was used to eliminate
short-wavelength reflectance and dispersion of light from
water surfaces. After Fritz (1967).
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protects the glacial sand and gravel northward to Coast
Guard Beach (fig. 2). From this point northward to
Pilgrim Heights (fig. 2) the Atlantic shore is made up
of a narrow beach at the base of sea cliffs as much as
150 feet high, cut in the sandy glacial deposits. These
deposits are the source of the sand and gravel that make
up the spits of Nauset Beach and Monomoy Island
(Zeigler and others, 1965, p. R310). The sand is trans-
ported southward by waves and currents. Much of the
sand is deposited to form the seaward part of the shoal
upon which Monomoy Island rests. Some sand is car-
ried around Monomoy Point and deposited to form the
western part of the Monomoy Island shoal. Aerial
photographs (for example, fig. 3) show submarine sand
waves formed during the northward transportation of
the sand on the west side of Monomoy.

Adjacent to Monomoy Island the bathymetry is char-
acterized by shoals with minimum depths of a few feet
and by channels tens of feet deep (fig. 4). South of the
shoals and channels, Great Point, a large spit attached
to Nantucket Island (fig. 2), projects northward to-
ward Monomoy Island. Monomoy Island rests atop a
broad platform defined by the 12- and 18-foot bathy-
metric contours (fig. 4). This shoal is separated from
Handkerchief Shoal by a channel with maximum depths
of 44 feet and from Stone Horse Shoal by Butler Hole
with maximum depths of more than 100 feet (fig. 4).
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Ficure 2.—Index map of Cape Cod, Mass., showing the loca-
tion of Monomoy Island.
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Fi1cURe 3.—Southern part of Monomoy Island at 11:49 a.m., e.d.t.,, May 7, 1969, about 59
minutes after low tide at Monomoy Point. Mosaic of black and white prints from frames
65 and 66, roll 43, Ektachrome infrared Aero film, type 8443. Taken with a K-17 aerial
cartographic camera from an altitude of 24,000 feet on a north-south flight line. Camera
focal length 12 inches; angular field of view 41°06’; original image scale 1:24,000,
9-inch X 9-inch format. Submarine sand waves (A4) developed on the shoal west of
Monomoy Island are visible through approximately 2 feet of water. Submerged bar (B)
is at a depth of 3 feet.
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F1cUure 4—Map of Monomoy Island, showing the shorelines of 1887, 1940, 1947-53, and 1961-64 from U.S. Geological Survey topographic maps, and the recent

shoreline, determined by aerial photographs taken in May 1969.

EXPLANATION

1887 shoreline from U.S. Geological
Survey 15-minute topographic
maps of Chatham and Yarmouth
quadrangles

1947-53

1961-64

Shorelines from U.S. Geological Sur-
vey Tl4-minute topographic maps
of Chatham and Monomoy Point
quadrangles

1969 landform determined from
stereoscopic pairs as recorded on
Ektachrome infrared aerographic
film on May 7, 1969, between low
and mean tide

Where later shoreline conflicts with
earlier shoreline, generally the
earlier one is shown

Bathymetry, in feet, from Chatham
quadrangle (1961) and Monomoy
Point quadrangle (1964)
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Monomoy Island is composed mainly of beach de-
posits, mostly sand and some gravel and boulders as
much as 10 inches in diameter. The beach deposits have
maximum altitudes of a foot or two above sea level.
Dune sand overlies the beach deposits in most places
and locally may be as much as 40 feet thick.

The early history of Monomoy spit may be inferred
from data obtained elsewhere on Cape Cod. As a result
of the postglacial rise in sea level, the sea reached the
vicinity of Cape Cod about 6,000 years ago to begin
marine erosion of the glacial deposits (Zeigler and
others, 1965, p. R305). Development of the spit began
sometime after this and may have been similar to the
development of Sandy Neck spit in Barnstable (fig. 2).
The initiation of Sandy Neck occurred as much as 4,000
years ago, and the spit has grown eastward at a rate
of as much as 13 feet per year for the past 3,000 years
(Redfield, 1965). Changes in Monomoy spit, from 1887
to 1964, are summarized by Koteff, Oldale, and Hart-
shorn (1968) and Oldale and Koteff (1970). These
changes in the Monomoy Island shoreline can be seen
by comparing the data given in the above references
with the shoreline visible on the May 1969 photographs
(fig. 3).

The north end of the island continues to retreat
southward. Erosion of this part was probably initiated
by the major breakthrough that occurred during 1957—
58 winter storms, possibly as a result of closing the
channel between Morris Island and Chatham. The hur-
ricane of September 21, 1938, originally created the
channel between Morris Island and Chatham.! Erosion
and deposition in this area may also be presently in-
fluenced in part by the sand dike constructed from
Harding Beach to Morris Island in 1965. Progradation
appears to be taking place along the Nantucket Sound
shore of Monomoy Island at the site of the break-
throughs shown by the 1947 shoreline. Southward from
there to Hammonds Bend the progradation shown by
the 1969 shoreline (fig. 3) may be in part apparent be-
cause the photographs were taken near low tide and
may show the sand flat west of the island as dry land.
However, the photographs appear to show vegetation
in the area between the offshore dunes and the shoreline
of 1961, suggesting that progradation is actually taking
place. The shore at ITammonds Bend and the west shore
southward for about 214 miles appear to be very stable,
showing little change from the 1887 shoreline and vir-
tually no change since 1940. On the ocean side of Mon-
omoy Island, the shore north of a point 214 miles north
of Monomoy Point shows only minor configurational
changes between 1964 and 1969. However, the shore as

1U.S. Army Corps of Engineers, 1968, Survey report, Pleasant Bay—

Chatham, Orleans, Harwich, Massachusetts : Waltham, Mass., 61 p.,
appendices A-F, variously paged.
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a whole in this area appears to be retreating westward,
probably at a rate of about 40 feet per year as deter-
mined from the position of earlier shorelines. Pro-
gradation of the ocean shore has continued at a similar
rate in the southern part of the island. This rapid pro-
gradation has continued since at least 1853, when the
shore was in a position marked by the dune ridge just
southeast of Powder Hole (Zeigler and others, 1965,
p. R307). The eastern part of the tip of Monomoy Point
has continued to prograde southward while the western
part has retreated northward, trends first shown by the
1964 shoreline. Recurving of the spit at Monomoy Point
(as best seen in the 1887 shoreline) was shown much
reduced by the 1940, 1953, and 1964 shorelines, but as
shown by the 1969 shoreline, the curve appears to be
redeveloping. A point of stability on the eastern coast
1.7 miles north of Monomoy Point has continued to
exist since at least 1940. North of this point, the shore-
line retreats, and south of this point the shoreline pro-
grades; hence the longitudinal axis of Monomoy Island
is shifting to approximately a north-south position.
A similar straightening of the outer arm of Cape
Cod by longshore drift was recognized and described
by Davis (1896, p. 713-715, fig. 112) during the last
century.
CONCLUSIONS

The shoreline of Monomoy Island will continue to
change as a result of erosion and deposition by (1) ma-
jor storm waves of yearly winter gales and sporadic late
summer hurricanes along the New England coast, and
(2) waves and currents generated under fair-weather
conditions. Some idea of the future of the island may be
gained from the recent changes in the shoreline and
from trends previously described. The southward re-
treat of the north end of the island will probably con-
tinue for some time, although possibly at a reduced rate
as a result of the progradation of the west shore in this
area. The stability of the shore at Hammonds Bend and
the rapid retreat of the ocean shore on the east side of
the island may result in the separation of Monomoy
Island and Shooters Island in 70 or 80 years, not unlike
the configuration shown by the shoreline in 1887. Sep-
aration could occur much sooner because this narrow
neck of the island is low, and hence vulnerable to storm
erosion.

The encroachment of Monomoy Point on Butler Hole
and the smaller depression southwest of the point may
result in major changes of the growth and development
of the spit. The source of sand for Monomoy TIsland is
the exposed glacial deposits to the north, and entrap-
ment of this sand in these depressions should retard
greatly the southward progradation of the spit. A pres-
ent result of the entrapment of sand in the depressions
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may be the retreat of the southwestern part of Monomoy
Point, so that the 1969 and 1887 shorelines are in about
the same position. Possibly a more important effect is
that the supply of sand nourishing the west side of
Monomoy Istand will be cut off. The result may be retro-
gradation or lack of progradation, a condition now
existing along much of the Nantucket Sound shore.
Either of these conditions coupled with continued re-
treat of the northern part of the ocean shore will result
in a narrowing of the spit.

It seems probable that growth of the spit has been im-
peded by similar depressions in the past. The persistent
embayment at Hammonds Bend may represent the lo-
cation of one of these depressions. The narrow waist of
the island may be the location of another depression as
suggested by deep water east and west of the island.
Conversely, the increase in width of the island at the
south end may be caused by deposition on a shoal, the
eastern and western ends of which are now represented
by Bearse and Handkerchief shoals.

B107

REFERENCES

Davis, W. M., 1896, The outline of Cape Cod: Am. Acad. Arts and
Sci. Proe., v. 31, p. 303-332; also pub. in Geographical es-
says, New York, Dover Pub., p. 690-724, 1954.

Fritz, N. L., 1967, Optimum methods for using infrared-sensitive
color films: Photogramm. Eng., v. 33, no. 10, p. 1128-1138.

Koteff, Carl, Oldale, R. N., and Hartshorn, J. H., 1968, Geologic
map of the Monomoy I’oint quadrangle, Barnstable County,
Cape Cod, Massachusetts: U.S. Geol. Survey Geol. Quad.
Map GQ-T87.

Oldale, R. N., and Koteff, Carl, 1970, Geologic map of the
Chatham quadrangle, Barnstable County, Cape Cod, Massa-
chusetts : U.S. Geol. Survey Geol. Quad. Map GQ-911.

Redfield, A. C., 1965, Ontogeny of a salt marsh estuary : Science,
v. 147, no. 3653, p. 50-55.

Zeigler, J. M., Tuttle, S. D., Tasha, H. J., and Giese, G. 8., 1965,
The age and development of the Provincelands Hook, Outer
Cape Cod, Massachusetts: Limnology and Oceanography, v.
10, supp., p. R298-R311.



GEOLOGICAL SURVEY RESEARCH 1971

MOVEMENT MEASUREMENTS ON TWO ROCK GLACIERS
IN THE EASTERN ELK MOUNTAINS, COLORADO

By BRUCE BRYANT, Denver, Colo.

