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GRAVINA-NUTZOTIN BELT—TECTONIC SIGNIFICANCE OF AN
UPPER MESOZOIC SEDIMENTARY AND VOLCANIC SEQUENCE
IN SOUTHERN AND SOUTHEASTERN ALASKA

By H. C. BERG, D. L. JONES; and D. H. RICHTER,

Menlo Park, Calif.; Anchorage, Alaska

Abstract.—Rocks of the Gravina-Nutzotin belt in southern and
southeastern Alaska consist dominantly of marine flysehlike argillite
and graywacke, minor nonmarine strata, and interbedded andesitic
volcanic rocks. Fossils from the belt range in age from Late Jurassic
(Oxfordian) to late Early Cretaceous (Albian), although some may be as
old as Bajocian. The volcanic rocks comprise thick lenses that
intertongue with and overlie both the oldest and youngest sedimentary
beds known in the belt. Gravina-Nutzotin strata depositionally overlie
upper Paleozoic and Triassic rocks (Taku-Skolai terrane) in the
northwestern and central parts of the belt, and lower Paleozoic to
Triassic rocks (Alexander terrane) in the central and southeastern parts.
They are in fault contact with metamorphosed Paleozoic rocks (Yukon
terrane) along the Denali fault. Rocks in the northern part of the belt
are moderately deformed and relatively unmetamorphosed. In the
southeastern part they are intensely folded and regionally meta-
morphosed, and probably overthrust by older rocks of the Taku-Skolai
terrane. Upper Mesozoic and Cenozoic granitic plutons and zoned
ultramafic complexes have intruded the belt and adjacent terranes. The
Gravina-Nutzotin belt is part of a deformed upper Mesozoic magmatic
arc. In southern Alaska, partly coeval shallow-marine (Matanuska-
Wrangell terrane) and deep-marine (younger Chugach terrane) sedimen-
tary rocks may correspond respectively to an are-trench gap assemblage
formed on the continental shelf and slope and an oceanic trench
assemblage formed at the continental margin. The relatively strong
deformation of the Gravina-Nutzotin belt in southeastern Alaska may
be the result of northeastward movement of the Alexander terrane, a
displaced fragment of older continental crust.

A narrow belt of Middle(?) Jurassic to middle-Cretaceous
sedimentary and volcanic rocks extends almost continuously
from southeastern Alaska to the eastern Alaska Range, a
distance of over 700 miles. This belt, herein called the
Gravina-Nutzotin belt after geographic features at its presently
known extremities, comprises a thick prism of flyschlike
sedimentary rocks, subordinate andesitic volcanic and volcani-
clastic rocks, and minor granitic and ultramafic rocks. Rocks
throughout the belt are moderately to intensely deformed and,
in the southeastern part, metamorphosed in the greenschist
facies.

The existence of this belt in southeastern Alaska has long
been known (Buddington and Chapin, 1929; Brew and others,

1966), but its continuation across the Chatham Strait fault
through the southwest corner of Yukon Territory and into the
eastern Alaska Range hitherto has not been recognized. The
near continuity of this belt from southeastern Alaska to the
Alaska Range thus is highly important in linking the geologic
history of these large areas that had previously been treated as
separate geologic provinces.

This report describes the sedimentary and volcanic rocks of
the Gravina-Nutzotin belt in several places in order to
document their gross similarity throughout the belt, compares
these rocks with two other upper Mesozoic terranes of coeval,
but dissimilar, bedded rocks in nearby parts of southern and
southeastern Alaska, and, finally, speculates on the origin and
relations of these three sequences in terms of plate-tectonic
theory.

During our analysis of the late Mesozoic history of this
region, it became apparent that great differences exist in the
character and age of basement rocks that underlie or abut the
Gravina-Nutzotin belt. In order to express these differences
more clearly, we have found it useful to organize these rocks
into discrete tectonic units. In the first part of this report, we
summarize the salient features of these subjacent terranes and
speculate briefly on their origin; in the second part, we
consider their significance in the evolution of the three upper
Mesozoic superjacent terranes.

This report is a direct outgrowth of a reconnaissance by
Berg and Jones in 1971 of Mesozoic and upper Paleozoic rocks
from Ketchikan to Juneau and also draws on detailed work by
Berg in the Ketchikan area, by A. B. Ford and D. A. Brew in
the Juneau area, by E. M. MacKevett, Jr., and G. D. Robinson
near Haines, and by Richter and Jones in the eastern Alaska
Range.

SUBJACENT TERRANES

Upper Mesozoic rocks of the Gravina-Nutzotin belt were
deposited on two different basement terranes and are in fault
contact with a third terrane. Those in depositional contact are
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herein informally designated the Taku-Skolai terrane and the
Alexander terrane. The third is called the Yukon terrane.
Distribution of these terranes is shown on figure 1.

Taku-Skolai terrane.—Upper Paleozoic (mainly Permian)
andesitic and minor basaltic volcanic and volcaniclastic rocks
are the oldest known in the Taku-Skolai terrane. They have
been extensively studied by Richter (1971a, 1971b, and
unpub. data) in the eastern Alaska Range and by Smith and
MacKevett (1970) in the adjoining Wrangell Mountains. These
volcanic rocks are associated with abundant mafic and
alpine-type ultramafic rocks in the central Alaska Range (Clark
and others, 1972) and in the Kluane Ranges in Canada (Muller,
1967) and have been interpreted by Richter and Jones
(1972b) as vestiges of an upper Paleozoic island arc formed
directly on oceanic crust.

Overlying the Permian volcanic rocks is a thick sequence of
Permian sedimentary rocks and Triassic volcanic and sedimen-
tary (mainly calcareous) rocks (MacKevett, 1970, 1971;
Richter, 1971a, 1971b). Similar rocks crop out to the
southeast near Kluane Lake (Muller, 1967) and Dezadeash
Lake (Kindle, 1953), and they probably occur in the Squaw
Creek—Rainy Hollow area (Watson, 1948).

Distribution and character of the Taku-Skolai terrane in
southeastern Alaska are poorly known. The presence there of
this terrane is substantiated by Permian and Triassic fossils
associated with volcanic rocks, argillite, and marble in a
number of localities (fig. 1) along the eastern margin of the
Gravina-Nutzotin belt. Throughout much of this region,
however, intense deformation and metamorphism have obliter-
ated the preorogenic history.

Metamorphosed bedded and intrusive rocks of late(?)
Paleozoic or early Mesozoic age on southern Duke, Annette,
and Gravina Islands in southeastern Alaska (figs. 1 and 2) are
provisionally assigned to the Taku-Skolai terrane because they
are grossly similar in lithology to other rocks of this terrane.
The Gravina Island occurrence is too small to show on figure

1.

A depositional contact between Gravina-Nutzotin rocks and
the Taku-Skolai terrane can be observed in the northwest part
of the belt (Richter and Schmoll, 1972) but cannot be
demonstrated in the southeast part where Late Cretaceous or
Cenozoic deformation has emplaced older rocks on top of
Gravina-Nutzotin rocks in what may be an eastward-dipping
thrust zone (fig. 1).

Alexander terrane.—The Alexander terrane, well exposed
throughout the Alexander Archipelago of southeastern Alaska,
comprises an extremely heterogeneous assemblage of sedimen-
tary, volcanic, and metamorphic rocks ranging in age from
Ordovician, or older, to Late Triassic. It contains granitic
plutons at least as old as Silurian, indicating that it was by
then a terrane of continental crust. It is also intruded by
numerous other granitic bodies of Paleozoic, Mesozoic, and
Cenozoic age (Lanphere and others, 1965; Loney and others,
1967), and near its southern terminus, by ultramafic plutons
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of Silurian and Ordovician age (M. A. Lanphere, oral com-
mun., 1971).

In many places rocks of the Alexander terrane are gently
folded and only slightly metamorphosed. Locally, however,
they are complexly folded and have undergone at least two
periods of metamorphism, one of which is probably of early
Paleozoic age (A. L. Clark and G. D. Eberlein, oral commun.,
1971). Structure of the terrane is still poorly known and is
undoubtedly complex. On southern Prince of Wales and Dall
Islands, and probably elsewhere in the terrane, juxtaposition
of roughly coeval bedded rocks of contrasting structure and
metamorphic grade may be due to large-scale thrust faulting
(Berg, 1972D).

The oldest fossiliferous rocks in the Alexander terrane are
Lower Ordovician graptolitic chert and shale exposed on
western Prince of Wales and nearby islands (Eberlein and
Churkin, 1970). These beds, whose base has not been seen, are
in the lowermost part of a well-preserved, nearly continuous
sequence of Ordovician to Pennsylvanian marine sedimentary
and volcanic rocks at least 35,000 feet thick. Partly correlative
rocks have also been mapped on Kuiu and Kupreanof (Muffler,
1967), Annette and Gravina (Berg, 1972a,), Chichagof
(Loney and others, 1963), and Admiralty (Lathram and
others, 1965) Islands, in the Chilkat Mountains (Lathram and
others, 1959), and in the St. Elias Mountains in Yukon
Territory (Muller, 1967).

On Kuiu, Kupreanof, and southern Admiralty Islands,
Permian marine sedimentary and minor volcanic rocks deposi-
tionally overlie lower and middle Paleozoic rocks and in turn
are unconformably overlain by Upper Triassic marine strata,
the youngest bedded rocks assigned to the Alexander terrane.

Upper Mesozoic sedimentary rocks of the Gravina-Nutzotin
belt in unconformable contact with Paleozoic and lower
Mesozoic rocks of the Alexander terrane have been observed in
several places along the present western margin of the belt in
southeastern Alaska, and in the St. Elias Mountains west of
Dezadeash Lake in Yukon Territory (Kindle, 1953). Although
several workers (Monger and Ross, 1972; Jones and others,
1972; Monger and others, 1972) have proposed that rocks of
the Alexander terrane are allochthonous, the deposition of
Gravina-Nutzotin belt rocks by this terrane establishes that it
was contiguous to the belt by late Mesozoic time.

Yukon terrane.—The region north of the Denali fault is
underlain by phyllite, quartz-mica schist, marble, and other
metasedimentary and metavolcanic rocks. Upper Mesozoic and
lower Tertiary granitic rocks locally are abundant. These
poorly known rocks have been called the Yukon Complex in
Canada. Greenschist-facies metamorphism prevails in south-
central Alaska and adjoining Yukon Territory, and in Alaska
the rocks may grade northward into the higher grade rocks
formerly called the Birch Creek Schist (now abandoned).

Paleontological evidence for the age of much of the Yukon
terrane is scant. Tabulate and rugose corals (Cladopora,
Favosites, Thamnopora, Acanthophyllum) collected from
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rocks in the eastern Alaska Range indicate that some are of
Devonian age (Richter, unpub. data), and Muller (1967, p. 24)
suggests that some may be pre-Ordovician. The time of
regional melamorphism is also poorly known, although several
episodes seem likely (Muller, 1967, p. 25). Mesozoic potas-
sium-argon ages cited by Muller probably record only the
latest period of intense deformation.

Upper Mesozoic rocks of the Gravina-Nutzotin belt are
nowhere in depositional contact with rocks of the Yukon
terrane, although the presence of Yukon terrane detritus in
Gravina-Nutzotin conglomerate (p. D9, this report) indicates
that the belt may originally have overlapped the terranc. In the
eastern Alaska Range and in the Kluane Ranges, they are in
fault contact along the Denali fault.

SUPERJACENT TERRANES

The Gravina-Nutzotin belt is distinct from two other belts
of upper Mesozoic bedded rocks in southern and southeastern
Alaska, which are herein informally called the Matanuska-
Wrangell terrane and the Chugach terrane. After describing the
Gravina-Nutzotin rocks, we compare the lithology and geo-
logic histories of these three coeval sequences.

Gravina-Nutzotin Belt

The Gravina-Nutzotin belt comprises a distinctive suite of
rocks distributed in a narrow, linear, nearly continuous inland
belt that parallels the Pacific coast in southeastern Alaska, but
which diverges from the arcuate coast near long 140° W. The
southern part of the belt is less than 100 miles from the edge
of the continental shelf, whercas the northern part is over 200
miles distant from it. The western boundary of the belt is an
erosional edge complicated in places by faults that separate it
from Alexander and Taku-Skolai terrane basement rocks. The
eastern boundary in south-central Alaska, Yukon, and British
Columbia is the Denali and related faults. In southeastern
Alaska, we arbitrarily place the eastern boundary between
phyllite and greenstone lithically akin to the less meta-
morphosed Gravina-Nutzotin belt rocks, and mica schist,
amphibolite, and marble, some of which are known to be of
late Paleozoic and early Mesozoic age. These older rocks
appear to overlie structurally the younger Gravina-Nutzotin
rocks, and we presume that major imbricate thrust faulting has
produced the inverted sequence. Other geologists, however,
have postulated that this relation is due to a large overturned
synclinorium (Chapin, 1918, p. 87; Buddington and Chapin,
1929, p. 240), but the strikingly different nature of the
castern (Taku-Skolai terrane) and western (Alexander terrane)
“limbs™ does not support this hypothesis.

DESCRIPTIONS OF SELECTED AREAS

Ketchikan area

The Gravina-Nutzotin belt has been recognized in Alaska as
far south as the United States—Canada boundary (fig. 1).
Metamorphosed Jurassic(?) sedimentary and volcanic rocks
near Prince Rupert (IHutchison, 1967) may represent a
southward continuation of the belt.

Gravina-Nutzotin belt rocks near Ketchikan (figs. 1 and 2;
Berg, 1972a, ¢) consist mainly of two structurally juxtaposed
sequences of roughly coeval bedded rocks—the Gravina Island
Formation and an unnamed unit—that differ in lithology,
depositional environment, metamorphism, and structure.

Gravina Island Formation.—This widespread bedded unit
consists of andesitic metavolcanic rocks and flyschlike meta-
sedimentary rocks. They are highly deformed, commonly
phyllitic, and metamorphosed to greenschist facies. Complex
folds with gently eastward-dipping axial surfaces are prevalent.
Neither the base nor top of this formation has been observed.

On eastern Gravina and northeastern Annette Islands, at
least 2,000 feet of fragmental metaandesite overlies and locally
intertongues with dark-gray argillite and phyllitic siltstone,
graywacke, and conglomerate. Fossils (Cylindroteuthis sp. and
Entolium sp.) are locally abundant in siltstone beds; Buchia is
conspicuously absent. A late Middle or ecarly Late Jurassic age
seems possible for this assemblage.

The metavolcanic rocks range from thinly laminated phyl-
lite to thick competent beds with crude, indistinct schistosity.
Most consist of green and gray porphyritic metatuff and
agglomerate containing euhedral phenocrysts of light-gray
plagioclase and  dark-greenish-black The
groundmass is fine grained and contains clinopyroxene, amphi-

clinopyroxene.

bole, epidote-clinozoisite, chlorite, albite, quarlz, muscovite,
prehnite, and caleite. The clinopyroxene commonly is altered
to hornblende and pale-green amphibole, and the plagioclase
to fine-grained albite and clinozoisite. The abundance and
relative proportions of phenocrysts vary markedly; typically,
they make up 10 to 15 percent of the rock.

Unnamed unit.—An unnamed bedded unit, known in the
Ketchikan area only on western Gravina lsland, consists of
Buchia-bearing siltstone, argillite, and conglomerate of Late
Jurassic age. In contrast to the Gravina Island Formation, this
unit is characterized by relatively simple folds, slaty cleavage,
and only slight metamorphism. It unconformably overlies
older Mesozoic and Paleozoic rocks of the Alexander terrane;
its top has not been observed.

The lower part of the unit is an elongate lens of conglom-
erate as much as 350 feet thick; the upper part comprises at
least 500 feet of thinly interbedded, locally fossiliferous
siltstone and argillite, and subordinate limestone, grit, and
pebbly to cobbly mudstone. Clasts in the conglomerate were
derived mainly from underlying Mesozoic and Paleozoic rocks
on western Gravina Island. The strong contrast of this unit
with the nearby Gravina Island Formation indicates large-scale
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internal structural juxtaposition within the Gravina-Nutzotin
belt.

Etolin-Kupreanof area

Upper Mesozoic bedded rocks assigned to the Gravina-
Nutzotin belt crop out on Etolin and Kupreanof Islands, and
on several smaller intervening islands.

On western Etolin Island, these rocks are folded and
faulted, but only slightly recrystallized: primary sedimentary
and volcanic textures are well preserved. The sedimentary beds
commonly have pronounced slaty cleavage, whereas com-
petent volcanic unils are massive and jointed. The youngest
bedded rocks known anywhere in the belt are on Marsh Island,
just off the coast of westernmost Etolin Island, where about a
50-fool-thick section of thinly interbedded argillite, siltstone,
volcanogenic sandstone, and andesite tuff contains scattered
ammonites of early Albian age.

The tuff typically is a mottled green fragmental rock
containing angular to subrounded clasts of clinopyroxene and
plagioclase (Anj;—30 ) porphyry and minor black argillite in a
matrix of minute porphyritic fragments, individual clino-
pyroxene and feldspar crystals, hydrothermal alteration prod-
ucts, and locally a little very finely disseminated potassium
feldspar. The porphyry clasts average less than | foot in
maximum dimension; bedding ranges from less than 1 inch to
6 to 8 feet.

The Albian beds grade downward into Buchia-bearing
siltstone, argillite, and minor conglomerate and limestone of
Late Jurassic and Early Cretaceous age and upward into a very
thick unit of andesitic crystallithic tuff, flows, and volcani-
clastic rocks with minor argillite and graywacke lenses. Neither
the base nor top of this sequence has been observed, nor is its
thickness known.

Central and Etolin
Wrangell, and eastern Zarembo, Mitkof, and Kupreanof Islands

eastern Island, and Woronkofski,
are composed mostly of granitic plutons (Buddington and
Chapin, 1929, pl. 1), but also present are small tracts of
unfossiliferous phyllite, graywacke semischist, greenschist, and
greenstone (primarily metaandesite), which we assume from
their lithology to be regionally metamorphosed equivalents of
at least part of the western Etolin section. Near some plutons,
these rocks are thermally metamorphosed to schist and
hornfels locally containing garnet, andalusite, and staurolite.
The bedded rocks are complexly deformed, most commonly
into isoclinal overturned to recumbent folds with gently
castward-dipping axial surfaces.

Fossiliferous, thin-bedded lithic sandstone and mudstone of
Farly Cretaceous age near Hamilton Bay on northwestern
Kupreanof Island (Muffler, 1967, p. C44—C45) disconform-
ably overlie Upper Triassic strata. These rocks, about 1,000
feet thick, are simply folded, locally slaty, and, near the
contact of a Tertiary gabbro pluton, converted to hornfels.
They lack the flyschlike character of most of the Gravina-
Nutzotin rocks, and we interpret them to be shallow-water
marginal deposits.
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Unfossiliferous, complexly folded, and dynamically meta-
morphosed graywacke, argillite, and conglomerate crop out on
the coast of north-central Kupreanof Island. Although these
rocks may be partly coeval with the beds near Hamilton Bay,
they differ from them in lithology, structure, and meta-
morphism and instead resemble the Seymour Canal Formation
of Admiralty Island (Muffler, 1967, p. C44; Loney, 1964, p.
55—09; Lathram and others, 1965, p. R22—R27). Contacts
between these rocks and Alexander terrane rocks on northern
Kupreanof Island are obscured by faults, but we infer original
depositional relations from the presence of conglomerate clasts
derived from middle and lower Paleozoic rocks nearby on
Kupreanof and Kuiu Islands.

Admiralty Island

Upper Mesozoic strata on Admiralty Island include a lower
unit of flyschlike sedimentary rocks and an upper unit of
augite-bearing volcanic flow-breccia and tuff, with minor
graywacke and slate. The entire assemblage (see table 1)
constitutes the Stephens Passage Group (Lathram and others,
1965, p. R22), including the predominantly sedimentary
Seymour Canal Formation (Loney, 1964, p. 55) and two
overlying formations, the Douglas Island Volcanics (Lathram
and others, 1965, p. R23; Barker, 1957) and Brothers
Volcanics (Loney, 1964, p. 069).

The Seymour Canal Formation has two phases that differ in
structure and metamorphism. The less-deformed phase is
mainly near Pybus Bay on southeastern Admiralty Island and
comprises fossiliferous (Buchia-bearing) argillite, graywacke,
and conglomerate. It is faulted and complexly folded, but
relatively unmetamorphosed.

The more deformed phase, on eastern Admiralty Island, is
unfossiliferous slate, phyllite, and semi-schistose siltstone,
graywacke, and conglomerate. The beds are regionally de-
formed into tight to isoclinal northwest-trending folds with
both eastward- and westward-dipping axial surfaces.

The Seymour Canal Formation conformably underlies the
Douglas Island and Brothers Voleanics. It disconformably
overlies Upper Triassic strata near Pybus Bay, but its strati-
graphic relations to older Mesozoic and Paleozoic formations
elsewhere on the island are obscured by faulting. Loney (1964,
p. 57) estimated 4,000 to 8,000 feet of Seymour Canal strata
in the Pybus Bay area, and Lathram and others (1965, p. R26)
report an approximately 3,500-foot-thick lens of conglomerate
in the formation on northern Admiralty Island.

The Douglas Island Volcanics, mapped mainly on Glass
Peninsula, consists mostly of dark-green andesitic flow breccia
and tuff containing conspicuous augite and subordinate
hornblende crystals as much as J2-inch in diameter. Near the
base, the volcanic rocks intertongue with slate and graywacke,
which also occur sporadically throughout the formation.
Bedding commonly is thick and massive without conspicuous
layering or foliation, but on eastern Glass Peninsula the rocks
are schistose. The top of the formation has not been observed.
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The Brothers Volcanics occurs only on islands near Pybus
Bay and consists of at least 2,000 feet of well-bedded,
dark-hued andesitic flows, breccia, and minor volcanogenic
sedimentary rocks. According to Loney (1964, p. 71-72), the
andesite typically is porphyritic, with phenocrysts of plagio-
clase (Any5 _435), clinopyroxene,and hornblende set in a very
fine grained groundmass of plagioclase, chlorite, calcite, and
opaque minerals. The rocks are folded and only slightly
altered, with locally well developed fracture cleavage, and thus
are structurally like the less deformed phase of the Seymour
Canal Formation.

Fossils have not been found in either of these volcanic units;
Loney (1964, p. 71) and Lathram and others (1965, p. R28)
assigned both formations a Jurassic and Cretaceous age mainly
because they conformably overlie and also appear to inter-
tongue laterally with the Seymour Canal Formation.

Juneau area

Upper Mesozoic bedded rocks similar to those on Admiralty
Island are widespread on the islands and mainland west and
north of Juneau. They crop out in a wedge-shaped belt along
the east side of Lynn Canal from Stephens Passage to beyond
Berners Bay. The belt, nearly 10 miles wide near Juneau,
narrows northwestward, where it is encroached by granitic
intrusive rocks.

As on Admiralty Island, the Gravina-Nutzotin belt near
Juneau consists of an upper unit principally of volcanic rocks
and a lower unit mainly of sedimentary rocks. The rocks are
moderately to strongly deformed and variably recrystallized in
the greenschist facies. Structure of the belt is still poorly
known, and undoubtedly there is tectonic repetition of some
units. This deformation, coupled with regional metamorphism,
has obscured original stratigraphic relations, not only inter-
nally but also between the belt and the adjoining mostly
higher rank and probably older metamorphic rocks to the east.
Metamorphic grade increases eastward through a typically
Barrovian metamorphic zonal sequence from biotite through
sillimanite isograds (Forbes, 1959) between Juneau and the
western margin of the Coast Range batholithic complex. The
biotite isograd generally is about 1 to 2 miles east of Douglas
Island (D. A. Brew and A. B. Ford, unpub. data), and the belt
near Juneau thus is entirely within the chlorite zone.

Permian and Triassic rocks structurally overlie the Gravina-
Nutzotin rocks, but the actual contact, which may be a thrust
fault, has not been observed. Fossils of Permian and late
Triassic age (Buddington and Chapin, 1929, p. 119; Martin,
1926, p. 94) occur locally in the rocks adjoining the
batholithic complex, but the extent of these older rocks is
largely unknown. Because both the younger and older rocks
are poorly fossiliferous and are grossly similar in lithology,
they cannot be readily discriminated, particularly in the more
metamorphosed areas. Hence, the boundary between the
Gravina-Nutzotin belt and the Taku-Skolai terrane is arbi-
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trarily placed at the easternmost known occurrences of
Jurassic or Cretaceous rocks.

A number of formal rock-stratigraphic names have been
applied to Gravina-Nutzotin belt rocks of the Juneau area,
some of which are conflicting or duplicative (see table 1). The
metasedimentary rocks underlying and locally intertonguing
with the Douglas Island Volcanics (Martin, 1926; Lathram and
others, 1965) are probably correlative with parts or all of the
Berners Formation of Knopf (1911), the Treadwell Slate of
Martin (1926), the Symonds and Shelter Formations of Barker
(1957), and the Seymour Canal Formation as used by Lathram
and others (1965).