Abstract.—On two cirque rock glaciers at 11,500-12,000 feet
in altitude at lat 39°00’ N. in the eastern Elk Mountains of
Colorado, maximum surface movement amounted to about 2
feet (60 cm) per year over a 4-year period. Practically no dis-
ruption of their surface cover took place during that period, and
little change along surface profiles was detected. In both rock
glaciers there appeared to be a lateral component of movement
away from the highest valley wall.

Rock glaciers are abundant in the eastern Elk Moun-
tains of western Colorado at about 39° N. (fig. 1). In
the Maroon Bells 714-minute quadrangle more than 50
rock glaciers are mapped (Bryant, 1969). Both cirque
and valley-wall types (Outcalt and Benedict, 1965) oc-
cur, but cirque types predominate. Cirque types are
commonly surrounded by an apron of talus along their
sides and upper ends. Most of them head at about 12,000
feet and terminate on the average at 11,200 feet, but
some end as low as 10,800 feet and others as high as
11,600 feet. They are commonly half a mile long and
500-1,000 feet wide, but some reach a length of a mile
and a width of 1,500 feet.

For purposes of mapping, the rock glaciers are di-
vided into two groups: one which lacks soil and vegeta-
tion and which is believed to be active and one on which
soil and vegetation have developed and which is be-
lieved to be inactive. Some intermediate types are
found ; these may be older rock glaciers on which slow
movement has continued to the present or they may
be older rock glaciers that were only partly reactivated
when the newer rock glaciers formed. The younger
cirque rock glaciers have irregular surfaces formed by
ridges, furrows, and lobes, and are composed of coarse
angular blocks that lack lichens (figs. 2-4). The rock
glaciers have the convex cross sections of active ice
glaciers, with steep fronts shedding talus and revealing
sand and silt. They override older rock glaciers and
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F1eure 1.—Location of area of rock glaciers on which movement
measurements were made, in the eastern Elk Mountains. Solid
triangles indicate 14,000-foot peaks; squares outline area of
figures 64, B.

neoglacial moraines of the Temple Lake Stade (fig. 5).
They are the sources of streams during the summer
season.

LOCATION AND SETTING OF ROCK
GLACIERS MEASURED

Movement measurements were made on two rock
glaciers in the drainage of West Maroon Creek, near
Aspen, Colo. The measured glaciers are the one
north of North Maroon Peak (figs. 2, 64) and the one
north of Pyramid Peak (figs. 3, 6B). These two gla-
ciers were selected because they appeared to be as active
as any in the area, and they could be readily reached
from the roadhead at Maroon Lake.
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F1euRe 2.—Views across Maroon rock glacier at about 11,830
_feet altitude from station 1 toward station 5 (fig. 64), show-
ing downvalley movement of glacier without any rearrange-
ment of surface rocks. Perpendicular lines are drawn from
features on valley walls to aid detection of movement; a and
b identify the same rocks in the two pictures. 4, Aug. 28,
1964 ; B, Aug. 21, 1968.

The Maroon rock glacier is 2.5 airline miles S. 63°
W. from the outlet of Maroon Lake where the Maroon
Creek road now ends. It flows east from a cirque on
the north side of North Maroon Peak (fig. 64). The
head of the rock glacier grades into talus at an alti-
tude of 12,200 feet, and the south side grades into talus
derived from the north face of the peak down to an
altitude of about 11,600 feet. The north side of the
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rock glacier is marked by a well-defined marginal trench
above the 11,800-foot contour and by a steep front
below that altitude. The north margin of the glacier
truncates a neoglacial moraine at about 11,550 feet.
Rocks of the Maroon Formation, which consists of
grayish-red sandstone, conglomerate, and siltstone,
form the cirque walls and furnish the material of the
rock glacier. The numerous sandstone and conglomerate
beds tend to weather into large angular blocks that
are unstable on the steep cirque walls. Bedding in the
Maroon Formation on the high south side of the cirque
dips 15°-20° toward the rock glacier. The dip toward
the rock glacier increases the supply of blocks from
that direction through rockslides down bedding planes,
as well as through rockfall. Thin dikes of Tertiary
igneous rocks make scant contribution to the rock
glacier.

The Pyramid rock glacier is about 1.4 miles S. 25°
W. from the outlet of Maroon Lake in a north-facing
cirque below Pyramid Peak (figs. 3, 4, 64, 98). Bed-
rock on Pyramid Peak, which is the main source area
for the rock glacier, is similar to that on North Maroon
Peak. Strata dip 5°-10° toward the rock glacier. The
rock glacier grades into talus at its head just below
12,000 feet and terminates in a steep front at 11,400
feet in altitude. Both sides of the rock glacier are
marked by well-defined troughs. One interesting fea-
ture on the Pyramid rock glacier is a pond that was
judged in 1963 to be about 40 feet long and 12 feet
wide. Its surface then was about 12 feet below the lip
of a closed basin. Comparison of photographs of the
pond taken from the same spot at the same time of year
in 1964 and 1968 shows that the water level was sev-
eral feet higher in 1968. Ives (1940) reported ponds
on an active rock glacier in the Front Range of
Colorado.

MEASUREMENTS

In late August 1964, two straight lines were sur-
veyed across each glacier with a Wild T-12 theodolite.
Distances were measured by stadia. The position of the
lines was dictated by location of easily accessible bed-
rock outcrops to furnish stationary tie points at each
end. Instrument stations were marked and numbered
with orange paint, and intermediate rod points were
marked with a spot of paint. Vertical profiles were
constructed (fig. 7). In late August 1968, the lines
were resurveyed. Although the survey points were diffi-
cult to find because the bright orange paint of 1964 had
weathered to light gray, all the instrument stations
were located, except one on the lower line on the Pyra-
mid glacier. That line proved less useful in this study
than the others because of its small angle with the di-
rection of movement of the rock glacier.
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FI6URE 3.—Views across Pyramid rock glacier at about 11,900 feet altitude from station 6 toward station 1 (fig. 6B), showing
downvalley movement of glacier. Note that most of the distinctive larger rocks on the talus slopes behind the glacier
h‘avq not moved. Perpendicular lines are drawn from distinctive features on valley walls to aid detection of rock-
glacier movement; a and b identify the same rocks in the two pictures. 4, Aug. 31, 1964 ; B, Aug. 22, 1968.

Displacements of the survey points are measured
from calculations of their positions in 1964 and 1968
on a grid by use of a system of latitudes and departures.
The 2 coordinate is parallel to the initial shot in the re-
survey of 1968, from the first instrument station on the
glacier to the end of the line on outerop adjacent to the
glacier (fig. 8). Thus, the # coordinate is almost paral-
lel with the original survey line of 1964, and the y
coordinate is almost perpendicular to it. The positions
of points in the y coordinate depend mainly on the small
angles measured with the instrument, which can be read

to the nearest minute. The positions of points in the
coordinate depend mainly on stadia readings, which are
much less accurate. Consequently, the displacement of
points in the y coordinate (table 1) may be considered
a minimum displacement, and the total displacement,
made by calculating the vector sum of the  and y dis-
placements, is a maximum (table 1, fig. 9). This system
of measurement is superior to range lines and taping,
because it permits detection of lateral displacement (in
the 2 coordinate) that is not parallel to the trend of the
rock-glacier axis.



FIGURE 4.—Panoramas across lower part of Pyramid rock glacier at about 11,700 feet from station 8 (fig. 6B) showing that lobe has moved downvalley. Perpendicular
lines are drawn from distinctive features on valley walls to aid detection of movement; o and b identify the same rocks in the two pictures. 4, Aug. 31, 1964 ;
B, Aug. 22, 1968.
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F1cUre 5.—Rock glacier at the head of West Maroon Creek cut-
ting inner of two neoglacial morainal loops of the Temple
Lake Stade.

Maximum movement measured for any point was 8.9
feet (272 cm), an average of 2.2 feet (68 cm) a year.
Maximum movement in the y (approximately down-
glacier and almost perpendicular to the line of the 1964
survey) direction of any point is 8.5 feet (255 cm), an
average of 2.1 feet or 63 cm a year (table 1; fig. 9).
Movements of that amount occurred along both the
lower line on the Maroon rock glacier and the upper
line on the Pyramid rock glacier. The upper line of

GLACIOLOGY

Maroon rock glacier showed only half as much move-
ment. The upper Pyramid line gave evidence of less
movement at the margin of the rock glacier than in the
center (table 1; figs. 7, 9). Movement in the « direction
apparently occurred at points on all three lines, and
that movement was away from the highest wall of the
cirque. On both rock glaciers the component of move-
ment in z was opposite to the direction of resurvey. Is
this a significant relation, considering the lower accu-
racy of stadia determination of the » coordinate? It
appears to be at least qualitatively significant, because
amount of movement in the x direction for the most
part has a systematic relation with movement in the y
direction. A large amount of random error in measure-
ment of the # direction should produce more variation
in vectors of movement. Movement becomes systemati-
cally greater on the upper Maroon line independently
of amount of movement in the y direction, probably
because of large amounts of rock supplied to that area
from the north face of North Maroon Peak. Point 6a
of the lower line of Maroon rock glacier shows move-
ment dominantly in the « direction, because that point
is on the gradational line between rock glacier and talus
feeding it by downslope movement.
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TaBLE 1.—Calculated amounts of movement of survey points,
in feet

[All y components are in downglacier direction. All z components are toward the
point of origin of the 1968 resurvey]

Component Total Direction of
Survey point (vector movement
z i sum)

Maroon rock glacier—lower line
Direction of line S. 11° E.

10 . 1.2 31 33 N.58°E.
O .. 32 56 6.5 N.49°E.
8b__ .. 6.8 58 89 N.30°E.
8a_ _ .. 41 55 6.9 N.42°E.
< T 51 6.7 84 N.42°E.
o . 42 6.4 7.7 N.46°E.
T oo 1.7 85 86 N.68°E.
T e 29 5.2 6.0 N.50°E.
6a._ ... 80 20 82 N.3°E.
Maroon rock glacier— i
Directiong o.i'cline Sno[:lpteilr fine

b . 0 2.4 2.4 East

la_ 0 2.4 2.4 East

2 e 1.1 2.5 27 N.66°E
> J 2.4 2.7 3.6 N.48°E
4 e 38 1.5 41 N.22°E

Pyramid rock glacier —upper line
Direction of line N. 70° E.