The Douglas Island Volcanics near Juneau comprises a thick
pile of greenstone, mostly of fragmental volcanic origin,
interlayered in places with varied volcaniclastic metasedimen-
tary rocks. The greenstone, called augite melaphyre by Knopf
(1912), is characterized by an abundance of dark-green
clinopyroxene crystals, commonly 3 to 5 mm and rarely 10
mm across, set in a dense, recrystallized matrix of chlorite,
pale- to dark-green amphiboles, epidote, and generally minor
sodic plagioclase, quartz, and calcite.

The greenstones structurally and probably stratigraphically
overlie a thick metasedimentary section that includes mainly
argillite, slate, and graywacke. Original thicknesses are indeter-
minable, but the sedimentary and volcanic rock sequences
must each have been at least several thousand feet thick. The
only fossils known are Jurassic or Early Cretaceous plants
found in argillite east of Berners Bay (Knopf, 1911, p. 17) and
deformed specimens of Inoceramus in slaty argillite inter-
layered with metagraywacke a few miles northwest of the
town of Douglas (J. G. Smith and A. B. Ford, unpub. data).
Mafic and felsic dikes and small dioritic masses intruded the
sedimentary rocks prior to or contemporaneously with Late
Cretaceous(?) deformation and regional metamorphism. This
deformation predates emplacement of the nearby Coast Range
batholithic complex, at least part of which is of Eocene age

(Forbes and Engels, 1970).

Haines area

Greenstone, slate, and graywacke similar to the rocks of the
Gravina-Nutzotin belt in the Juneau area crop out southeast of
Haines near the tip of the Chilkat Peninsula (Buddington and
Chapin, 1929, pl. 1; Brew and others, 1966, p. 164 and fig. 2a).
Fossils have not been found in these beds, and we assign them
to the Gravina-Nutzotin belt solely on the basis of lithology.

Northwest of Haines, bedded rocks metamorphosed to
amphibolite and schist are provisionally assigned to the
Gravina-Nutzotin belt. The premetamorphic age of these rocks
is uncertain, but according to E.M. MacKevett, Jr. (oral
commun., 1972), they may be late Mesozoic and hence part of
the belt.
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Yukon Territory

A thick sequence of upper Mesozoic sedimentary rocks,
known as the Dezadeash Group (Kindle, 1953; Muller, 1967),
is exposed intermittently between Dezadeash Lake and the
Alaska-Yukon border. Near Dezadeash Lake, where the rocks
are extensively exposed, Kindle reports more than 12,000 feet
of slate, graywacke, argillite, quartzite, chert, impure lime-
stone, grit, conglomerate, tuffaceous sandstone, and bedded
volcanic tuff. Locally, 200 to 500 feet of conglomerate occurs
at the base and rests on “reddish-hued andesite”. A few thin
beds of coal occur in this conglomerate and also in carbona-
ceous slate and argillite. In places, these rocks are strongly
deformed and metamorphosed to quartz-mica and cordierite
schists.

To the northwest, in the Kluane Lake area, Dezadeash rocks
occur in small patches within the Kluane Ranges, where they
disconformably overlie Triassic rocks of the Mush Lake Group,
in places with a basal conglomerate (Muller, 1967, p. 56).
These rocks comprise a sequence of dull, dark-gray to black
argillite, graywacke, and sparse tuffaceous beds. Graded
bedding is common where bedding features are preserved. The
thickness of Dezadeash rocks ohserved by Muller barely

exceeds 1,000 feet.
Eastern Alaska Range

The eastern Alaska Range affords the most widespread and
thickest sequences of Gravina-Nutzotin rocks within the
presently known extent of the belt. Folded Upper Jurassic and
Lower Cretaceous marine strata form the entire Mentasta and
Nutzotin Mountains, the two principal mountain masses in the
eastern Alaska Range. Although most of the Gravina-Nutzotin
belt is structurally terminated at the junction of the Denali
and Totschunda fault systems (fig. 1), isolated remnants of it
just southwest of the Totschunda and flyschlike sedimentary
rocks of late Mesozoic age in the less-known central Alaska
Range suggest that the original terrane may have been
considerably more extensive.

Two thick and very distinet lithologic sequences constitute
most of the Gravina-Nutzotin belt in the eastern Alaska Range.
A variety of shallow- and deep-water deposits, informally and
collectively referred to as the Nutzotin Mountains sequence,
are the stratigraphically lowest rocks in the belt. Lying above
these, but probably in part coeval, is the Chisana Formation
(Richter and Jones, 1972b), a thick sequence of andesitic
fragmental rocks, flows, and volcaniclastics. A third sequence
of nonmarine sedimentary rocks, very restricted in extent,
occurs between the Chisana Formation and the Nutzotin
Mountains sequence. The minimum cumulative thickness of
the entire assemblage is about 20,000 feet. In contrast to the
Gravina-Nutzotin rocks in southeastern Alaska, those in the
eastern Alaska Range are relatively unmetamorphosed and
only moderately deformed. However, original lithology and

D9

depositional characteristics of rocks at the two extremes of the
belt are similar.

The age span of the Gravina-Nutzotin belt in the eastern
Alaska Range is fairly well established. On the basis of fossils,
the oldest rocks are Late Jurassic (Oxfordian) in age, and the
youngest are Early Cretaceous (Barremian); all rocks are cut
by middle Cretaceous (110 m.y.) granitic plutons (M. A.
Lanphere and D. II. Richter, unpub. data).

Nutzotin Mountains sequence.—The Nutzotin Mountains
sequence comprises both shallow and deep marine sedimentary
rocks that apparently intertongue. They were deposited in a
linear marine basin that developed largely on Taku-Skolai
terrane but, as suggested by provenance studies, may have
overlapped onto Yukon terrane. Shallow-marine facies rocks
marking the southern margin of the basin are exposed locally
throughout the eastern Alaska Range; none occur along the
north side of the belt where the Denali fault juxtaposes deeper
marine sedimentary rocks of the basin with rocks of the
Yukon terrane. The inferred stratigraphic and structural
relations of some of the units of the Nutzotin Mountains
sequence are shown diagrammatically in figure 3.

Homoclinal structures with broad gentle folds characterize
both the marine sedimentary rocks and the subjacent terrane
along the southern margin of the basin. Deformation increases
in intensity toward the center of the basin, where folds
commonly are isoclinal and locally overturned, and thrust and
high-angle reverse faults are present. Axial surfaces and fault
planes trend northwestward, parallel to the long axis of the
basin, and generally dip steeply to the northeast.

Shallow-marine sedimentary rocks occur at the base of the
Nutzotin Mountains sequence. North of Nabesna they consist
chiefly of 3,000 teet of dark-gray argillite and minor siltstone,
mudstone, graywacke, and impure limestone (unit Ja, fig. 3).
Conspicuous clasts of light-gray Triassic(?) limestone, ranging
in size from cobbles to house=size boulders, occur sporadically
through the lower part of the argillite. Sparse remains of the
pelecypod  Buchia indicate a Late Jurassic
(Oxfordian) age.

concentrica

Southeast of Nabesna, massive beds of shallow-water pebble
to cobble conglomerate as much as 100 feet thick are
interbedded with dark-gray siltstone and argillite (unit Jes, fig.
3) that locally contain fragments of coalified wood and other
carbonaceous debris, as well as the pelecypod Buchia rugosa of
Late Jurassic (Kimmeridgian) age. Clasts in the conglomerate
are well-rounded volcanic and volcaniclastic rocks, limestone,
chert, and crystalline igneous rocks derived from the under-
lying Taku-Skolai terrane. Very conspicuous clasts of white
quartz and subordinate metamorphic rocks that strongly
suggest derivation from the Yukon terrane are also locally
abundant. This unit, as much as 5,000 feet thick, is conform-
ably overlain by, and is possibly gradational with, an unnamed
sequence of nonmarine sedimentary rocks.

Turbidite deposits (unit KJgb, figs. 3 and 44) constitute a
major part of the Nutzotin Mountains sequence. They consist
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Figure 3.—Generalized sections through parts of the eastern Alaska Range near Chisana (above) and Nabesna (below), showing some inferred
structural and stratigraphic relations within the Gravina-Nutzolin belt and between the belt and subjacent terranes.

chiefly of rhythmically alternating graded beds of gray to
dark-gray argillite, siltstone, and graywacke in thick sections
that locally alternate with massive beds of pebble to cobble
conglomerate, pebbly graywacke, graywacke, and argillite.
Zones of graded beds, with rhythmic sequences ranging from
less than 1 inch to more than 15 inches in thickness occur
throughout thousands of feet of uninterrupted section. The
massive units may be as much as 500 feet thick and generally
lack discernible bedding. The conglomerates are polymictic,
similar to those in the shallow-water conglomerate-siltstone
unit, with rounded clasts probably derived from both the
Taku-Skolai and Yukon terranes. Fossils are extremely rare in
these beds: a few specimens of Buchia collected at one locality
northwest of Chisana indicate a Late Jurassic (Oxfordian to
Kimmeridgian) age.

The upper part (KJa, figs. 3 and 48B) of the Nutzotin
Mountains sequence is exposed belween Chisana and the
international boundary and consists of about 3,000 feet of
graded argillite and graywacke overlain by 600 to 1,500 feet of
mudstone. Tuffaceous beds near the top are conformably
overlain by massive andesite breccias of the Chisana Forma-
tion. Several species of Buchia are abundant throughout the

unit and indicate an age span from Late Jurassic (Tithonian) to
Early Cretaceous (Valanginian).

Nonmarine sedimentary rocks.—Nonmarine clastic sedimen-
tary rocks about 1,000 feet thick (unit Kcs, fig. 3) are exposed
in the isolated Gravina-Nutzotin belt remnant southeast of
Nabesna (fig. 1). There, carbonaceous thin-bedded to massive,
drab brown and gray sandstone, siltstone and shale with minor
grit and conglomerate conformably overlie, and probably
grade into, the conglomerate and siltstone in the basal part of
the Nutzotin Mountains sequence. Fragmental volcanic rocks
of the Chisana Formation conformably overlie these deposils.
Wood and other plant debris are abundant, but no age-
diagnostic fossils have been found.

Chisana Formation.—Interlayered submarine and subaerial
andesitic fragmental volcanic rocks, volcanic flows, and vol-
caniclastic rocks exposed near Nabesna and throughout the
Chisana area (fig. 1) have been named the Chisana Formation
(Richter and Jones, 1972b). In the type locality near Chisana,
at least 10,000 feet of these rocks is estimated to overlie
conformably shallow sedimentary rocks of the
Nutzotin Mountains sequence (fig. 3). Coarse clastic terrige-
nous deposits of Late(?) Cretaceous age locally overlie the

marine
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volcanic rocks with slight angular unconformity; elsewhere,

Cenozoic rocks overlie them with marked angular uncon-
formity.

The Chisana Formation consists mostly of massive lahar and
submarine avalanche deposits—dark gray to gray-green frag-
mental voleanic units as much as 300 feet thick. The rocks
consist of angular to subrounded clasts of effusive volcanic
rock and of crystal fragments of plagioclase and clinopyroxene
set in a dense, dark fine-grained volcanic mud matrix. Clasts of
intraformational sedimentary rock and lignitized wood are
locally abundant near the exposed top of the formation.
Interlayered with the fragmental volcanics are dense, dark-
green porphyritic flows, maroon to dark-green amygdaloidal
flows, thin-bedded terrigenous green and maroon volcani-
clastics ranging from conglomerate to mudstone, and minor
buff to dark-gray vitric and crystal tuffs (fig. 4C). Thin-bedded
shaly argillite, graywacke, and mudstone of shallow-marine
origin occur sparsely in the lower part of the formation.

The volcanic flows and volcanic clasts in the fragmental
units consist of a variety of andesitic porphyritic rocks, the
most prevalent of which (fig. 5) contain conspicuous pheno-

Figure 4.—Upper Mesozoic bedded rocks of the eastern Alaska Range,

A. Graded beds of very fine grained graywacke (light beds) and limy
argillite (unit KJgb, fig. 3), lower part of Nutzotin Mountains
sequence.

B. Argillite and mudstone (unit Kda, fig. 3), Nutzotin Mountains
sequence near Chisana.

C. Bedded andesite crystal tuff, Chisana Formation (unit Kc, fig. 3).
Note fossil fragment (f) in center of photograph.

cerysts of zoned plagioclase (Ango_45) or both plagioclase and
diopsidic augite in a fine-grained groundmass of plagioclase
microlites, minute stubby prisms of clinopyroxene, and
scattered opaque minerals. All the rocks show the effects of
low-grade chemical alteration. The feldspar is commonly
saussuritized and the clinopyroxene replaced in various degrees
by amphibole and chlorite. Similar alteration products are
locally abundant in the groundmass. Quartz forms veinlets and
amygdules where it generally is associated with calcite and
chalcedony.

Fragments of Inoceramus are locally abundant in the sparse
mudstone and argillite in lower parts of the Chisana Formation
that overlie the Buchia-bearing beds of the Nutzotin Moun-
lains sequence. Higher in the formation, a few scattered
remains of the ammonite Shasticrioceras indicate an Early
Cretaceous (Barremian) age.

FOSSILS AND AGE

Fossils are rare throughout most of the Gravina-Nutzotin
belt, but they have been found in abundance in a few places
(table 1). Depth of water throughout much of the marine
basin was probably too great to allow growth of abundant
and deformation and mela-
morphism, especially in southeastern Alaska, have obliterated

shelly  faunas, subsequent
some fossil remains. The most abundant fossils are several
species of Buchia, ranging in age [rom late Oxfordian to
Valanginian, from scattered localities throughout the belt. In
southeastern Alaska, these localities are in the western part of
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the belt, which presumably represents a marginal, shallow
depositional environment, in contrast to the deeper marine
environment of the central and eastern parts. Places where
Buchias are fairly abundant are designated on figure 1. The
most complete and richly fossiliferous sequence of Buchia-
bearing beds studied by the writers is in the Nutzotin
Mountains (Richter and Jones, 1972b). There, sparse speci-
mens of Buchia concentrica and B. rugosa near the base of the
sequence document the presence of upper Oxfordian and
Kimmeridgian strata. The overlying Tithonian, Berriasian, and
Valanginian rocks locally are abundantly fossiliferous and are
characterized by the following species:

Figure 5.—Photomicrographs of volcanic rocks of the Chisana For-

mation.

A. Maroon amygdaloidal andesite. Plagioclase (p) phenocrysts are
zoned from Angs (core) to Anss (rim); microliles in trachylic
groundmass are An,,. Sparse grains of green pleochroic
chlorite(?) (c), and of augite with magnetite rims (out of field).
Abundant opaque material, including fine-grained hematite (h).
Sample No. 68AMn266A. Crossed nicols.

B. Fragmental andesite. Densely packed fragments (fr) of porphy-
ritic andesite in a comminuted crystal matrix (mx). Fragments
all consist of plagioclase (Ans, ) (p) and diopsidic augite (a) in a
matrix of feldspar microlites (mxfs). Minor chlorite (c), quartz
(a), and brown hornblende (h). Sample No. 68ARh94. Plane
polarized light.

C. Waterlain crystal-vitric tuff. Abundant crystals of diopsidic augite
(a) and fragments of pumice (pu) with plagioclase (Anss) (p)in
a dense, dark, very fine grained volcanilutite matrix (mx).
Minor chlorite (c). Sample No. 69ARh301. Plane polarized
light.

Buchia “sublaevis” (Imlay)

Valanginian
B. crassicollis solida
Early Cretaceous
----- g SR B. n. sp. cf. B. tolmatschowi
Berriasian B. okensis
Jurassic Tithonian B. fischeriana

From the Kluane Ranges of Yukon Territory, Jeletzky (in
Muller, 1967, p. 57, 58) identified several species of Buchia
from the Dezadeash Group, including B. okensis, B. fischeri
(= B. fischeriana), and other forms indicating a latest Jurassic
or earliest Cretaceous age. In similar strata farther south near
Dezadeash Lake, Jeletzky (in Kindle, 1953, p. 36) records
several Buchia species of Early Cretaceous (Neocomian) age.

Strata that locally contain abundant Buchia are widespread
in southeastern Alaska. On southern Admiralty Island, Buchia
rugosa is abundant in Pybus Bay (Loney, 1964, p. 96), and B.
n. sp. cf. B. tolmatschowi is found al several nearby localities.
Poorly preserved specimens of Buchia that may be B.
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subokensis or B. keyserlingi occur near Hamilton Bay on
northern Kupreanof Island (Muffler, 1967, p. C45). Buchias
have been collected on and near Etolin Island, but most
specimens are too poorly preserved for positive identification.
Small, coarsely ribbed specimens from the Johnson Cove area
on the western part of the island may be B. okensis, and a
single specimen from Rocky Bay at the southern end may be
B. pacifica of Valanginian Age. The southernmost occurrence
of Buchias in the Gravina-Nutzotin belt is at Bostwick Inlet on
weslern Gravina Island, where poorly preserved specimens of
Buchia cf. B. rugosa are locally abundant.

Fossils from Blank Inlet on southern Gravina Island may be
the oldest known from the Gravina-Nutzotin belt (Berg,
1972¢), but unfortunately, an unequivocal age determination
cannot be established. The fossils consist of abundant belem-
nites of the genus Cylindroteuthis (J. A. Jeletzky and V. N.
Saks, oral commun., 1971) and large pelecypods of the genus
Entolium. In North America Cylindroteuthis is abundant in
Jurassic strata, commencing in middle Bajocian time and
extending into the Tithonian (Stevens, 1965). Although it has
not been found in North American Cretaceous strata, Saks
(1960) recorded it from the Lower Cretaceous (Neocomian) of
northern Siberia. According to Stevens (1965, p. 175) this is
the only known Cretaceous occurrence of this genus.

Belemnites are abundant in Hauterivian and Berremian beds
in southern Alaska and elsewhere along the Pacific coast of
North America (Jones and Detterman, 1966), but these belong
mainly to the genus Acroteuthis, a form notably absent from
Island. very
Entolium, some measuring 6 to 8 inches in diameter, are

Gravina Likewise, the large specimens of
unknown from Cretaceous deposits along the Pacific coast of
North America.

The evidence thus afforded by both the belemnites and
pelecypods supports a late Middle to Late Jurassic age for the
enclosing strata, but neither form has a sufliciently short range
nor is well enough preserved to permit a more precise age
determination.

A negative, but extremely important, factor bearing on the
age of the Gravina Island Formation is the striking absence of
Buchias. We know of no place along the west coast of North
America where fossiliferous strata of late Oxfordian to
Tithonian Age do not contain a fauna dominated by, or at
least containing, Buchia. Such an absence from the Gravina
Island suggests to us that these beds may be of pre-Buchia age,
perhaps somewhere in the range of middle Bajocian to middle
Oxfordian.

The youngest fossils from the Gravina-Nutzotin belt are
ammoniles of early Albian Age collected from argillite
interbedded with andesite breccia and tuff on westernmost
Etolin Island (locality A on fig. 1). These ammonites are
Arcthoplites belli (McLearn) (fig. 6) and a crushed specimen
that probably is Graniziceras sp.; both types are well known
from lower Albian strata of the Wrangell Mountains (Imlay,
1960; Jones, 1967) and also occur on the Queen Charlotte
Islands to the south.

STRUCTURAL GEOLOGY

Figure 6.—Arcthoplites belli (McLearn). Natural size.

A, B, and C are rubber casts of crushed specimens from USGS
Mesozoic loc. M5835, northern end of Marsh Island, off the
northwest coast of Etolin Island. Casts are made from exterior
molds in black argillite interbedded with andesite breccia and crystal
tuff. USNM No.183770a, 183770b, 183770c¢, respectively.

D is specimen from USGS Mesozoic loc. M1339, Kennicott Forma-
tion, lower Albian (zone of Brewericeras hulenense), McCarthy A-4
quadrangle, Wrangell Mountains. Lat 61°12.3" N, long 142°19.8' W.
USNM 183771. Well-preserved specimen is illustrated to document
the occurrence of the same early Albian fossils in both the
Gravina-Nutzotin belt and the Matanuska-Wrangell terrane.

Large specimens of Inoceramus collected from argillite on
Douglas Island near Juneau (J.G. Smith and A.B. Ford,
unpub. data) may be middle Cretaceous in age. Although
numerous, these fossils are strongly deformed and cannot be
specifically identified. Also, near Chisana in the southern
Nutzotin Mountains, large but indeterminable fragments of
Inoceramus have been found in shaly argillite interbedded with
Chisana Formation andesite that overlies upper Valanginian
beds (fig. 4C). Much higher in the Chisana volcanic sequence,
rare fossils, including among others, Shasticrioceras sp.,
Pseudolimea sp., and Anchura sp. indicate a probable Early
Cretaceous (Barremian) age.

In summary, the fossil evidence eslablishes that sedimenta-
tion in the Gravina-Nutzotin belt may have commenced in
Middle Jurassic (Bajocian) time in the southernmost part of
the belt and somewhat later in the Late Jurassic (Oxfordian)
elsewhere in the belt. Except for presumably local interrup-
tions, deposition was evidently continuous until near the end
of Early Cretaceous (Albian) time. Volcanism was episodic, as
volcanic rocks occur with the presumed oldest beds in
southeastern Alaska and lie above the youngest marine beds in
the eastern Alaska Range and on Etolin Island. Significantly,
no volcanic rocks have been found intercalated with the
Buchia-bearing beds (upper Oxfordian through Valanginian).
Hence, it appears that the bulk of volcanic activity occurred
during post-Valanginian time.

CHEMISTRY AND CLASSIFICATION OF THE
VOLCANIC ROCKS

Table 2 summarizes the major-oxide chemistry of 27
specimens of volcanic materials from the Gravina-Nutzotin



BERG, JONES, AND RICHTER D15

belt. Of these, 26 (table 2, cols. la—1c¢) are metavoleanic rocks  from the Chisana Formation in the Nutzotin Mountains.

from the Gravina Island Formation, near Ketchikan, where the The Gravina Island rocks vary considerably in composition;
belt has been strongly deformed and its rocks regionally individual analyses range in SiO, content and normative An
metamorphosed in the greenschist facies. The remaining ratio between those of basalt (Nockolds, 1954, p. 1021) and
specimen (table 2, col. 2¢) is relatively unaltered flow rock dacite (Chayes, 1969, p. 2; and 1970, p. 179), with most

Table 2.—Analyses, in weight percent, of volcanic rocks in the Gravina-Nutzotin belt, Alaska

[All analyses performed in U.S. Geological Survey rapid rock analysis laboratory under Leonard Shapiro.
Analysts: P. L. D. Elmore, G. W. Chloe, James Kelsy, H. Smith, Lowell Artis, and J. L. Glen]

1 19 3 4
Gravina Island Formation Chisana Andesite Cenozoic
(Berg, 1972¢) Formation andesite
(Richter and (Nockolds, (Chayes,
a b c Jones, 1972b) 1954, p. 1019) 1969, p. 2)
Chemical analyses
Si0y ........ 440 —59.8 51.36 53.19 61.90 (51.7) 54.20 58.17
Al,O3....... 16.2 —-19.5 18.12 18.79 17.00 (17.1) 17.17 17.26
FepO5..... .. 1.60— 4.90 3.66 3.75 3.10 ( 2.2) 3.48 3.07
FeO......... 2.30— 9.80 5.47 5.61 270 ( 6.2) 5.49 417
MgO......... 1.70— 7.20 4.52 4.74 140 ( 5.0) 4.36 3.23
CaO......... 5.10—-11.50 8.76 9.17 4.50 ( 7.9) 7.92 6.93
NayO........ 81— 5.80 2.70 2.77 410 ( 2.8) 3.67 3.21
KO0 34— 2.20 .89 93 1.7 ( .91) 1.1 1.61
Hy, O+ ... ... 1.30— 4.20 271 L. 1.60 ( 3.3) .86 1.24
TiOg. . ....... 44— 1.20 7 75 77 (0 .83) 1.31 .80
PO05........ 04— 0.54 17 17 42 (.31 .28 .20
MnO......... 08— 0.35 16 17 12 (0 13) 1 2
COp.vvin.. 00— 3.20 30 ... 39 (2 ...
Total ... ... ... ... ... .. ..... 99.64 100.04 99.70 100.00 99.89
CIPW norms
Q... 0-20.42 (22) 6.65 6.21 21.52 5.7 13.63
Coo. .. 0-627(4) ... ... 21 L.
or .......... 2.0 -12.85 5.28 5.49 10.08 6.7 9.52
ab.......... 6.91-49.11 22.93 23.43 34.80 30.9 27.19
an .......... 9.51-46.25 34.82 36.08 17.17 27.2 27.96
ne .......... 0— 218 (L) ... s s
WO..oouvnn.. 0— 9.11 (22) 217 346 L. 4.2 2.15
en .......... 1.26-17.75 11.30 11.80 3.50 10.9 8.05
fs. ..o, 0-15.41 (25) 6.14 6.28 1.35 5.3 3.80
fo........... 0— 820 (4) ... Lo Lo s
fa........... 0 7.87(4)  LoLoo Lol L e,
mt.......... 2.30— 7.14 5.33 5.44 4.51 5.1 4.46
1 48— 2.30 1.39 1.42 147 2.4 1.52
) S 10— 1.26 40 40 1.00 7 A7
[ 0— 7.19(14) 8 ... 89 Ll
Normative 60.3 60.6 33.0 46.8 50.7
an ratio.