2 ____ 224 1.1 2.6 N.85°W.
S J 2.7 46 53 N.50°W.
3a. o ____ 46 6.3 7.8 N.56°W.
4 . 49 6.3 80 N.58 W.
B e ___ 39 57 6.9 N.54°W.
6 o ____ 25 2.4 3.5 N.68W.
6b_ . ___ 2.0 1.5 25 N.73°W.

‘Vertical surface profiles calculated from the 1968 sur-
vey generally did not reveal significant differences as
compared with the 1964 profiles. Surveying error, which
was indicated by discrepancy in elevation difference be-
tween the bedrock tie points on the ends of the lines, was
less than 2 feet for all the lines except the lower one on
the Pyramid rock glacier. There the discrepancy was
5.5 feet. It is unfortunate that the latter line did seem
to have some significant profile changes as indicated by
local parts of the profile where control was good.

Photographs taken in 1964 and 1968 from survey
points on bedrock beside the rock glaciers clearly show
that the glaciers have moved downvalley (figs. 2-4).
Spatial relations between individual boulders identifi-
able in the photographs remained the same for the most
part, but movement of the whole rock glacier can be
detected by carefully comparing positions of individual
boulders or groups of boulders with distinctive features
in outcrops. Note also that most of the distinctive large
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boulders on the talus slopes or the valley walls have not
moved during the 4-year period, and they may also be
used as reference points for detecting movement of the
rock glaciers (fig. 3).

DISCUSSION

Movement in the  direction, oblique to the rock-
glacier axes, indicates that direction of rock-glacier
movement may be influenced by the amount of rock
supplied by rockfall and avalanche, which was much
greater on the south side than on the north side of
the Maroon rock glacier. On that rock glacier the steep-
ness of the north margin and front as compared with
that of the south margin grading to talus (fig. 74, B)
suggests that the component of lateral movement away
from North Maroon Peak is real and is not due to a
surveying error. On the Pyramid rock glacier the upper
profile shows trenches at both margins of the glacier,
although the valley side east of the glacier is higher
than that to the west (figs. 6B, 7C, D). However, the
lower part of the Pyramid rock glacier is asymmetrical
in relation to the valley. The main mass of the glacier
is concentrated on the east side of the valley so that at
11,600 feet in altitude only a small marginal trench
separates the glacier from the east valley wall, whereas
the west side of the glacier at the same altitude resem-
bles a glacier front in height and steepness.

Pattern of movement downvalley on Pyramid and
Maroon rock glaciers is similar to that reported by
Outcalt and Benedict (1965) and Waldrop and White
(1965) for Arapaho rock glacier in the Front Range
west of Boulder, Colo. Points near the rock-glacier
margins moved less than those in the center on two of
three lines on Pyramid and Maroon rock glaciers.
Slumping exposed glacial ice less than 1 meter below
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FIcURE 8.—Orientation of grid system for calculating position
of survey points. ABCDE is line of original (1964) survey.
AFGHE is line of resurvey (1968). x direction is determined
by shot from F to A; y direction is perpendicular to it. Point
A is arbitrary point of origin of grid system and is assigned
the coordinates 0,0. Point F has the coordinates A-F,0.
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FIGURE 9.—Movement vectors on surveyed lines across rock glaciers. Downvalley is at top. A, Maroon rock glacier. From
enlargement of U.S. Forest Service photograph ESK-1-279 taken Sept. 14, 1967. B, Pyramid rock glacier. From enlargement
of U.8. Forest Service photograph ESK-3-9 taken Sept. 21, 1967.

the surface of Arapaho rock glacier 1,300 feet (400 m)
downvalley from the base of the cirque headwall ; how-
ever, movement rates there were only 20 em/yr at the
most (Outcalt and Benedict, 1965).

Maximum rate of movement measured on Pyramid
and Maroon rock glaciers is comparable with the value
of 80 em/yr measured by Potter (1968) on the upper
part of Galena Creek rock glacier in the northern Absa-
roka Range of Wyoming at lat 44°38’ N. and 8,800
10,400 feet in altitude. The upper part of this rock
glacier has only 1-1.5 m of debris over glacial ice. Sim-
ilar movement rates have been reported for rock gla-
ciers in Alaska (Wahrhaftig and Cox, 1959; Foster
and Holmes, 1965).

No direct observations in the eastern Elk Mountains
show whether the rock glaciers consist of glacial ice
mantled with debris as described by Potter (1968), or
have a smaller core of glacial ice as revealed by a mine
tunnel in one rock glacier in the San Juan Mountains
of southwestern Colorado (Brown, 1925), or have only
interstitial ice, as indicated by Wahrhaftig and Cox
(1959) for rock glaciers of the Alaska Range and as
revealed by excavation in a rock stream at lower alti-
tude in southern Colorado (Johnson, 1967). Because
of a difference in morphology, altitude, and physio-
graphic setting, I think all three types occur in the
eastern Elk Mountains and that there are intergrada-
tions among them. The truth will not be known until
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some method, possibly geophysical, is found to deter-
mine how much and what kind of ice is beneath or inside
rock glaciers.
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MAGNETIC INTENSITIES IN A DIFFERENTIATED GABBROIC BODY,
THE DUFEK INTRUSION, PENSACOLA MOUNTAINS, ANTARCTICA

By MYRL E. BECK, JR.,! and NANCY LINDSLEY GRIFFIN,?
Bellingham, Wash., Riverside, Calif.

Abstract.—The following relationships are found to hold for
the Dufek intrusion, a large stratiform mafic body exposed in
the Pensacola Mountains, Antarctica :

ka=1.56V1-8X 10~3 emu/oe,
J,=1.54V1.80%¢ 103 emu,

where k. is apparent magnetic susceptibility, J, is intensity
of natural remanent magnetization, and V is volume percentage
of opaque minerals, nearly all iron-titanium oxides in the Dufek
intrusion. For a rock body whose magnetic intensity is described
by these expressions, concentration of opaque minerals can be
estimated from magnetic anomaly patterns, if geometry and
depth of burial of the anomaly-producing mass and the direction
of J,. are known. The average value of @, the ratio of remanent
intensity to induced intensity, for such a body will be approxi-
mately equal to the reciprocal of 7T, the magnetic field intensity.
For the Dufek intrusion, as for many other floored mafic intru-
sions that have differentiated in place, total magnetic intensity
is found to vary markedly with height above base. Magmatic
differentiation in such bodies evidently can produce strong gra-
dational contrasts in magnetization. The nonlinear relationship
between k. and V in Dufek intrusion rocks tentatively may be
attributed to the effect of self-demagnetization and to an in-
crease in intrinsic magnetic susceptibility with grain size. The
similarity in k.~V and J,.-V relationships suggests that ther-
moremanent magnetization in Dufek intrusion rocks may be
carried by single-domain regions magnetically isolated within
multidomain grains by the presence of exsolution-oxidation
lamellae of ilmenite.

and

The Dufek intrusion is a stratiform complex similar
to the Stillwater and Duluth Gabbro Complexes of
North America and the Bushveld Complex of Africa.
It is exposed in the Dufek Massif and in the Forrestal
Range (located near lat 83° S., long 52° W.), part of
the Pensacola Mountains in West Antarctica.

1U.S. Geological Survey.
2 Department of Geological Sciences, University of California.

The Dufek intrusion is estimated by Ford and Boyd
(1968) to be at least 7 km thick and to have an areal ex-
tent sufficient to make it one of the world’s largest strat-
iform complexes. Although approximately 40 percent
of the intrusion is unavailable for sampling because of
erosion or ice cover, a wide variety of rock types is
exposed. Represented lithologies range from anortho-
site in the lowest exposures through pyroxene gabbro,
pyroxenite, leucogabbro, and fairly iron-rich gabbro,
to granophyre in the highest exposures. These different
varieties of mafic rocks apparently have developed by
ordinary magmatic processes from a silica-saturated
basaltic magma that is similar to the tholeiitic magma
type found distributed over much of the earth’s surface
and throughout the entire geological column. Relation-
ships worked out in Dufek rocks thus may be expected
to have wide application to the study of other mafic
rocks.

The Dufek intrusion is currently under investigation
by the U.S. Geological Survey (see Ford and Boyd,
1968, and Ford, 1970, for a discussion of geology and
petrology). Data reported here were collected during
paleomagnetic studies that are still in progress (Beck
and others, 1968; Griffin, 1969). Seismic, gravity, and
aeromagnetic studies in the Pensacola Mountains have
been described by Behrendt, Meister, and Henderson
(1966).

METHODS AND GENERAL OBSERVATIONS

Magnetic properties of 172 oriented samples have
been studied to date. These samples are representative
of the complete exposed stratigraphic thickness and
much of the exposed areal extent of the Dufek intru-
sion. Thin sections have been prepared from 27 of these
samples, and the volume percentage (V) of opaque
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OPAQUE MINERALS, IN VOLUME PERCENT (V)

FicUure 1.—Plot of volume percentage of opaque minerals (V) versus apparent magnetic susceptibility (ke in emu/oe) and
intensity of remanent magnetization (J,, in emu) for samples from the Dufek intrusion. Lines are least-squares best fit.

minerals has been determined at moderate magnifica-
tion by standard petrographic point-counting tech-
niques. At least 1,000 points were counted for each thin
section. Visible opaque grains in these samples consist
almost entirely of iron-titanium oxide minerals, mainly
intergrowths of magnetite and ilmenite, although a
few sulfide grains are present in some samples (Griffin,
1969; Aughenbaugh, 1961). For the purposes of this
report, V' can be regarded as a very good estimate of
abundance of magnetic oxide minerals. Volume percent-
age of opaque minerals is shown plotted against (1)
apparent magnetic susceptibility (%,) and (2) intensity
of natural remanent magnetization (/,) in figure 1.

As expected, both k, and J, increase with increasing
content of opaque minerals. The regularity of the
relationship is interesting, however, and allows several
useful functional relationships to be established em-
pirically. For example, the equations of the least-
squares lines shown in figure 1,

k,=1.56V*%X 107 emu/oe, (1)
and

J,=1.54V1-80% 1073 emu, (2)

in which emu/oe is electromagnetic units per oersted,
together with the expression for total magnetization (J),

J=J,+kT, 3)

where T is the total intensity of the geomagnetic field,
allow prediction of the magnetic anomaly to be
expected from any given concentration of opaque

minerals. The direction of JJ, must of course be deter-
mined from measurements on oriented samples. If the
opaque fraction is assumed to consist mainly of iron-
titanium oxide minerals, the anomaly amplitude range
likely to indicate ore may be predicted. Conversely, if
the approximate shape, size, and depth of the anom-
alous mass are known, opaque concentrations may be
estimated from magnetic maps by means of equations
1-3.

Expressions similar to equation 1 have been used by
several authors to describe the relationship between
magnetic susceptibility and fraction of magnetic
mineral in various rock types. Bath (1962) and Jahren
(1963) reported 1.16V72°% 10~ emu/oe for a Mesabi
iron formation. Mooney and Bleifuss (1953) gave
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2.89V1-%% 1073 emu/oe for a suite of seven rock types
from Minnesota and 1.23V°3X 1073 emu/oe for gabbro
samples alone. Balsley and Buddington (1958) reported
2.6V'%¥%10~° emu/oe for igneous and metamorphic
rocks from the Adirondack Mountains, N.Y. Similar
investigations also have been made by others; for
example, Slichter (1929) and Werner (1945). The most
conspicuous result of these investigations is to show
that no simple . relationship exists - between . mag-
netic susceptibility and content of magnetic mineral.
- Evidently, rock type and geological history exert
considerable control over the magnetic properties of
rocks. This appears to be a promising field for further
useful research.

SELF-DEMAGNETIZATION

The important role played by self-demagnetization
in determining rock magnetic properties has been dis-
cussed by several authors. It can be shown (for example,
Nagata, 1961, p. 130) that, for p <« 1,

bk |
k=11 NE (4)

where %, £, and V are apparent magnetic susceptibility,
intrinsic magnetic susceptibility, and demagnetizing
factor, respectively, and p is the volume fraction of
magnetic mineral (p=7X10-?). For large values of %
this gives approximately %,=p/N. Since N~3.9 for a
typical assemblage of magnetic grains (Stacey, 1963),
the relationship %,=0.26p should hold approximately
for large %. This is equivalent to k,=2.6V X103, not
unlike Mooney and Bleifuss’ (1953) expression for Min-
nesota rocks. For small and variable %4, however, equa-
tion 4 predicts a more complicated relationship between
magnetic susceptibility and content of magnetic oxide
minerals. In particular, if % increases with p, a rela-
tionship similar to the Jahren (1963) and Bath (1962)
expression for Adirondack rocks, or to equation 1 of
this paper, might result. For instance, if it is assumed
that % increases linearly with p (k=ap), then

k. =ap*— Na’p®. (5)

__ap’

" 1+Nap
Equation 5 gives results very close to those of equation
1 for suitably small values of p. Intrinsic susceptibility
(%) might be expected to increase with p if part of the
variation in p was due to variation in grain size. This
follows because % is to some extent an increasing func-
tion of grain size (Stacey, 1963, p. 71; Nagata, 1961,
p. 99). In rocks from the Dufek intrusion a notable
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increase in grain size accompanies increase in the total
volume percentage of opaque minerals.

It follows from equations 1 and 2 that for the Dufek
intrusion a good estimate of the average value of ¢,
a quantity defined (Koenigsberger, 1938) as

=g ®

is given by 7™-* for all values of V. Thus, for all likely
values of geomagnetic field intensity,

1.3< Quve<l5, (7)

indicating that accurate interpretation of total intensity
magnetic data requires that both remanent and induced
magnetization be taken into consideration. Actual val-
ues of ¢ for the 27 samples shown in figure 1, calculated
for 77=0.5 oe, range from 0.3 to 30 and average 2.02.

VARIATION OF k, AND J, WITHIN THE
DUFEK INTRUSION

Variations in magnetic susceptibility and intensity
of natural remanent magnetization do not occur ran-
domly throughout the thickness of the Dufek intrusion ;
rather, &, and J, have a strong tendency to increase with
height above base until the granophyre zone near the
roof is reached, whereupon they drop abruptly. The
tendency for magnetic intensity to increase upward is
not confined to the Dufek intrusion ; it is found in many
other mafic bodies that have differentiated in situ (ex-
amples include those of Jaeger and Joplin, 1955 ; Beck,
1966 ; Beck and Lindsley, 1969). Increase of magnetiza-
tion with decreasing depth may result from differentia-
tion trends characterized by increase in the ferric—fer-
rous ratio, accompanied by increasing or nearly
constant iron content; this differentiation is produced
under conditions which permit the crystalline material
to sink to the floor of the magma chamber. Thus, early-
formed material that rests near the floor of the intru-
sion tends to be relatively free of iron-titanium oxide
minerals, whereas late oxide-rich material is located
near the roof. The uppermost parts of some differen-
tiated mafic bodies also have relatively low magnetiza-
tion. This low magnetization probably results from a
tendency for a small amount of early-crystallized ma-
terial to adhere to the roof of the magma chamber, but
for some mafic bodies (such as the Dufek intrusion) it is
caused by the presence near the roof of a granophyric
residuum nearly devoid of iron-bearing minerals.
Strong magnetization contrasts may be produced within
a differentiated mafic intrusion by this mechanism. Fig-
ure 2 shows variation in remanent and induced mag-
netization within the Dufek intrusion, based on
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AVERAGE MAGNETIC SUSCEPTIBILITY (I;a) AND AVERAGE

INTENSITY OF NATURAL REMANENT MAGNETIZATION (J,)
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FI6URE 2.—Average magnetic susceptibility (k. indicated by
diagonal pattern) and average intensity of natural remanent
magnetization (J, indicated by dotted pattern) for arbitrary
thick zones within the Dufek intrusion. Numerals opposite
each bar indicate number of samples averaged per group.

measurements of 172 samples. From this diagram it is
evident that if the Dufek intrusion were strongly de-
formed it would present a complex pattern of magnetic
anomalies. Many of these anomalies would be caused by
gradational magnetization contrasts, reflected by low
anomaly gradients relative to gradients resulting from
abrupt magnetic contrasts of equal magnitude between
juxtaposed, contrasting lithological units at the same
depth. The possible existence of such gradational mag-
netization contrasts should be considered when comput-
ing depth to basement by gradient techniques.

SOURCE OF k, AND J,

The fact that virtually identical empirical relation-
ships exist between concentration of opaque minerals
and magnetic susceptibility and between opaque miner-
als concentration and intensity of remanent magnetiza-
tion is of some interest. The greater scatter shown by
the V—J, diagram (fig. 1) undoubtedly reflects the com-
plex origin of remanent magnetization, a process not
yet wholly understood. However, difference in scatter
does not alter the close similarity between the V—%, and
V—/. diagrams. Apparently magnetic susceptibility and
remanent magnetization are somehow similarly related

GEOPHYSICS

to the large opaque grains that dominate the point
counts. Magnetic susceptibility is clearly a multidomain
process (Stacey, 1963), but remanent magnetization
(specifically thermoremanent magnetization) is more
probably single-domain or pseudosingle-domain in char-
acter (Evans and others, 1968; Evans and McElhinny,
1969 ; Stacey, 1967). For instance, Evans, McElhinny,
and Gifford (1968) have shown that nearly half the
intensity of thermoremanent magnetization of the Mo-
dipe gabbro is contributed by magnetite particles (di-
ameter 17u or less) found as exsolution products within
pyroxene grains. For the Dufek intrusion, ¢ values are
too high (all but two are in excess of 0.5) to satisfy
Stacey’s (1967) criterion for true multidomain behav-
ior; yet it appears that intensity of remanent mag-
netization bears a consistent relationship to the volume
of visible opaque minerals in the rock. Moreover, the
relationship between ¥V and o/, is virtually identical to
that between induced magnetization, a known multido-
main process, and volume of large opaque grains. Dufek
intrusion samples show a high to moderate magnetic
stability, so it is unlikely that the greater part of the
remanent magnetization is viscous or isothermal in ori-
gin (M. E. Beck, Jr., unpub. data). Apparently the
number of single-domain regions contributing to the
remanent magnetization of Dufek intrusion rocks is
proportional to the volume of opaque minerals visible
in thin section. The simplest explanation for this obser-
vation, following Strangway, Larson, and Goldstein
(1968), is that the single-domain behavior originates
in small regions within the large opaque grains that
have been isolated by ilmenite lamellae, which are
formed by relatively low-temperature exsolution and
subsolidus oxidation. More laboratory work is necessary
to test this idea.
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GEOPHYSICAL DATA RELATING TO A POSSIBLE PLEISTOCENE
OVERFLOW OF LAKE BONNEVILLE AT GEM VALLEY,

SOUTHEASTERN IDAHO

By DON R. MABEY, Denver, Colo.

Abstract.—Electrical resistivity soundings and aerom.gnetic
surveys in Gem Valley, Idaho, an area covered by Pleistocene
bg}salt flows, are interpreted as indicating that (1) prior to the
flooding of the valley by basalt flows the south end of the valley
was a topographic low and (2) a broad channel along the west
side of the valley reached north to the Portneuf River canyon.
The base of this channel is now about 5,100 feet above sea level,
which is slightly lower than the level of Lake Bonneville at the
time of the initial overflow at Red Rock Pass. The concealed
topography beneath the basalt suggests that drainage of the
south end of the valley was, as it is now, south through the
Oneida Narrows into the Lake Bonneville basin. If the Oneida
Narrows were open before Gem Valley was flooded by basalt
flows, the low point in the rim of the Lake Bonneville basin
may have been at the head of the Portneuf River canyon, and
overflow may have occurred through the Portneuf River. Block-
ing of this drainage by basalt flows could have produced a rise
in the lake level and overflow at Red Rock Pass.

A segment of the surface-water divide between the
Great Salt Lake and the Snake River drainages is an
almost imperceptible feature on the surface of Pleisto-
cene basalt flows in Gem Valley, a large intermontane
basin in southeastern Idaho (fig. 1). Gem Valley as
used in this report includes all the valley area between
the Portneuf and Fish Creek Ranges on the west and
the Chesterfield Range, Soda Springs Hills, and Bear
River Range on the east. The Portneuf River, which
drains the north end of the valley through a canyon
(here called the Portneuf River canyon) into the Snake
River, could be diverted southward into the Great Basin
by a dam 250 feet high. The Bear River, which flows
through the southern part of the valley into Great Salt
Lake, could be diverted northwestward into the Port-
neuf River by a slightly lower dam.