1. Summary of rapid rock chemical analyses of 26 samples of greenschist facies regionally metamorphosed volcanic rock from the Gravina Island

Formation, Annette and Gravina Islands, Alaska.

a.  Range of values in the 26 analyses. Number in parentheses in normative analyses indicates number of samples in which constituent is
reported.

b.  Average of the 26 analyses. CIPW norm is calculated from this average.

c. Average of the 26 analyses recalculated to 100.00 percent on a volatile-free basis.

2. Amygdaloidal flow, Chisana Formation, Nutzotin Mountains, Alaska.

3. Average of 49 analyses of andesite.
4. Average of 1,775 analyses of Cenozoic andesite.

! The average of three additional chemical analyses of Chisana Formation volcanic rocks was added to column 2 at time of proof. We believe that
this average, shown in parentheses, which closely approximates that of the Gravina Island samples, is more representative of the Chisana Formation
than the singe analysis reported.

2 Reporte

in 14 samples.
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falling in the range of basalt-andesite (Williams and others,
1954, p. 43; Coats, 1968, p. 693-717). Doubtless, variability
is the combined result of compositional variation in the
original lavas and of alteration and metamorphic transfer
(Smith, 1968). The distance and magnitude of transfer is
unknown, but we assume that element redistribution was
largely confined to the volcanic pile. Therefore, although any
individual analysis is not representative of original lava
composition, we believe that the average of many analyses
(table 2, col. 1b) approximates the bulk composition of the
parent rocks.

A precise classification of Gravina Island metavolcanic rocks
depends on the effects of the volatile constituents, mainly
H,0, which can only be arbitrarily assigned. Recalculated on a
water-free basis, and assuming that all H,O was introduced—an
assumption not wholly justified because the original lava may
have contained a hydrous phase such as hornblende—the
average Gravina Island rock (table 2, col. 1c) can be classed as
basaltic andesite (Williams and others, 1954; Coats, 1968). The
andesitic nature of these rocks shows well on an ACF diagram
(fig. 7), where they plot along the margin of the basalt field of
D.S. Coombs (after Smith, 1968), distant from Nockolds’
(1954, p. 1021) tholeiitic and “central” basalts, and proximate
to average andesite of Chayes (1969; table 2, col. 4 of the
present report) and Nockolds (1954, p. 1019; table 2, col. 3 of
the present report), and to average island-arc andesite of
McBirney (1969, p. 503).

The analysis of the Nutzotin Mountains specimen shows
more Si0, , higher normative quartz, and a lower An ratio than
any of the Gravina Island samples, but nevertheless is well
within the range commonly reported in andesitic volcanic

Average island-arc andesite Average andesite
(McBirney,1969) (Chayes, 1969)
Average andesite ‘ Gravina Island

(Nockoids,1954) <Ok

Metabasalt or basaltic andesute—/)j \— “Central” basalt

of Smith (1968) 7‘ R (Nockolds, 1954)
Tholeiitic basalt (Nockoids,1954)

VVVVV\/V\/\/VVVVVVV\/V\/F

Cc

Figure 7.—ACF diagram comparing average Gravina Island metavolcanic
rocks (table 2, col. 1b) with average basalt and andesite. Dashed line
shows basalt field of D. S. Coombs (after Smith, 1968).
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suites (Dickinson, 1970, p. 818). (See footnote 1, table 2, for
additional chemical analyses.)

Gravina-Nutzotin volcanic rocks vary considerably in alkali
content, but the regional variation in alkalis has not been

established.

COGENETIC GRANITIC ROCKS

Rocks of the Gravina-Nutzotin belt and adjacent terranes
are intruded by numerous granitic plutons ranging in size from
dikes a few feet thick to batholiths. Only a few of the plutons,
however, have been precisely dated by stratigraphic or
radiometric methods. Those that are late Mesozoic and
Tertiary in age postdate formation of the Gravina-Nutzotin
belt and are not discussed further. Those known to have
formed during Late Jurassic to middle Cretaceous time, and
thus assumed to be cogenetic with the Gravina-Nutzotin
volcanic rocks, are described in this section.

In the eastern Alaska Range and adjoining Kluane Ranges in
Canada, more than 15 plutons ranging in size from small
stocks to complex batholiths intrude rocks of the Gravina-
Nutzotin belt. Reconnaissance K-Ar radiometric studies indi-
cate an age of 110—112 m.y. for the Alaskan plutons (M. A.
Lanphere, unpub. data), which is consistent with a post-
Barremian—pre-Late Cretaceous age deduced from fossil and
field evidence. In the Kluane Ranges, Muller (1967) has
bracketed the age of the plutons between Early Cretaceous
and early Tertiary on the basis of contact relations.

The Alaskan plutons are principally granodiorite but include
quartz monzonite, quartz diorite, diorite, and syenodiorite as
locally abundant variants. Less common are trondjhemite,
pyroxene monzonite, and biotite gabbro. The rocks are
nonfoliate, medium to coarse grained, and in thin section
exhibit a subhedral equigranular texture.

The plutons in the eastern Alaska Range generally have
sharp intrusive contacts with the country rocks and contain
abundant xenoliths. A thermal metamorphic aureole, as much
as 1 mile wide, surrounds many of the plutons.

In southeastern Alaska, Gravina-Nutzotin bedded rocks are
intruded by numerous granitic plutons (Buddington and
Chapin, 1929), but only one, on northern Annette Island, has
been recognized as clearly coeval with the andesitic meta-
volcanic rocks.

This pluton is a crudely tabular diorite to quartz diorite
stock, with contacts that strike approximately parallel to the
regional northwesterly trend of the enclosing Gravina Island
Formation. There is some local baking of the metasedimentary
beds along the diorite contact, but thermal effects in the
metavolcanic rocks have not been observed. The pluton is
moderately foliated and hydrothermally altered and grades
outward from an equigranular core of feldspar, amphibole, and
minor quartz to a porphyritic border zone containing relict
phenocrysts of feldspar and amphibole. The border zone, in
turn, grades imperceptibly into feldspar-, amphibole-, and
pyroxene-crystal-bearing andesitic metatuff.
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The similarity in composition and texture of the diorite
border phase and adjoining Gravina-Nutzotin metavolcanic
rocks, together with the absence of thermal effects at the
intrusive contact and close spatial association of the two rock
types, strongly suggests that the pluton is a hypabyssal variant
of the precursive andesitic extrusives.

Several granitic plutons that intrude rocks of the terranes
adjacent to the Gravina-Nutzotin belt (fig. 1) have been dated
as Early and middle Cretaceous by other workers (Loney and
others, 1967; E. M. MacKevett, Jr., and J. G. Smith, oral
commun., 1972). Although coeval upper Mesozoic volcanic
rocks are not known to occur in these terranes, we assume that
the plutons were subjacent to andesitic extrusive rocks, all
traces of which have been removed by erosion.

ZONED ULTRAMAFIC COMPLEXES

Concentrically zoned ultramafic complexes that ideally
grade outward from a core of dunite, through successive shells
of peridotite and (clino)pyroxenite, to peripheral hornblendite
and gabbro are abundant in southeastern Alaska (Taylor, in
Wyllie, 1967, p. 97—-121). Of the 35 such complexes that have
been reported (Taylor and Noble, 1969), 24 are in the
Gravina-Nutzotin belt, and 11 lie within 10 miles of the belt.

The zoned ultramafics are partly serpentinized and, along
with the enclosing country rocks, are more or less deformed
and dynamically metamorphosed. In addition, the country
rocks near several of them are contact metamorphosed to
granulite, hornfels, schist, and gneiss containing pyroxene,
hornblende, biotite, and garnet (Taylor, 1967, p. 99, 104).

Several of the ultramafic complexes in and near the
Gravina-Nutzotin belt have been dated radiometrically by
K-Ar methods (Lanphere and Eberlein, 1966). Their ages range
from 90 to 110 m.y. and average about 100 m.y., an age
closely comparable with that of the faunally dated Albian
andesitic volcanic rocks on western Etolin Island (p. D7).

The significance of the zoned ultramafic complexes in
southeastern Alaska, a type known to be abundant elsewhere
only in the Ural Mountains of Russia (Taylor and Noble,
1969), is uncertain. However, their contemporaneity with
Gravina-Nutzotin  belt andesite, combined with isotopic
(Lanphere, 1968) and petrologic (Irvine, 1967) data suggest
that they may be fractional erystallization products in floored
magma chambers that fed the andesitic vents.

Matanuska-Wrangell Terrane

An extensive belt of upper Mesozoic rocks extends for
nearly 1,000 miles in a sinuous arc from the Wrangell
Mountains to near Port Moller on the Alaska Peninsula (see fig.
8). This belt, termed the Matanuska geosyncline by Miller,
Payne, and Grye (1959), consists of thick sequences of Lower
Jurassic sedimentary and voleanic rocks and Middle Jurassic
through uppermost Cretaceous shallow marine deposits. Fos-
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sils are locally very abundant, and they have been the subject
of numerous paleontologic and biostratigraphic studies.

Of particular significance for this report is the character of
the Upper Jurassic (Oxfordian) through Lower Cretaceous
(Albian) part of the sequence in the eastern part of the belt.
These strata are very different from those of the nearby
Gravina-Nutzotin belt and have been studied extensively by
MacKevett (1970, 1971) in the MeCarthy region of the
Wrangell Mountains. There, Upper Jurassic (Oxfordian and
Kimmeridgian) rocks, characterized by Buchia rugosa and
Buchia concentrica, of the Root Glacier Formation
(MacKevett, 1969, 1971) include 3,000 to 4,000 feet of
mudstone and siltstone, and minor amounts of shale, sand-
stone, and conglomerate. Graded bedding is rare, and
MacKevett suggests that deposition occurred in moderately
shallow water. The Root Glacier Formation and older rocks
are overlain unconformably by the shallow marine Kennicott
Formation of Albian Age (Jones and MacKevett, 1969); strata
of Tithonian through Aptian Age are missing. Farther to the
west, in the Kotsina-Kuskulana area of the Wrangell Moun-
tains, the Root Glacier Formation and lower Neocomian strata
are absent, and fossiliferous strata of Hauterivian and Bar-
remian Age underlie those of Albian Age (Grantz and others
1966; Jones, unpub. data).

A nearly complete Upper Cretaceous sequence overlies the
Kennicott Formation near McCarthy (Jones and MacKevett,
1969), and similar rocks are widely exposed in the Talkeetna
Mountains to the west (Grantz and Jones, 1960). In both
places, these rocks are richly fossiliferous (Jones, 1963, 1967,
Imlay, 1960) and were deposited in relatively shallow marine
waters; volcanic rocks are absent. The degree of deformation
of the sedimentary rocks is slight except near several large
fault zones.

The rocks of the Matanuska-Wrangell belt differ markedly
from those of the Gravina-Nutzotin belt. These differences,
which are summarized in table 3, indicate that the two belts
have very different geologic histories, even though they are
now only a few tens of miles apart.

Chugach Terrane

The Chugach Mountains are underlain by a great thickness
of Mesozoic and upper Paleozoic rocks consisting of gray-
wacke, argillite, slate, conglomerate, volcanic rocks, chaotic
melanges, and granitic plutons. The rocks are complexly
deformed and have been subjected to low-grade regional
metamorphism.  Similar rocks, which may represent the
southernmost exposures of the Chugach terrane, occur on
Baranof and Chichagof Islands in southeastern Alaska.

We have subdivided the rocks of this terrane into two units
(fig. 1) that appear to differ in age. The older unit (older
Chugach terrane) consists of a regionally metamorphosed and
multiply deformed assemblage of phyllite, metagraywacke,
quartzite, melachert, greenstone, amphibolite, and ultramafic
rocks exposed along the southem margin of the St. Elias
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Table 3.—Comparison of Upper Jurassic and Cretaceous rocks of the
Gravina-Nutzotin belt and Matanuska-Wrangell terrane

Gravina-Nutzotin belt Matanuska-Wrangell terrane

Time of Probably continuous from  Oxfordian-Kimmeridgian,
deposition. Middle(?) Jurassic into with local major folding
Albian. and deep erosion during
Tithonian to early
Neocomian; deposition
resuming in late Neo-
comian (but Aptian de-
posits not identified ) and
extending into Maestrich-
tian.

Conditions Predominantly deep ma- Shallow marine on an un-
of deposi- rine in trough bordering stable continental shelf,
tion. volcanic arc with minor with rapid facies changes

shallow marine and non- and many local discon-
marine facies. Flysch- formities; flysch-type
type rocks predominate; rocks rare: fossils com-
fossils rare. mon.

Volcanie Abundant submarine and  None.
activity. subaerial andesitic frag-

mental volcanic rocks
and volcaniclastic rocks:
rare flows.

Basement Upper Paleozoic to Tri- Taku-Skolai and Lower and
rocks. assic rocks of Taku- Middle Jurassic sedimen-

Skolai terrane. tary and volcanic rocks.