The Bear River is the largest river flowing into Great
Salt Lake; diversion of it by the basalt flows in Gem
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Valley could have had an important effect on Lake
Bonneville, a Pleistocene lake in the Great Salt Lake
basin. An excellent summary of previous ideas concern-
ing the Pleistocene drainage in Gem Valley was pre-
sented by Bright (1963). The tangible record of Pleisto-
cene drainage in Gem Valley, however, is concealed by
basalt flows, which occupy the valley and gaps in the
adjoining ranges. Recent geophysical studies which
provide some new perspective on the Pleistocene drain-
age in key areas are the subject of this report.

The major items of visible evidence relating to the
Pleistocene events in Gem Valley (fig. 2) are:

1. Extensive basalt flows cover the valley and extend
down the Portneuf River canyon almost 50 miles.

2. A surface divide between the Bear and Portneuf
Rivers on the basalt flows has a minimum elevation of
about 5,525 feet above sea level.

3. Shorelines and sediments in the south end of Gem
Valley indicate a Pleistocene lake at a maximum eleva-
tion of 5445 feet above sea level (Bright, 1963).

4. Lake Bonneville catastrophically overflowed at
Red Rock Pass at an elevation above 5,100 feet and
possibly as high as 5,200 feet above sea level (Malde,
1968).* Prior to this overflow, Lake Bonneville rose in
the Alpine maxima to a level a few feet below the eleva-
tion at which overflow occurred at Red Rock Pass
(Crittenden, 1963).

5. Lake Bonneville extended into the south end of
Gem Valley through the Oneida Narrows (Bright,
1963).

1 A problem in comparing elevations of shorelines and related features
in the Bonneville basin is caused by the differential isostatic sub-
sidence and rebound that resulted from variations in time of the water
Joad in the basin. The elevation of the Bonneville shoreline, for
example, ranges from 5,085 feet at Red Rock Pass to 5,300 feet above
sea level in the area of deepest water (Crittenden, 1963).
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F16URE 1.—Index map of northern Utah and southeastern Idaho,
showing location of Gem Valley.

GEOPHYSICAL DATA

Gravity and magnetic surveys in Gem Valley have
been interpreted by Mabey and Armstrong (1962) and
Mabey and Oriel (1970). The gravity data indicate a
prism of low-density material several thousand feet
thick under most of the valley. On the basis of geologic
evidence, this low-density material is thought to be
largely Tertiary sedimentary rocks that fill a graben.
Aeromagnetic anomalies over the valley are produced
by basalt flows and by eruptive centers. A magnetic
high along the west side of the valley has been inter-
preted as indicating that a basalt-filled channel extends
southward from the head of the Portneuf River canyon.
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FI16URE 2—Map of Gem Valley, showing extent of exposed basalt
flows (stippled), area of figure 3, and location of profile A-4".
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FI6URE 3.—Resistivity soundings (VBES-1 and VES-2) at the
pead of the Portneuf River Canyon. DH—4, well. Stippled area
is pre-Tertiary rock. Resistivity survey and interpretation by
A. A. R. Zohdy.

interpretation of these soundings indicates that about
200 feet of basalt having a resistivity of 350-380 ohm-
meters underlies a thin layer of lower resistivity mate-
rial. The basalt, in turn, is underlain by material with a

GEOPHYSICS

resistivity of about 125 ohmmeters, which is approxi-
mately the resistivity measured on nearby outcrops of
Paleozoic rocks. A much lower resistivity (10-25 ohm-
meters) was measured for fine-grained sediments under
basalt in the central part of Gem Valley. The material
with 125-ohmmeter resistivity under the basalt at the
concealed divide could be either Paleozoic rock or sand
and gravel—probably it is both—Dbut it is not likely to
be fine-grained lake sediments. Therefore, interpretation
of the resistivity sounding strongly suggests that the
base of the basalt at the concealed divide at the head of
the Portneuf River canyon is a little more than 200 feet
below the surface (or about 5,100 feet above sea level)
and that it is not underlain by lake sediments. A well
(DH-4) northeast of the soundings, where the surface
elevation is about 5,335 feet, went through basalt to a
depth of 215 feet (elevation about 5,120 feet), then
through 57 feet of clay, sand, and gravel, and was bot-
tomed in clay, thus confirming the basalt thickness in-
ferred from the geophysical data. Possibly the divide is
a few tens of feet below 5,100 feet above sea level, be-
cause neither the resistivity soundings nor the drill holes
are likely to indicate the maximum thickness of basalt.

Magnetic data over the Portneuf River canyon down-
stream to the junction with Fish Creek (Mitchell and
others, 1965) reflect the presence of the basalt in the
canyon, but do not indicate any local source for it.
Rather, the magnetic data strongly suggest that all the
basalt above Fish Creek flowed down the canyon from
Gem Valley.

Gem Valley

A profile of Schlumberger resistivity soundings by
A. A. R. Zohdy across the central part of Gem Valley
provides additional information on the topography be-
low the basalt (fig. 4). On the west edge of the valley the
resistivity soundings confirm the existence of a basalt-
filled channel indicated by the magnetic data. The chan-
nel is about 2 miles wide and about 300 feet deep, and
may have a central trough possibly 100 feet deeper. The
elevation of the base of the broad inferred channel is
about 5,150 feet, and the central trough is about 5,050
feet above sea level. Three wells (DH-1, DH-2, and
DH-3) within 2 miles of the resistivity soundings pro-
vide support for the interpretation of geophysical data.
DH-1 did not penetrate basalt and is assumed to be west
of the inferred channel. DH-2 was drilled through
interbedded basalt and sediments to a depth of 283 feet
(elevation about 5,170 feet) and then through sediments
to 355 feet. DH-3 found interbedded basalt and sedi-
ments to a depth of 271 feet (elevation about 5,170 feet),
but was bottomed at 275 feet after drilling 4 feet of sedi-
ment ; more basalt may exist below 275 feet. The resis-
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tivity soundings did not reveal any evidence of a major
basalt-filled channel in the central or eastern part of the
profile.

Aeromagnetic data, which are available over only the
northern three-quarters of Gem Valley, have been inter-
preted as indicating a subbasalt surface of moderate
relief (Mabey and Oriel, 1970). North of the resistivity
profile the basalt is locally thin or absent, and in the
northern part of the valley neither the geophysical data
nor drill holes suggest that basalt is present at elevations
much below 5,100 feet above sea level. Apparently the
basalt was emplaced on a valley floor that had been dis-
sected by erosion and that probably included several
alluvial fans along the east side of the valley. The floor
of the valley may have resembled the present floor of
southern Marsh Valley, which is the next major valley
west of Gem Valley.
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The lowest known elevation of basalt in the valley is
about 4,950 feet in the south end (Bright, 1963). Except
in a possible area of subsidence associated with the vol-
canic craters near Grace (fig. 2), neither the geophysical
nor the drill-hole data indicate basalt at any lower ele-
vation. Thus, seemingly the south end of the valley was
a topographic low before the overlying basalt was
emplaced.

Areas east of Gem Valley

Basalt flows occur in gaps in the ranges at Soda Point
and Tenmile Pass on the east side of the valley, in the
divide between the Bear and Blackfoot Rivers north of
Soda Springs, and along much of the course of the
Blackfoot River (fig. 2). Knowledge of the thickness
of the basalt in these areas is a key to inferring the
course of the Blackfoot and Bear Rivers before the
time of the basalt flows. The only geophysical data
available on the thickness of the basalt in these areas
are the data used in preparing the magnetic contour
map of Mabey and Oriel (1970) and an unpublished
aeromagnetic profile across the gaps at Soda Point and
Tenmile Pass. Quantitative interpretation of the mag-
netic data without some subsurface control is subject
to large uncertainties, and thickness estimates based on
the magnetic data alone should be used with great
caution.

The basalt thickness inferred from the magnetic data
suggests some possible courses of the Blackfoot and
Bear Rivers before the low areas east of Gem Valley
were flooded with basalt. At Soda Point the magnetic
profile suggests a broad prism of basalt about 500-600
feet thick occupying most of the area between the Soda
Springs Hills and the Bear River Range. Thus, an
elevation of about 5,100-5,200 feet for the base of the
basalt at Soda Point is probable. At Tenmile Pass the
basalt appears to be thin on the north side but rather
thick in a narrow wedge just north of the Soda Springs
Hills. The magnetic anomaly does not provide a good
indication of the maximum thickness of this wedge, but
a thickness of between 500 and 1,000 feet seems most
likely. The subbasalt elevation of Tenmile Pass remains
a major uncertainty; it might be as low as 5,100 feet
but could be several hundred feet higher. East of Ten-
mile Pass the geophysical data suggest considerable
relief on the buried pre-Tertiary rock, but there is no
evidence of a bedrock barrier higher than at Tenmile
Pass. North of Soda Springs the magnetic data indicate
basalt to be continuous, with a minimum thickness of
several hundred feet. In the canyon of the Blackfoot
River, northeast of the Blackfoot River Reservoir, the
magnetic data suggest that about 400 feet of basalt un-
derlies the river, placing the subbasalt surface at about
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5,600 feet above sea level (Mabey and Oriel, 1970).
Before the basalt was emplaced, the Blackfoot River
may have been tributary to the Bear River through
the gaps north of Soda Springs or may have entered
Gem Valley through Tenmile Pass, but the Bear River
probably did not flow north through the present course
of the Blackfoot River.

PLEISTOCENE DRAINAGE SUGGESTED
BY GEOPHYSICAL DATA

The geophysical data and the elevation of basalt
penetrated in drill holes suggest that before emplace-
ment of the basalt the topographic low in Gem Valley
was in the southern part of the valley about 4,900 feet
above sea level, with drainage of at least the southern
part of the valley southward through the Oneida Nar-
rows. If the Oneida Narrows existed in virtually the
present form before the basalt was emplaced and the
elevation of Red Rock Pass was above 5,100 feet above
sea level before the overflow, the low point in the rim
of the basin before Lake Bonneville time could have
been in Gem Valley or at the head of the Portneuf
River canyon at an elevation of about 5,100 feet above
sea level. During high stands in the Bonneville basin,
the lake would have extended into the south end of
Gem Valley and overflowed through the channel indi-
cated by the geophysical data along the west side of
the valley into the Portneuf River canyon (fig. 5). Dur-
ing low stands of the lake the Bear River would have
flowed southward through the Oneida Narrows, remov-
ing sediment from the south end of the valley and
producing a topographic low similar to what exists
today (fig. 6). The divide in Gem Valley could have
been the control for the elevation of Lake Bonneville
during the Alpine maxima when the lake apparently
reached a maximum level a few feet below the sub-
sequent Bonneville maximum controlled by Red Rock
Pass (Crittenden, 1963). -

Northward overflow through Gem Valley would have
been prevented by basalt flows entering the valley at
Tenmile Pass and Soda Point and by basalt from vents
within Gem Valley itself, events which raised this seg-
ment rim of the Bonneville basin to more than 5,200
feet above sea level. The Portneuf River would have
been ponded to form a lake in the north end of the
valley, and the Bear River would have continued to
flow south from Soda Point. The next overflow of the
lake in the Bonneville basin would have been over a
divide not higher than 5,200 feet above sea level at Red
Rock Pass and would have produced the catastrophic
flooding in the Snake River Plain.

The series of events proposed on the basis of the thick-
ness of the basalt inferred from the geophysical data is
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FicURE 5.—Proposed drainage in Gem Valley before empla‘ce-
ment of basalt and during overflow of lake in Bonneville
basin.

quite different from the Pleistocene history deduced by
Bright (1963). A major weakness in this hypothesis is
the lack of an explanation for the presence of lake depo-
sits in the south end of Gem Valley at a maximum ele-
vation of 5,445 feet above sea level. Indeed, the exist-
ence of these lake deposits, which are, at least in part,
younger than the basalt, and the absence of equally high
deposits in Cache Valley indicate that the Oneida Nar-
rows was not open when the higher deposits were
formed. Development of a dam in the narrows after the
emplacement of basalt in Gem Valiey seems unlikely but
not impossible. However, the alternate Pleistocene his-
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tory proposed by Bright to account for the features he
has observed requires the development of a dam at least
340 feet high in the Portneuf River canyon prior to the
emplacement of the basalt in Gem Valley. (Bright con-
cluded that (1) the elevation at the head of the Portneuf
River canyon must have been less than 4,783 feet to ac-
count for the elevation, before emplacement of the ba-
salt, in the south end of Gem Valley by northward
drainage through the Portneuf River canyon and (2)
the canyon was dammed to produce a lake with a sur-
face elevation of 5,125 feet.)

Although the interpretation of geophysical data
should not be considered rigid, these data do suggest
several features of the topography before the basalt was
emplaced that must be integrated into any reconstruc-
tion of the Pleistocene drainage. The principal uncer-
tainty to be resolved is the direction of drainage of the
south end of the valley before the emplacement of the
basalt flows. Until more surface and subsurface infor-
mation becomes available on this problem, two quite
different Pleistocene histories should be considered.
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GRAVITY AND MAGNETIC DATA IN THE VICINITY OF THE
CALAVERAS, HAYWARD, AND SILVER CREEK FAULTS

NEAR SAN JOSE, CALIFORNIA

By STEPHEN L. ROBBINS, Menlo Park, Calif.

Abstract.—A gravity survey along the east side of San Jose,
Calif., with stations spaced about 1-11%4 miles (2-3 km) apart,
shows a long, narrow 30-mgal gravity low, which may be
caused in part by a graben extending into the lower crust and
possibly into the upper mantle. The gravity gradients along the
sides of this feature coincide with the Calaveras and Silver
Creek faults, with what appears to be the northwestward
extension of the Silver Creek fault, and with what may be an
old inactive fault in line with the still active Hayward fault.
On the west side of San Jose a 25-mgal negative gravity
anomaly is believed to indicate that the surface there is under-

lain by Tertiary and Quaternary rocks more than 4 km thick.

Aeromagnetic data also show that the Silver Creek fault ex-
tends northwestward beyond the area in which it is exposed.

Little is known about the subsurface geology in the
vicinity of San Jose, Calif., especially about the sub-
surface configurations of the Calaveras, Hayward, and
Silver Creek faults. The gravity and aeromagnetic data
presented here have been obtained within the area out-
lined in figure 1, and were used, along with the known
geology of the area, in making the following subsurface
structure interpretations.

Acknowledgments.—I am indebted to Leon Page and
the Santa Clara Valley Water Conservation District
for making it possible for me to obtain many of the
gravity stations and to the California Department of
Water Resources for allowing me to use their geologic
base map (California Dept. of Water Resources, 1967,
plate 3). I also wish to thank Dr. John Brooke and Dr.
Norman Dolloff, of San Jose State College, and several
members of the U.S. Geological Survey, for guidance
and for helpful criticism of this report.

GEOLOGY
The oldest rocks known to underlie the area described
in this report—what are commonly termed “basement
rocks”—are those of the Franciscan Formation, which
in this area are of Jurassic or Early Cretaceous age east
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of the Calaveras fault and of mid-Cretaceous age in the
Santa Cruz Mountains (Bailey and others, 1964, p.
150). This formation consists mainly of sandstone and
shale but contains lesser amounts of chert, serpentinite,
and greenstone. Relatively unaltered mafic and ultra-
mafic rocks such as diorite, gabbro, and pyroxenite are
exposed in the Oak Hills (fig. 2) (Crittenden, 1951,
p- 21). There are also many small bodies of diorite,
diabase, and gabbro in the areas mapped by Crittenden
(1951, pl. 1) as serpentinite. Crittenden mapped a num-
ber of small bodies of a rock that he referred to as silica-
carbonate rock and believed to have formed by altera-
tion of serpentinite.

The area here described includes a miogeosynclinal
sequence of Mesozoic sedimentary rocks, the oldest and
most abundant of which belong to the Knoxville Forma-
tion, of Jurassic age, and consist mainly of shale and
siltstone, but it also contains Cretaceous rocks, mainly
shale, conglomerate, and sandstone.

The thickest known section of Tertiary rocks in the
area, possibly as much as 2.3 km thick, is exposed in the
hills east of San Jose (Crittenden, 1951, p. 22). These
rocks are mostly shallow-water marine sediments.

Still higher in the stratigraphic sequence is the Santa
Clara Formation, mainly of Quaternary age but partly
of Pliocene age. This formation is at least 0.7 km thick
on the west side of San Jose (Dibblee, 1966), where the
beds in its lower part are but little consolidated and
those at the top so wholly unconsolidated that it is
sometimes impossible to locate the boundary between
them and the overlying alluvial deposits.

On the east side of San Jose, according to Crittenden
(1951, p. 22, 45), about 0.5 km of what he regards as
Holocene alluvium has been deposited, but a part of this
material may be the upper part of the Santa Clara
Formation (California Dept. of Water Resources, 1967,
p- 21).
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F1eure 1.—Regional Bouguer gravity map of the area near San Jose, Calif.,, described in this report.
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GEOPHYSICAL DATA

The complete Bouguer gravity map (fig. 2) is based
on observations made at about 200 gravity stations,
spaced at intervals of 2-3 km (1-114 miles). At 102 of
these stations, a Worden Educator gravity meter with
a 0.4909 mgal/scale-division scale constant was used,
and at 49 stations a LaCoste-Romberg gravity meter
was used. The latter was also used in reoccupying most
of the gravity stations on Taylor’s Evergreen profile
(Taylor, 1956, pl. 1) and about half the stations on his
San Jose profile, and also for tying all base stations
to the California gravity network (Chapman, 1966,
p- 10). Taylor’s Santa Clara profile also has been used
in figure 2, but with gravity values modified in accord-
ance with differences observed between Taylor’s and
the reoccupied values on the San Jose and Evergreen
profiles.

The data were reduced on the assumption that the
rocks had an average density of 2.67 g/cc. The terrain
effect was removed by using the U.S. Coast and Geo-
detic Survey system (Swick, 1942, p. 67) through zone
O, and the resultant values were contoured at an inter-
val of 2 mgal.

Figure 1 is a regional Bouguer gravity map covering
the area of special interest and some of the surrounding
area. It is based on part of the data compiled by Howard
W. Oliver and me for the “Transcontinental Geophysi-
cal Survey (35°-39° N.) Bouguer Gravity Map” (U.S.
Air Force Aeronautical Chart and Information Center,
1968). Few of the gravity stations outside the area
outlined in figure 1 have been terrain corrected.

Table 1 shows the ranges of density and average den-
sity In most stratigraphic units exposed in this general
region. The samples on which they are based were all
taken at the surface, and most of them in places outside
of the area surveyed, but they are all representative
of stratigraphic units exposed within the survey area.

TaBLE 1.—Rock densities in the San Francisco Bay area, as
determined by Taylor (1956, p. 31), Greve (1962, p. 15), Clement
(1965, p. 2), and Robbins (6 samples)

[Based on over 200 samples]

Density (g/ce)

Rock group
Range (max) Average
Quaternary nonmarine deposits_ 1. 57-2. 05 1.9
Pliocene and Pleistocene 1. 90-2. 30 2.2
nonmarine deposits.
Tertiary marine deposits__.____ 2. 03-2. 53 2.3
Mesozoic rocks:
Miogeosynelinal rocks_______ 2.41-2. 68 2.5
Franciscan Formation:
Sedimentary rocks________ 2. 30-3. 10 12,7
Serpentinite._____________ 1. 96-2. 89 125
Greenstone_ _ _ ___________ 1. 81-2. 99 12.8

12,7 or commonly 2.67.
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Bailey, Irwin, and Jones (1964, p. 141) have collected
many samples of graywacke from the Franciscan For-
mation, and some from the Mesozoic miogeosynclinal
formations. Their density figures for Franciscan gray-
wackes (181 samples in the Bay area) agree closely in
the range and in average value with those listed in
table 1, but those for individual samples of miogeosyn-
clinal graywackes all exceed the average density for
miogeosynclinal rocks given in table 1. One reason for
this is that the miogeosynclinal rocks exposed at the
surface in the surveyed area are mostly shales, silt-
stones, and conglomerates of greater average density
than the graywackes. Another reason may be that most
of the samples of graywacke that Bailey, Irwin, and
Jones took from the miogeosyncline were collected out-
side the Bay area.

Seven northeast-trending aeromagnetic profiles flown
by the U.S. Geological Survey in 1959 in the northern
part of the Santa Clara Valley, at 1-mile (1.6 km)
spacing and 500 feet (150 m) above the ground surface,
are reproduced in figure 4, in which a regional gradient
of 10 gammas per mile has been removed (U.S. Coast
and Geodetic Survey, 1965). These magnetic data are
variations in the total intensity relative to an arbitra
datum. ‘

To judge froem surface exposures, the only rocks
within the area that could produce magnetic anomalies
as large as those shown in figure 4 are the serpentinites,
greenstones, and mafic and ultramafic rocks in
the Franciscan Formation, and it is unlikely that any
rocks as magnetic as these lie buried within the
miogeosynclinal and Tertiary formations.