Tectonic Moderate to intense re- Minor folding, thrusting,

activity. gional deformation. and normal faulting; ver-

tical uplift at least 8,000
feet.

Local large-scale thrust-
ing and tight-to-isoclinal
folding with gently dip-
ping axial surfaces. Con-
tact aureoles near
granitic plutons. Verti-
cal uplift at least
10,000 feet.

Range and on Baranof and Chichagof Islands. The assemblage
locally is intruded by Middle Jurassic and younger granitic
plutons. Studied only in reconnaissance, the rocks may be as
old as Triassic and Permian (Loney and others, 1963, 1964),
but definitive evidence is lacking. We have considered the
possibility that these older Chugach terrane rocks may be part
of the Taku-Skolai terrane, which they appear to resemble.
However, because the age of the older Chugach rocks is
uncertain, and because their continuity with the Taku-Skolai
terrane has not been demonstrated, we believe it more
appropriate to describe them here, along with the neighboring
younger Chugach rocks.

Rocks of the younger Chugach terrane include the Sitka
Graywacke of Baranof and Chichagof Islands (Loney and
others, 1963, 1964), the Yakutat Group in the Gulf of Alaska
region (Plafker, 1967), and the Valdez Group and an unnamed
formation in the Prince William Sound—Cook Inlet area
(S. H. B. Clark, 1972). Fossils are very rare in these rocks, but
in a few places sufficiently well preserved forms have been
found to establish a range in age from probable Late Jurassic
to Late Cretaceous (Maestrichtian). Parts of the Sitka Gray-
wacke and the Yakutat Group are coeval with some of the
rocks of the Gravina-Nutzotin belt, as similar Buchia assem-
blages occur in both terranes. Much of the Yakutat and Valdez
Groups, however, are younger (Campanian and Maestrichtian)
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than any rocks known in the Gravina-Nutzotin belt. An
unconformity between Sitka Graywacke—Yakutat Group
rocks and older Chugach terrane rocks has been mapped on
northern Baranof Island (Berg and Hinckley, 1963, p. O11),
and inferred on southwestern Chichagof Island (R. A. Loney,
oral commun., 1971) and in the Gulf of Alaska region (George
Plafker, oral commun., 1972), but in most places, the present
contact appears to be a major fault (Loney and others, 1964;
Plafker, 1971, p. 122123, 130; S. H. B. Clark, 1972).

The rocks of the younger Chugach terrane were apparently
deposited in a deep marine trench. Rocks in the older Chugach
terrane may have accumulated on oceanic crust as indicated by
the presence locally of alpine-type ultramafic rocks in associa-
tion with chert, greenstone, amphibolite, and gabbro.

At least three episodes of deformation can be inferred: one
in pre-Late Jurassic time presumably resulted in at least partial
accretion of older Chugach terrane rocks to the continent;
another, in late Mesozoic and Tertiary time, produced regional
metamorphism and thrusting of the younger oceanic trench
deposits against and beneath the continental margin (Jones
and others, 1971). Lastly, Platker (1972, p. 30, and oral
commun.) believes that rocks of the Chugach terrane in the St.
Elias Range may once have been contiguous with those on
Baranof and Chichagof Islands and were moved into their
present position by about 150 miles of Cenozoic right-lateral
slip on the Fairweather fault.

A depositional contact between the older Chugach terrane
(probably formed largely on oceanic crust) and the Paleozoic
Alexander terrane (composed of older continental crust) seems
unlikely. Instead, we postulate that these terranes of wholly
dissimilar age and origin were juxtaposed along a major fault
and that rocks of the Alexander terrane do not depositionally
underlie any part of the Chugach terrane to the west.

HISTORY AND TECTONIC SIGNIFICANCE
OF THE GRAVINA-NUTZOTIN BELT

The three upper Mesozoic lithologic and structural belts
that rim southern and southeastern Alaska (fig. 8) satisfy
many of the geologic criteria for an ancient tripartite
arc-trench system (Dickinson, 1970, 1971a, b). In plate-
tectonic theory, the three elements of such a system—the
trench, arc-trench gap, and magmatic (volcanoplutonic) arc—
are interrelated features produced at converging plate margins
through the process of plate consumption in subduction zones.

The deep-marine origin of the slate and graywacke of the
younger Chugach terrane has long been recognized (for
example, see Burk, 1965, p. 69; and Moore, 1969, p. 30), and
accumulation in an oceanic trench at the continental margin
seems to be the most reasonable interpretation of its deposi-
tional environment (Jones and others, 1971; Moore, 1972).
The shallow-water, fossiliferous, and only slightly deformed
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Matanuska-Wrangell terrane formed on an unstable continental
shelf and upper continental slope and is the near-shore
correlative of the deep-water Chugach trench deposits. The
Gravina-Nutzotin belt, innermost of the three partly coeval
terranes, with its thick lenses of andesitic voleanic rocks and
cogenetic plutons, thus apparently corresponds to at least part
of the magmatic arc, analogous to modern arcs such as the
Aleutians (Coats, 1962) or the older arcs of Japan (Matsuda
and Uyeda, 1971). However, the presence of granitic plutons
coeval with Gravina-Nutzotin rocks in the older terranes
adjacent to the Gravina-Nutzotin belt suggests that the arc
originally extended beyond the present borders of the belt.
Furthermore, certain features of the belt, especially its great
thickness of flyschlike turbidite deposits derived in part from
older, external terranes, suggest that it was not a typical
magmatic arc (see table 4), and might instead more appro-
priately be termed a “basinal” arc.

D19

This interpretation of a late Mesozoic arc-trench system in
southern and southeastern Alaska fits quite nicely the region
near long 142° W., just west of the international boundary
(fig. 9). There, the three belts occur in proper sequence, but
both to the west and southeast the tripartite arrangement
breaks down, and the genetic and spatial relations of the parts
are not so evident.

To the west, and extending on to the southwest down the
Alaska Peninsula, both the Matanuska-Wrangell and Chugach
terranes are well developed, but the Gravina-Nutzotin belt has
not been recognized beyond the central part of the Alaska
Range. Neither the characteristic flyschlike rocks, the frag-
mental andesitic rocks, nor granitic rocks approximately 100
to 120 m.y. old have been identified.

To the southeast the arc-trench gap deposits of the
Matanuska-Wrangell terrane terminate near the border of the
much older Alexander terrane (figs. 1 and 8). Farther to the
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Figure 8.—Sketch map showing inferred extent of upper Mesozoic terranes in southern and southeastern Alaska.
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Figure 9.—Interpretation of Upper Jurassic and Lower Cretaceous lectonic elements along long 142° W., southern
Alaska (adapted from Richter and Jones, 1972a).

southeast, along the present continental margin, the trench
and oceanic crustal deposits of both Chugach terranes also
terminate at the Alexander terrane. Such old rocks are not
found elsewhere along the Pacific rim in southern Alaska or
adjoining British Columbia, and the Alexander terrane may
represent an allochthonous fragment of continental crust
(Jones and others, 1972) emplaced prior to the development
of the late Mesozoic arc-trench system. Thus, a tectonic
interpretation of southeastern Alaska (fig. 10) in late Mesozoic
time differs from one in southern Alaska in the absence of an
arc-trench gap assemblage. Instead, the Alexander and older
Chugach terranes were evidently emergent, shedding detritus
eastward into the Gravina-Nutzotin basinal arc and probably
westward into the Chugach trench.

Reasons for the absence of parts of the tripartite system
elsewhere in southern and southeastern Alaska are obscure. In
places, they may be present, but incomplete or inadequate
mapping so far precludes their recognition. In addition,
large-scale tectonic dislocations during late Mesozoic and early
Tertiary times may have destroyed or displaced once-existing
parts of the system.

Our view that the Gravina-Nulzotin belt represents an
ancient volcanoplutonic arc genetically linked with subduction
in the Chugach trench faces some difficulty due mainly to
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Sea level

Oceanic  cryst

7
Alpine-type //
ultramafic
rock

]

terrane

differences between the belt and other modern and ancient
magmatic arcs (table 4). The deep-marine deposition of most
of the Gravina-Nutzotin sedimentary rocks and their great
thickness imply rapid depression of a long, linear belt.
Moreover, the striking similarity of sedimentary structures and
bedding features of the flyschlike deposits in the belt to those
in the trench implies a gross similarity in depositional
environment for these supposedly different petrotectonic
suites. Hence, much of the belt was primarily a negative
feature, not posilive as expected in a volcanic arc. Anomalous
also are the very large ratio of sedimentary to volcanic rock
(estimated to be al least 10 to 1) and the external source of
most of the sediment. Much of the identifiable debris in the
Gravina-Nutzotin sedimentary rocks consists of Paleozoic and
lower Mesozoic bedded and intrusive rocks, crystalline igneous
and metamorphic rocks, and vein quartz, none of which could
have been shed from an active voleanic arc but instead must
have been derived from older terranes.

The occurrence of thick deposits of upper Mesozoic marine
sedimentary rocks in many places throughout the Gravina-
Nutzotin belt suggests the presence of one or more marine
basins proximal to chains of andesitic volcanoes within the
belt. In the eastern Alaska Range, the thousands of feet of
mainly nonvolcanogenic sedimentary rocks north of thick

GRAVINA-NUTZOTIN BASINAL ARC

o~

Floored magma
chamber

d ultramafic
complex

Figure 10.—Interpretation of upper Mesozoic tectonic elements along lat 58° N., southeastern Alaska. Not to scale. K, middle Cretaceous; J,
Middle and (or) Upper Jurassic; RP, Triassic and Permian.
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Table 4.—Comparison of Gravina-Nutzotin belt and “typical” magmatic arc (Dickinson, 1970, 1971a, b)

Gravina-Nutzotin belt

Andesitic volcanic rocks.

Several cogenetic granitic plutons in southern and south-
eastern Alaska, (ﬂted at 100—110 m.y.

Regional variation in alkalis not yet established.

Mainly deep-water (flyschlike) sedimentary rocks (= “basinal™
arc).

Significant amounts of sedimentary detritus derived from
older, external terranes.

Sedimentary rocks much more abundant than volcanic rocks
(>10:1).

Arc-trench gap assemblage missing in southeastern Alaska.

Zoned intrusive ultramafic complexes in southeastern Alaska
approximately coeval with volcanie rocks.

High T-P metamorphism in southeastern Alaska.

RN s w o

deposits of partly coeval volcanic rocks probably accumulated
in a marine basin between the andesitic arc and the main
continent mass lying to the north. The deep and rapid
subsidence of this trough may have resulted from incipient
southward arc migration, similar to that suggested by Karig
(1971) and Packham and Falvey (1971) for other arcs
bordering marginal seas and interarc basins, but with insuf-
ficient movement to break the continental crust and permit
generation of new oceanic crust in the widening gap.

Indeed, the great volume (more than 10,000 cubic miles in
southern Alaska) of Middle and (or) Late Triassic tholeiitic
basalt erupted prior to the development of the Gravina-
Nutzotin belt may reflect a weakened and distended continen-
tal crust. Moreover, as suggested by Richter and Jones (1972a)
the withdrawal of this volume of apparent mantle material
may have played a dominant role in initiating trough sub-
sidence in this region.

In our view also, the differences between present models of
magmatic arcs and the Gravina-Nutzotin belt, especially that
part east of long 142° W., may be due to the presence there of
the Alexander terrane, an anomalous block of old continental
rocks whose movement probably played a major role in the
late Mesozoic tectonic history of the region. The details of this
history are still very obscure, and the following paragraphs
outline only the major features as presently viewed.

Deposition of Gravina-Nutzotin belt rocks began during the
Middle and Late Jurassic, perhaps in Bajocian to early
Oxfordian time in the southeast, and late Oxfordian time in
the northwest, presumably in a relatively narrow and elongate,
rapidly subsiding basin. The main source of sediment in the
northwestern part was from the Yukon terrane lying to the
north—a source indicated by the lithology of cobbles in
conglomerates and by imbrication of cobbles that shows
southward sediment transport. A source from the Alexander
terrane, on the basis of conglomerate cobble lithology, seems
likely for the southeastern part of the basin, at least along its
western edge.

Sometime during the Kimmeridgian to Albian interval,
rocks in the Wrangell Mountains were folded, uplifted, and

Typical magmatic arc

Andesitic volcanic rocks.
Granitic plutons cogenetic with volcanic rocks.

B —

Systematic increase in alkali content of volcanic and associated
plutonic rocks toward hinterland.
Mainly shallow-water sedimentary rocks.

Primarily volcanogenic sedimentary detritus originating within
the are.
Volcanic rocks more abundant than sedimentary rocks.

Coeval arc-trench gap and trench assemblages.

Alpine-type ultramafics may be present if arc forms on oceanic
crust.