GRAVITY INTERPRETATION

In order to interpret the gravity anomalies, two
profiles were selected and linear regional gradients re-
moved (see fig. 2). These gradients were picked by
assuming that the gravity values over the Franciscan
Formation at both ends of the profiles were near zero.
The gradients were 1.8 mgal/mile (2.9 mgal/km) for
profile A-A’ and 1.2 mgal/mile (1.9 mgal/km) for
profile B-B".

When first studying the gravity and geologic map
(fig. 2) it seemed reasonable to assume that the gravity
anomalies are caused by rocks at shallow depth, and the
upper models in figure 3 are based on this assumption.
In these models, the Evergreen low is assumed to be
caused by Mesozoic rocks that are 0.2 g/cc less dense
than the Franciscan rocks, and the Cupertino low
caused by Tertiary rocks that are 0.4 g/cc less dense
than the Franciscan rocks (table 1). From this, a first
approximation to the basement configuration was ob-
tained by means of the Bott (1960) two-dimensional
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FicURE 3.—Gravity cross sections in the report area near San
Jose, Calif.
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gravity-mass-computation computer program which
produced, as output, a one-density-contrast model after
eight successive iterations were performed on an input
of observed gravity values with the regional gradient
removed. From this first approximation, modified by
data obtained from geologic features observed at the
surface (California Dept. of Water Resources, 1967;
Crittenden, 1951 ; and Dibblee, 1966), by data from the
logs of three drill holes on profile A-4’, and from den-
sity differences taken from table 1 as constraints, multi-
density models were assumed. The average density of
the Quaternary deposits was assumed to be 2.0 g/cc
rather than 1.9 g/cc, because the latter value was based
on material that included samples of mud taken from
San Francisco Bay north of the survey area. The sur-
face gravity attraction of these multidensity models
was next computed by means of the Talwani (Talwani
and others, 1959) two-dimensional gravity-interpreta-
tion computer program. The models were then so ad-
justed as to obtain close fits between the computed and
the observed gravity values (upper models, fig. 3).

The upper models show two features that seem un-
reasonable: (1) the depth to which the Mesozoic
miogeosynclinal rocks extend seems too great relative to
the width, and (2) there is a large unexplained residual
between the computed and observed gravity values east
of the Calaveras fault on profile B~B” (upper model,
fig. 8). These discrepancies suggest that part of the
measured gravity anomaly is produced by a deep-seated
anomalous mass. By assuming that some such mass does
exist, despite lack of indication as to its thickness and
extent, one can superimpose anomaly curves represent-
ing the largest possible anomalous mass, for which the
observed gravity could reasonably account, upon the
observed gravity curves (lower models, fig. 3). The
residuals between these curves were used to compute
new multidensity models of the rocks within a short
distance of the surface by the procedure using the
Talwani computer program (Talwani and others, 1959).
These new multidensity models represent minimum
thicknesses for the various known rock formations,
whereas the upper models in figure 3 represent maximum
thicknesses.

Bodies of rock in the lower crust and upper mantle
are also shown in the lower models of figure 3, along
with their values of attraction as computed by means
of Talwani’s program (Talwani and others, 1959) in an
attempt to determine the approximate form and struc-
ture of some deep feature that could account for the
observed anomalies. The upper boundaries of these
bodies are based on a profile from Thompson and Tal-
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wani (1964, p. 4820), and on the assumption that large
grabens exist between the Silver Creek and Calaveras
faults. In both profiles of the lower models on figure
3, one curve represents anomalies caused by grabens ex-
tending into both the lower crust and the upper mantle,
and in profile B—B’ there is also a curve that represents
the attraction caused by a graben that extends only into
the lower crust.

AEROMAGNETIC INTERPRETATION

In the interpretation of the magnetic profiles shown
in figure 4, I have assumed that the magnetization vector
in the magnetic bodies is parallel to the earth’s field, and
have disregarded the small, sharp anomalies caused by
manmade surface features such as railroad tracks and
radio towers.

The location and shape of the magnetic curves indicate
the approximate shape and boundaries of the magnetic
bodies (Heirtzler and others, 1962, p. 3-11). Depths and
susceptibilities were calculated for the large anomaly
on profiles 1-4 (fig. 4) by a graphical method based on
the half width of the anomaly (Heirtzler and others,
1962, p. 4-10).

v GEOLOGIC SIGNIFICANCE OF DATA

The Evergreen gravity low east of San Jose (fig. 2)
extends northwestward to a point north of Milpitas and,
according to Jeff Johnson (oral commun., 1967), south-
eastward to a point southeast of Anderson Lake. The
Knoxville Formation is exposed in the middle of this
gravity low southeast of profile B—B’ (fig. 3), and it
is assurmed that the northwestward continuation of this
low is also mainly caused by these rocks or other Meso-
zoic miogeosynclinal rocks. Just northwest of profile
B-B’ (fig. 8), Pliocene and Pleistocene rocks within the
Evergreen gravity low are in direct contact with the
miogeosyncline rocks, which indicates that little or no
Tertiary rock is associated with this low. An interpre-
tation of this low on profile A-4’ (upper model, fig. 3)
based on the gravity data and a 0.5-km-deep drill hole,
shows 0.4 km of Quaternary alluvium, 0.4 km of
Pliocene and Pleistocene rocks, and about 7 km of Meso-
zoic miogeosynclinal rocks. The Mesozoic rocks in pro-
file B-B’ (upper model, fig. 3) are shown to be about
11 km thick.

In both the upper and lower models (fig. 8), the
gravity gradients on both the southwest and northeast
sides of the Evergreen gravity low indicate steep slopes
on the buried surface of the basement rocks. The slope
in profile B-B’, on the southwest side of that low, is
directly under the surface trace of the Silver Creek
fault, and the slope in profile A-A4’, is probably on the
extension of this fault. The magnetic profiles in figure
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4 also indicate that the northeast boundary of the Oak
Hills magnetic body nearly coincides with this fault ex-
tension at depth. The location and shape of the magnetic
anomalies indicate that the northeastern boundary of the
top of the magnetic body lies southwest of the fault,
and that the northeast side of this body dips northeast-
ward until it is cut off by the fault. The Silver Creek
fault may reach San Francisco Bay and may connect
with a fault that is believed by Chapman (California
Dept. of Water Resources, 1967, plate 3) to extend along
the east side of the Coyote Hills (fig. 1).

On the northeast side of the Evergreen gravity low,
the complex gravity. gr‘ldlent shown in the upper models
of figure 3 indicates a major vertical fault, which dlS-f
places the basement rocks and may be an extension of
the still active Hayward fault. This fault is flanked on
the east by a buried ridge of basement rocks, and there
is a small graben between the ridge and the Calaveras
fault (fig. 3). No surface expression of it has been
recognized in the vicinity of profile B-B’. The existence
of the buried ridge is further supported by Crittenden’s
mapping of several small bodies of serpentinite, of a
very small body of what he regards as Franciscan sedi-
mentary rock, of several small bodies of silica-carbonate
rock, and of a body of rhyolite, all exposed at the sur-
face in the area believed to be underlain by the ridge
(Crittenden, 1951). The magnetic field increases north-
eastward toward this ridge, along whose crest there is a
possible magnetic high, as indicated by profile 5 (fig. 4).
All these facts appear to indicate that the basement
ridge is similar in lithology and origin to the Oak Hills.
As shown in profile B-B’ (upper model, fig. 3), the top
of this ridge is 0.5 km below the surface, and the graben
east of it extends to a depth of 2.7 km below the surface.

According to my interpretation of the lower models
in figure 3, the gravity gradients on the southwest and
northeast sides of the Evergreen low represent the same
structure as that interpreted for the upper models, with
the Mesozoic miogeosynclinal rocks associated with the
Evergreen gravity low being only 3.1 km thick along
profile B—B’ as compared to 11 km for the interpretation
of the upper models, and with profile 4-4’ being under-
lain by 2.1 km of miogeosynclinal rocks, 0.3 km of
Quaternary alluvial deposits, and 0.4 km of Pliocene
and Pleistocene rocks. The top of the buried basement
ridge is again about 0.5 km from the surface, but the
computed thickness of the rocks in the graben east of the
ridge is 1.2 km, in contrast to the 2.7-km thickness
interpreted from the upper models.

In an attempt to determine what crustal and sub-
crustal structure could contribute to the Evergreen
gravity low, a crustal model was assumed (Thomp-
son and Talwani, 1964, p. 4820) in which a surface
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density of 2.7 g/cc increases to 2.9 g/cc at a depth
of 5 km and to 3.2 g/cc at the Mohoroviéié discontinu-
ity, which is assumed to lie 22 km below the surface
(lower models, fig. 3). These are the largest increases
of density and minimum depths that are consistent with
the views expressed in Thompson and Talwani’s paper.
To obtain the anomaly curve shown in the lower models
of figure 3, a graben 10 km deep had to be introduced
into the lower crustal layer (the 2.9-g/cc density layer),
and a graben 5 km deep into the upper mantle; the
sides of both grabens were assumed to be vertical ex-
tensions of the Silver Creek and Calaveras faults. Pro-
file A-A’ suggests that an extension of the Hayward
fault may extend into the mantle. According to pro-
file B-B’, however, the anomaly caused by both grabens
differs more from the assumed anomaly curve than
the anomaly caused by the lower crustal graben alone.
Both grabens produced anomalies with the inflection
points of the gradients farther displaced from those
of the assumed gradients with only a small increase
in the amplitude of the anomaly. It is possible that
the anomalies caused by the two graben models would
not differ so greatly if the eastern sides of the grabens
in profile B-B’ were farther west as they are in pro-
file A-A’. This suggests the extension of the Hayward
fault even farther southward. The main difference be-
tween the anomalies computed from the grabens and
those ascribed to the assumed anomaly is that the lat-
ter have steeper gradients, indicating that the density
contrasts must be nearer to the surface than those shown
in the lower models (fig. 3). Seismic delay times meas-
ured at about a dozen seismograph stations scattered
throughout the area indicate that local departures
from the regional crustal structure occur in the vicinity
of the Evergreen gravity low (John Roller, oral com-
mun., 1968). This may be caused by a greater depth
to the Mohorovi¢ié discontinuity, as was just suggested ;
however, it may be due to lithologic variations within
the crust.