High T-P metamorphism.

© BN s e w

deeply eroded. Possibly sediments were shed northward from
this uplifted terrane into the Gravina-Nutzotin trough, but no
clastic wedge or coarsening of the sedimentary rock sequence
in the Nutzotin Mountains has been observed to document this
event.

Andesitic volcanism, here interpreted as being genetically
related to subduction in the Chugach trench, appears to have
started very early in the southeastern end of the trough, but
certainly the greatest volcanic activity was during the Early
Cretaceous. The development of the Gravina-Nutzotin trough
probably was roughly contemporaneous with deposition of the
younger sequence of sedimentary rocks in the Chugach
terrane. The history of these trench deposits, however, is still
so obscure that any further speculation as to possible historic
links between the two terranes seems unwarranted.

Major compressional deformation of Gravina-Nutzotin belt
rocks probably began in post-early Albian time, after deposi-
tion of the youngest strata known in the belt. Significant
pre-Albian deformation seems ruled out by the absence of any
recognizable structural or stratigraphic breaks in the bedded
sequence.

In the northern part of the belt, this deformation produced
relatively simple folds and some thrusts and was accompanied
or closely followed by emplacement of numerous granitic
plutons. In southeastern Alaska, its effects ranged from
relatively mild folding and fracturing along the western margin
of the belt to intense penetrative deformation and recrystalli-
zation in the central and eastern parts, including probable
underthrusting of the eastern edge beneath rocks of the
Taku-Skolai terrane. This deformation was roughly contem-
poraneous with intrusion of zoned ultramafic complexes and
with emplacement of an as yet undetermined number of
granitic plutons.

Significant compressional deformation of Gravina-Nutzotin
belt rocks apparently ended during the Late Cretaceous as
relatively undeformed Upper Cretaceous and Tertiary conti-
nental sedimentary and volcanic rocks unconformably overlie
the older rocks.
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One relation that appears very significant to us is that the
Gravina-Nutzotin belt is bounded on the west throughout 90
percent of its length by the old continental crustal rocks of the
Alexander terrane. As pointed out by Jones, Irwin, and
Ovenshine (1972), this crustal block is anomalous in that it
appears to lie outboard of younger rocks formed directly on
oceanic crust (see also Richter and Jones, 1971, 1972a, b;
Monger and Ross, 1971). The implication of this relation is
that the Alexander terrane is an allochthon that has undergone
largescale tectonic transport. It thus seems reasonable to
suppose that the initiation, filling, and final collapse of the
Gravina-Nultzotin trough were intimately tied to postulated
movements of this terrane. This supposition is supported by
the degree of deformation exhibited by Gravina-Nutzotin belt
rocks, which is much greater in southeastern Alaska where
they are contiguous to the Alexander terrane, than in the
Nutzotin Mountains, where they lie beyond its northwestern
terminous. This suggests that the Gravina-Nutzotin trough was
folded and finally destroyed by lateral compression produced
by the block of Alexander terrane being driven northeastward.

Another feature that deserves comment is that the Gravina-
Nutzotin belt shows little offset across the Chatham Strait
fault. Others (St. Amand, 1957; Twenhofel and Sainsbury,
1958; Brew and others, 1966; and Ovenshine and Brew, 1972)
have speculated that this right-lateral fault is a continuation of
the Denali fault. As Lathram (1964) and Ovenshine and Brew
have shown, the Chatham Strait fault exhibits at least 120
miles of right-lateral separation, on the basis of reconstruction
of displaced geologic features. No record of comparable
displacement can be observed for the Gravina-Nutzotin belt,
although some disruption of the basin could have occurred
before the period of intense compression. Certainly, no
evidence is seen to support significant postdeformation offset.

This relation suggests that the Chatham Strait fault is either
(1) an old structure that predates the Gravina-Nutzotin belt or
(2) confined for the most part to the Alexander terrane and
not rvelated to the Denali fault, except perhaps for recent
minor movements along the reactivated fault trace.
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A SMALL-SCALE THRUST FAULT ASSOCIATED WITH
LOW-AMPLITUDE FLEXURAL-SLIP FOLDING,
GREENE COUNTY, SOUTHWEST PENNSYLVANIA

By JOHN B. ROEN, Beltsville, Md.

Abstract.—Small faults are known to exist in Washington and Greene
Counties, Pa.; however, exposures that permit detailed mapping are
practically nonexistent, and as a result, the genesis of these structures
and their relation to the regional structure are unknown. A recently
excavated railroad cut west of Waynesburg, Pa., exposes in detail one of
these small faults. The fault is a thrust that strikes parallel to the
regional folds and dips toward a synclinal axis. The geometry of the
fault surface and its orientation indicate that it resulted from the
compressional stress that produced the low-amplitude regional folds.

The geologic structure in Washington and Greene Counties,
Pa., consists primarily of northeast-trending low-amplitude
folds of large wavelength. Faults are known to exist, but they
have been generally overlooked and not described because of
poor exposure and small displacement. The few known faults
are exposed in single elevation views such as roadcuts; at some
places they are suggested by slight stratigraphic displacement,
as interpreted from a combination of drill-hole and surface
data. Exposures of or data on these faults have been
insufficient to determine their orientation precisely. Because
poor exposure precludes delineation of fault geometry, the
genesis of the few recognized faults and their relation to other
structural features of southwest Pennsylvania is unknown.

A recently excavated vertical railroad cut at East View in
the Waynesburg 7%2-minute quadrangle, Greene County, Pa.
(figs. 1 and 2), provides excellent exposures of a low-angle
thrust fault and associated wedging on both sides of the cut.
This unique exposure of a small thrust fault permits descrip-
tion of the fault geometry and provides evidence of its origin
and relation to regional folding.

FIELD RELATIONS

The rocks exposed in the railroad cut are part of the
Washington and Greene Formations (Permian). The lowermost
strata exposed are medium-dark-gray shale and clay and gray
siltstone of the middle member of the Washington Formation.
Above the middle member is the upper limestone member
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Figure 1.—Index map of the Waynesburg 7'%-minute quadrangle,
southwest Pennsylvania, showing the strike and direction of dip of the
thrust fault surface and its relation to regional fold axes.

consisting of two very light gray weathering, olive-gray
argillaceous limestone units 4—9 feet thick separated by about
18—19 feet of medium-dark-gray shale. The base of the
overlying Greene Formation is about 6 feet below the lip of
the vertical cut. The Greene Formation here consists of shale,
silty shale, sandstone, limestone, and coal. The Ten Mile coal
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Figure 2.—Detailed map of the railroad cut at East View, east of
Waynesburg, Pa., showing the location of fault exposure and relation
of fault strike to the axial trend of the Waynesburg syncline.

bed of Clapp (1907) (fig. 3) is 27 feet above the top of the
upper limestone member of the Washington Formation.

On both sides of the excavation, the thrust fault displaces
the upper limestone member of the Washington Formation.
The displacement of the beds cut by the fault is about 3 feet
in terms of stratigraphic throw, an amount not detectable in
areas of extensive cover. On the east side of the cut, the break
is clearly defined; it dislocates not only the upper limestone
member, but also the beds above and below. On the west wall
the thrust is clearly defined except where the fault follows a
bedding plane on top of the lower limestone unit of the upper
limestone member (fig. 4). The fault follows the bedding plane
for about 30 feet and then passes into the lower limestone
unit. At this point the rupture changes from a thrust to a
wedging movement (fig. 4) in which limestone beds of the
lower plate wedge into and split the limestone bheds of the
upper plate. The fault does not completely cut the lower
limestone unit, and wedging takes up the displacement in the
higher beds. Below the limestone beds, this wedging has
produced an incipient fault and fracture zone inclined oppo-
site to the thrust.

STRUCTURAL GEOLOGY
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Figure 3.—Sketch showing the dislocation of the Ten Mile coal bed of
Clapp (1907) on the east side of the railroad cut. Note the difference
in deformation between the competent limestone and the less
competent coal and shale.

The strike of the fault is N. 42° E. and was determined by
finding the average bearing of two level lines on the fault
surface. The surface is concave upward; however, an average
dip of 28° was determined graphically from three points of
known elevation at the extreme ends of the exposed surface.

With respect to the regional folding, the thrust fault is about
1,000 feet southeast of, and parallel to, the trace of the trough
plane of the Waynesburg syncline (fig. 2). Both the syncline
and fault trend N. 42° E. The fault surface dips down into the

Floor of railroad cut

0 5 10 FEET

Horizontal and vertical scale
Figure 4.—Sketch of part of the west wall of the railroad cut, showing

wedging in the lower limestone unit of the upper limestone member
of the Washington Formation. Small triangles indicate brecciation.
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synclinal trough. The fault is about 4.5 miles northwest of the
Bellevernon anticline (fig. 1) and is approximately parallel to
the general trend of the anticline.

DISCUSSION

The strike and dip of the concave-upward fault surface at
East View is compatible with folding and faulting in theoreti-
cal models in which concave-upward rupture surfaces are
inclined about 30° to the greatest principal stress axis and
strike normal to it (Hubbert, 1951; Hafner, 1951). Because the
strike of the fault and the fold trends are approximately
parallel, the direction of maximum principal stress that
produced each was undoubtedly about the same. It seems

R
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reasonable to assume that the same forces were involved in
both the faulting and the folding, and that the thrust and
associated wedging resulted from shortening and lack of space
in the synclinal core during the folding.
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SIGNIFICANCE OF LOWER ORDOVICIAN EXOTIC BLOCKS IN
THE HAMBURG KLIPPE, EASTERN PENNSYLVANIA

By JACK B. EPSTEIN, ANITA G. EPSTEIN, and STIG M. BERGSTROM!,
Beltsville, Md., Washington, D.C., Columbus, Ohio

Abstract.—Limestone slide blocks in the Hamburg klippe near
Lenhartsville, eastern Pennsylvania, contain Early Ordovician North
Atlantic province conodonts. Similar lithic types and conodonts are
unknown in correlative autochthonous rocks of the Beekmantown
Group in the Great Valley of eastern Pennsylvania, The character of the
fauna and the host rocks suggest that these limestones were (1)
deposited on a northwest-facing bank in the “proto-Atlantic” ocean
east of their present location, (2) remobilized and transported partly by
turbidity currents and as slumps onto a slope, and (3) subsequently
broken up into blocks that slid into deeper water. These rocks were
later displaced northwestward to their present position by thrusting
during Taconic tectonism.

An assemblage of rocks of at least Early Ordovician and
possibly Cambrian to Middle Ordovician age in castern
Pennsylvania, south of Shochary Ridge (fig. 1) and extending
westward to the Susquehanna River, were considered by Stose
(1946) to be a remnant of the “Taconic sequence.” Stose
believed that this assemblage is similar to rocks in New York
and New England and was thrust from an eastern basin
westward onto the Martinsburg Formation (Ordovician) and
older carbonate rocks, an idea earlier expressed by Kay
(1941). Stose named this thrust sheet the Hamburg klippe.
The boundary of the Hamburg klippe as used in this report is
taken from Stose (1946; fig. 1).

Rock types unknown in the Martinsburg Formation of the
slate belt to the east characterize the klippe. The klippe
contains many slump blocks either emplaced in pelite and
graywacke of the Martinsburg Formation, as suggested by Platt
and others (1972), or emplaced in a different host rock and
later thrust on top of the Martinsburg as one large structurally
complex sheet. We favor the latter hypothesis, that the rocks
of the klippe are not indigenous to the Martinsburg deposi-
tional basin, because (1) preliminary examination of some of
the graywackes in the Hamburg klippe suggests that they are
significantly different petrographically from Martinsburg gray-
wacke and (2) reconnaissance by A. A. Drake, Jr., and J. B.

1Department of Geology, The Ohio State University.

Epstein (U.S. Geological Survey, 1971, p. A27) has indicated a
major structural break between the klippe and rocks of the
Martinsburg. This structural break was also inferred from
paleontologic data by J. B. Epstein (U.S. Geological Survey,
1970, p. A26).

The Hamburg klippe includes a variety of rock types: gray,
red, and green shale; graywacke; argillaceous, arenaceous,
aphanitic to coarsely crystalline, laminated to massive lime-
stone; dolomite; intraformational limestone conglomerate;
quartz-, cherl-, and limestone-pebble conglomerate; massive
sandstone and pebbly orthoquartzite; radiolarian chert; altered
tuffaceous sediments; and basalt and diabase (Gordon, 1921;
Stose and Jonas, 1927; Behre, 1933; Willard, 1939, 1943;
Moseley, 1950).