Recent seismic refraction data (Stewart, 1968, data
shown in fig. 8) indicate that the crust under the Di-
ablo Range is about 30 km thick, and if this is so it
becomes more difficult to interpret the structure at the
Mohorovicié discontinuity. Stewart calculates the Fran-
ciscan Formation to be as much as 16 km thick, and
believes it to be subdivided into three layers whose seis-
mic velocities range from 3.2 to 5.7 km/sec. The veloci-
ties in the first kilometer range from 3.2 to 3.5 km/sec,
and those in the second and third layers appear to be
about 5.0 and 5.7 km/sec, respectively. These velocities
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probably represent a density range of only 2.67 to 2.8
g/cc. Stewart also calculates that under the Diablo
Range the velocity in the lower crust is higher (6.8
6.9 km/sec) than in Thompson and Talwani’s model
(6.2 km/sec). This indicates that the density of the
lower crust is probably at least 3.0 g/cc. The attrac-
tion of a body that could account for the anomaly
ascribed to an assumed deep feature as calculated from
Stewart’s crustal model will produce a smaller anom-
aly than is indicated by Thompson and Talwani’s
model, used in figure 3. Since Stewart’s model for the
Diablo Range produces a smaller anomaly, and since no
graben seems likely to be as much as 10 km deep (few
are likely to be more than 5 km deep), part of the anom-
aly supposedly caused by a deep-seated feature must
in fact be due to variations of density in the upper
crust, or to thicker formations near the surface. Varia-
tions of density are perhaps most likely to occur in the
Franciscan Formation and in the Mesozoic rocks. It
still appears probable that the crust on the west side
of the Silver Creek fault is as little as 22 km thick,
and such a thickness would better accord with Thomp-
son and Talwani’s model. The seismic-delay times in the
Evergreen gravity low indeed indicate variation in the
thickness of the crust, but they could be due to some
other cause, such as variation in lithologic character
(John Roller, oral commun., 1968).

Since the upper models in figure 3 are herein con-
sidered unreasonable (see section, “Gravity Interpreta-
tion”), and since the anomaly ascribed to an assumed
deep feature (lower models, fig. 3) is probably due in
part to density variation near the surface and to the
presence of unusually thick Mesozoic miogeosynclinal
and Tertiary deposits near the surface, the formation
thicknesses shown in both upper and lower models
(fig. 3) probably represent maximums and minimums,
respectively, with the actual thicknesses possibly being
between one-third and two-thirds of the extremes. It
appears reasonable to assume that at the center of the
Evergreen gravity low where it is crossed by profile
A-A’ the Quaternary alluvial deposits are about 0.4
km thick, that the Pliocene and Pleistocene rocks are
of about the same thickness, and that the thickness of
Mesozoic miogeosynclinal rocks is between 3.0 and 5.0
km. The Mesozoic rocks in profile B—B’ are probably
from 5.0 to 6.0 km thick. Most of the top of the buried
basement ridge is probably about 0.5 km below the sur-
face, and the graben east of it is as much as 2.0 km in
depth. Exposures on the surface (Crittenden, 1951, p.
292) indicate that the Tertiary rocks in this graben may
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be thicker than are indicated in figure 3, and if so,
the graben is shallower.

The gravity high over the Oak Hills (fig. 2) indi-
cates that the Franciscan rocks, of which the exposed
hills are mostly composed, extend northwestward as a
buried ridge. The gravity data along profile 4-4’
(fig. 3) indicate that the distance from the land sur-
face to the top of this ridge ranges from 0.3 to 0.4 km.
Calculations of depths and susceptibilities from mag-
netic profiles over the buried ridge are variable. The
results yield depths of 0.2 to 1.3 km and susceptibilities
of 1X10® to 5X10-* cgs units. These values are only
approximate and could be as much as 50 percent in
error. However, the variation of the results is not caused
by any calculation error and is probably due, at least
in part, to the unevenness of the top of the buried
ridge caused by differential erosion. The variation may
also be partly due to differences in the size, shape, and
lithology of magnetic bodies in the ridge, and their ir-
regular distribution. In a report on an area several
miles to the north (California Dept. of Water Re-
sources, 1967, p. 44), it is suggested that the Coyote
Hills may be a northwestward extension of this buried
ridge. This view is supported by the fact that the Coyote
Hills and the Oak Hills are in line with the buried
ridge; they resemble it, moreover, in the character of
their rocks and in the magnitude of their gravity highs
(California Dept. of Water Resources, 1967, plate 8).

The Cupertino gravity low, west of San Jose (fig.
2), is interpreted from profile 4-4’ (fig. 3) as being
caused by the presence of nearly 4.0 km of Tertiary
rocks, 0.6 km of Pliocene and Pleistocene rocks (Santa
Clara Formation), and up to 0.9 km of alluvial mate-
rial in its northeastern half. The center of this low is
northwest of profile 4-A4’, at a place where the Santa
Clara Formation may be more than 1.0 km thick. To
the southwest of the anomaly, the interpretation shows
the Tertiary rocks to be separated from the Franciscan
Formation by at least three high-angle faults (probably
reverse faults), which are probably members of the
Shannon fault system (Taylor, 1956, p. 44). The small
amplitude of the magnetic highs in the Cupertino low
(fig. 4) indicates that the basement under it consists of
Franciscan sedimentary rocks.

The hills between the Silver Creek fault and Canoas
Valley (fig. 2), where traversed by profile B-B’ (fig.
3), have been mapped as consisting of Franciscan rocks,
with a large percentage of serpentinite. The gravity
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data indicate that the rocks in these hills are of lower
density than basement rocks in surrounding areas.
There are two possible reasons for this: (1) the hills
are composed predominantly of low-density serpen-
tinite that extends to a depth of 1.0 or 2.0 km and en-
closes only small bodies of Franciscan sedimentary
rocks, or (2) the surrounding area may be underlain
by basement rocks with a higher density than 2.67 g/cc.

In Canoas Valley there is only a very small negative
gravity anomaly (profile B-B’, fig. 3), probably be-
cause the basement is here immediately overlain by
about 0.2 km of alluvium that has a density of 2.0 g/cc.
In the Santa Teresa Hills, southwest of Canoas Valley
(profile B-B’, fig. 3), the Cretaceous rocks appear to
be about 0.3 km thick.

CONCLUSIONS

The Evergreen gravity low cannot be regarded as
being wholly due either to the structure of the rocks
exposed at the surface or to some hypothetical deep-
seated features. It is here ascribed to a combination of
shallow and deep structures with as much as 6 km of
Mesozoic miogeosynclinal rocks in the upper crust, and
a graben that is mainly in the lower crust but may
extend into the upper mantle, both of which may have
been vertically displaced some 5 to 10 km along the
Silver Creek, Hayward, and Calaveras faults.

The buried basement ridge (fig. 5) east of the Ever-
green low is probably separated from the thick body
of Mesozoic rocks southwest of it by an inactive ex-
tension of the still active Hayward fault. There is no
evidence, however, that this fault extends into the
lower crust south of profile 5-B".

The Silver Creek fault probably extends northwest-
ward beneath the alluvium (fig. 5) and may connect
with a fault passing along the east side of the Coyote
Hills. A buried ridge of Franciscan rocks, west of the
fault, is believed to extend from the Qak Hills to the
Coyote Hills, in both of which these rocks are exposed.

On the southwest side of the Cupertino low, at least
4.0 km of Quaternary and Tertiary rocks are in fault
contact against the Franciscan Formation (Dibblee,
1966).

The basement rocks associated with the Cupertino
gravity low and those under Canoas Valley are Fran-
ciscan sedimentary rocks of rather low magnetic sus-
ceptibility and may be faulted against the more strongly
magnetic rocks exposed in the Oak Hills (figs. 4 and 5).
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THE EFFECT OF A STRONG OXIDIZING ENVIRONMENT ON
THE STABILITY OF THE GOLD IODIDE COMPLEX

By CHARLES W. GALE 3d, Denver, Colo.

Abstract.—Although manganese dioxide is an effective oxi-
dant for the formation of gold chloride and gold bromide com-
plexes, it decreases the solubility of the gold iodide complex, be-
cause iodide, the complexing agent, is removed from the system
by oxidation to iodine. In a laboratory study of possible mecha-
nisms for the movement of gold in natural systems, gold leaf
was dissolved by the addition of sodium iodide to a solution pre-
pared to approximate copper porphyry input leach solutions
used in recovering metals from porphyry copper dumps. The
gold was then precipitated from the solution by exposing the
pregnant leach solution to an environment made strongly oxi-
dizing by the addition of manganese dioxide.

In a study of possible mechanisms for the movement
of gold in natural systems, the behavior of the gold
iodide complex in an acidic solution of ferric sulfate,
cupric sulfate, and aluminum sulfate was found to be
quite different from the behavior of either the bromide
or chloride complexes of gold in similar solutions
(tables 1 and 2). Although it is necessary for the solu-
tion of gold in the chloride and bromide solutions, man-
ganese dioxide reduces the solubility of gold in the
iodide solution. The author performed the ‘following
experiments to further investigate the behavior of the
gold iodide complex in the presence of manganese
dioxide.

TaBLE 1.—Gold dissolved in 0.001 molar sodium iodide—acidic
sulfate solutions

[From H. W. Lakin, unpub. data, 1970]

Gold content (ppm) of solutions
after contact with gold leaf for—
MnO: added (mg/liter)

1week 2 weeks 3 weeks
100 ... 0.06 <0.04 <0.04
20 . 1.2 .6 .3
O .. 4.8 5.0 4.4

Bi40

TasLE 2.—Gold dissolved in 0.005 molar sodium halide—acidic
sulfate solutions

[From H. W. Lakin, unpub. data, 1970]

Gold content (ppm) of solutions
after contact with gold leaf for

MnO: added (mg/liter) 1 week

NaCl NaBr Nal
100 o ______ 2.0 2.0 14
20 .6 .7 30.
O . <.04 <.04 27

EXPERIMENTAL PROCEDURES AND RESULTS

An experiment was designed to determine if gold is
soluble as a complex iodide ion in the presence of ferric
iron and if a stronger oxidant will remove dissolved
gold from solution. Sodium iodide was added to a solu-
tion (table 8) prepared to approximate input leach solu-
tions now being used to<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>