Many of the rock types in the Hamburg klippe are
demonstrably nearshore shelf deposits. These rocks are in
discontinuous or fault-bounded bodies suggesting, along with
the presence of boulder conglomerates and wildflysch, em-
placement into deeper water as submarine slides (McBride,
1962; MacLachlan and Root, 1966; Aldrich, 1967; Platt,
1968; Alterman, 1969; Myers, 1969; Platt and others, 1969;
Bird and Dewey, 1970). The host for these submarine slides is
shale and graywacke interpreted to be deepwater deposits. Red
shales, although believed by Willard (1939, 1943) to be
continental in origin, along with sponge-spicule-bearing sili-
ceous shale and radiolarian chert, are regarded by McBride
(1962, p. 46) to be very deepwater (abyssal) deposits.

AGE OF THE ROCKS IN THE HAMBURG KLIPPE
AND SURROUNDING TERRANE

All rocks in the part of the Hamburg klippe shown on figure
I were mapped as Martinsburg Formation on the geologic map
of Pennsylvania (Gray and others, 1960) and regarded to be of
Middle and Late Ordovician age. Willard (1943, p. 1101)
reported graptolites in rocks of the klippe which were
determined by Rudolf Ruedemann and E. O. Ulrich to be of
Early Ordovician (Deepkill) age, but Willard was somewhat
reluctant to accept these graptolite-bearing rocks as being as
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old as Early Ordovician. Stose (1946) suggested that these
rocks of the “Taconic sequence” in Pennsylvania were Early
Cambrian and Ordovician in age. Gray and Willard (1955) were
not entirely convinced that the rocks in Stose’s Hamburg
klippe were part of a large overthrust and suggested that these
rocks might be a facies of rocks to the east. They also claimed
that perhaps the stratigraphic ranges of the graptolites from
the Hamburg klippe were incompletely known. Platt (1968)
reported Farly Ordovician graptolites in a sequence of inter-
bedded and and limestone-pebble con-
glomerate in the Hamburg klippe near Harrisburg, Pa. A review
of the sparse fauna reported from klippe rocks is given by Platt

and others (1972).

Trilobites and brachiopods were collected from the Ham-
burg klippe at Swatara Gap (34 miles west of Lenhartsville) by
J. B. Epstein in 1969 from yellowish-orange- and olive-gray-
weathering shale just below the Shawangunk Formation in
new roadcuts along U.S. Interstate Route 81 (USGS loc.
D2185-CO). The fossils were identified by W.T. Dean,
Geological Survey of Canada (written commun., 1970), who

limestone shale

reported that the dominant trilobite is most probably Crypto-
lithus lorettensis Foerste (not C. bellulus as reported by Stose,
1930, and Whittington, 1968, from the same locality), which
is generally believed to indicate an early Barneveldian Age
(lower part of the lower subzone of Zone 13 of Berry, 1970,
the Shermanian of Sweet and Bergstrom, 1971). This is the age
of the oldest Martinsburg or youngest Jacksonburg Limestone
in the slate belt area to the east. In eastern Pennsylvania, the
oldest rock truncated by the Taconic unconformity has been
equated to graptolite Zone 14 (Pavlides and others, 1968).
Thus, the rocks at Swatara Gap represent the greatest hiatus
ascribable to the Taconic unconformity in eastern Penn-
sylvania that has been documented to date.

The age of the rocks in Shochary Ridge (fig. 1) is generally
given as late Edenian to early Maysvillian (for example,
Twenhofel and others, 1954) on the basis of an abundant
shelly fauna initially identified by Ulrich (in Stose, 1930, p.
648-649). Behre (1933) mapped the rocks in Shochary Ridge
as the Martinsburg Formation (chiefly the Ramseyburg Mem-
ber of fig. 1). However, preliminary field and microscopic
examination of these rocks by A. A. Drake, Jr. (oral commun.,
1971), and J. B. Epstein shows that many of the rocks in
Shochary Ridge are petrographically, paleontologically, and
sedimentalogically distinct from those of the Martinsburg
Formation in the slate belt and differ in stratigraphic
succession and tectonic style as well. Therefore, it is possible
that Shochary Ridge is tectonically separated from rocks in
the slate belt to the east and north and may be a part of the
Hamburg klippe, or lies within a fault block north of the
klippe. Thus, the stratigraphic and structural relations in the
Shochary Ridge area are shown as uncertain on figure 1.

The Martinsburg Formation in the slate belt east of the

Hamburg klippe is late Middle Ordovician to early Late
Ordovician (Edenian to early Maysvillian or upper subzone of
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graptolite Zone 13) in age on the basis of graptolites from the
Pen Argyl Member of the Martinsburg at Lehigh Gap (Epstein
and Berry, 1972) and conodonts in the underlying Jackson-
burg Limestone (Barnett, 1965). Thus, it appears that some of
the rocks in the Iamburg klippe are older than rocks in the
Martinsburg Formation immediately to the east.

Conclusive conodont evidence that the Hamburg klippe
contains blocks of rock that are older than the Martinsburg
Formation of the slate belt to the east and that correlate with
Lower Ordovician carbonate rocks underlying the Martinsburg
in easternmost Pennsylvania is given by Bergstrom, Epstein, and
Epstein (1972) (p. D37-D44, this chapter). Whereas, other
carbonate blocks and conglomerates of Cambrian and Ordo-
vician age in the northern Appalachians are demonstrably
slumps emplaced from a carbonate bank on the west into
deepwater pelites to the east (for example, Rodgers, 1968),
the rocks discussed here were derived from a source that
probably lay to the east.

LIMESTONE SLIDE BLOCKS

The limestone blocks from which the conodonts were
recovered are in a roadcut on old U.S. Route 22, 0.9 mile east
of Lenhartsville, Pa. (fig. 1). Details of the exposures and
location of samples are shown in figure 2.

One limestone block is at least 80 feet long and consists of
medium-gray to medium-dark-gray, light-gray- to medium-
dark-gray-weathering calcisiltite in ripple lenses isolated by
laminated medium-dark-gray shale and moderate-yellowish-
brown-weathering calcareous shale (fig. 3). The starved ripples
are about 1 to 12 inches long and many merge to form
discontinuous beds, especially higher in the block where the
rock is more evenly bedded. In most of the exposure, the
ripples in the limestone are accentuated by pelitic material
that extends from the surrounding shale through the limestone
(fig. 441) showing that the limestone and shale were deposited
al the same time. Soon after deposition, some of the ripple
lenses may have become detached or acted as rigid barriers to
the moving muds around them, because in several samples the
ripple laminae do not pass through the lenses into the
surrounding shale but end at the border of the limestone (fig.
4B). Some limestone intraclasts within the lenses likewise
terminate abruptly at the limestone-shale interface, which also
suggests that there was some erosion of the lenses soon after
their deposition. The presence of intraclasts indicates that
there was some reworking of consolidated or semiconsolidated
limestone prior to final deposition. Sample 1 (fig. 2) was
collected from the limestone lenses in this block.

The block of rippled limestone and shale is surrounded by
greenish-gray to medium-greenish-gray and grayish-red mud-
stone, as far as can be deduced from the limited exposures.
The greenish mudstone contains abundant clasts and broken
discontinuous beds of limestone (fig. 5). The clasts are
generally tabular and angular, but some are subrounded. They
are medium to light gray and bluish gray and weather very
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Figure 2.—Sketch showing roadcuts containing limestone blocks in green and red mudstone near Lenhartsville, Pa., and location of
conodont-bearing samples (USGS loc. 6952-CO).

light gray to white. Along U.S. Route 22, the clasts are %41
inch thick and %7 inches long, but on old U.S. Route 22
some boulders are 3 feet long. Many of the clasts are laminated
and others are crosslaminated (fig. 6). The crosslaminated
clasts are lithically identical with the large ripple-bedded
limestone block. Many of the clasts have been pulled apart
along irregular surfaces, and flowage of mud over these clasts
indicates that the limestone was deposited in a semiconsoli-
dated state (fig. 6). Because limy sediments are known to

f&m

Figure 3.—Outcrop of ripple-bedded calcisiltite (light lenses) and
calcareous shale, 0.9 mile east of Lenhartsville, Pa., along old U.S.
Route 22.

consolidate relatively rapidly, it is possible that the conodonts
in the limestone date the surrounding shale as well.

Some of the limestone clasts exposed along old U.S. Route
22 are graded conglomeratic limestone (fig. 7). One such clast,
about 15 feet west of the large ripple-bedded block, supplied
the conodonts in sample 2 (fig. 2). It is approximately 3 feet
long and 10 inches high, consists of light-gray to medium-
light-gray sparrudite to intrasparite, and is surrounded by
greenish-gray laminated mudstone. Other clasts are from 0.2 to
at least 40 mm long, tabular with rounded corners, and are
chiefly micrite and, to a lesser degree, pelsparite. Most are
laminated or crosslaminated. Many of the clasts contain
siltsized to very fine sand sized quartz and small grains of
plagioclase. Disarticulated crinoid columnals, brachiopod frag-
ments, rounded quartz grains (as much as 0.8 mm in
diameter), and rare rounded to irregularly shaped collophane
nodules (averaging approximately 4 mm in diameter) form the
remainder of the framework grains.

The limestone clasts are similar to limestone in the Bernville,
Pa., area, about 15 miles southwest of Lenhartsville.! Besides
massive limestone- and sandstone-pebble conglomerate with a
quartz-sandstone matrix which is not found in the Lenharts-
ville exposure, the rocks near Bernville consist of conglom-
eratic limestone in beds as much as 3 feet thick with angular
and subrounded tabular limestone and sandstone clasts as
much as 6 inches long, and thin-bedded, laminated, and
ripple-bedded limestone, sandy limestone, and gray shale.

1For example, 2% miles southeast of the borough boundary of
Bernville on State Route 183 at the intersection with Church Road and
1 mile north of the borough boundary of Bernville on Shartlesville
Road, just south of the intersection with Berger School Road.
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Figure 4.—Negative prints of —

A. Acetate peel showing rippled calcisiltite (dark) and laminated
shale and calcareous shale (light). The laminae of shale pass
through the limestone lens. Sample collected from outcrop
shown in figure 3.

B. Acetate peel showing isolated limestone rippled lens from about
10 feet east of outcrop shown in figure 3. Laminae of shale (1)
and calcareous shale (2) terminate against the fuzzy border of
the limestone (as at 3). The lens contains small-scale cross-
bedding clearly illustrated by grains of quartz and possibly
dolomite and feldspar (4). Note smaller sharply defined micrite
intraclasts (5). Small black spots are air bubbles, Specimen
stained with Alizarin Red S,

Load casts, small contemporaneous slumps, soft-rock pull
aparts, small-scale crossbedding, flame structures, and graded
bedding are common. These rocks are partly in fining-upward
sequences, and it is likely that they were deposited by a
combination of subaqueous slumping and turbidity currents.
This interpretation was also reached by P. B. Myers, Jr. (oral
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Figure 5.—Tabular limestone clasts, as much as 7 inches long and

averaging about 1 inch in length, in greenish-gray mudstone. Many of
the clasts are laminated (at arrows; many laminations do not show in
the photograph). The rocks here have two cleavages: a slaty cleavage,
about parallel to the bedding, along which there has been some
flowage of material, and a slip cleavage thal crenulates the earlier slaty
cleavage. Many limestone clasts have been pulled apart (boudinaged)
along the slaty cleavage.

Figure 6.—Negative print of acetate peel showing disrupted cross-
laminated limestone (dark) in mudstone. The limestone has been
pulled apart along an irregular border, and the fragments have been
rotated. Note flow folds above the limestone, suggesting that the
limestone was semiconsolidated during deposition. Specimen stained
with Alizarin Red S.

commun., 1972), who has mapped in the Bernville area. The
sandstone pebbles in the conglomerates are orthoquartzites
and may be calcarcous. The limestone pebbles are laminated to
massive and may be quartzose. The pebbles indicate derivation
from a well-winnowed carbonate-orthoquartzite shelf environ-
ment, and the rocks formed from repeated movement of rock
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Figure 7.—Negative print of acetate peel of graded intrasparrudite
boulder from near Lenhartsville, Pa. Note crossbedding in many of
the intraclasts which is similar to crossbedding in the limestone block
shown in figure 3.

fragments and individual grains from the bank into deeper
water, most likely onto the continental slope.

The ripple-bedded limestone (fig. 3) and graded conglom-
eratic limestone (fig. 7) at the Lenhartsville exposure are
similar to limestones in the Bernville area, suggesting that the
Lenhartsville blocks experienced multicycle transport; that is,
sediments originally on a shelf were remobilized and came to
rest on an intermediary slope and were later detached as large
blocks and small fragments and slid into somewhat deeper
water.

AGE OF LIMESTONE SLIDE BLOCKS

Early Early Ordovician conodonts were recovered from two
limestone blocks (USGS loc. 6952-CO, fig. 1;samples 1 and 2,
fig. 2). They are virtually identical with conodonts of the
Prioniodus elegans Zone (early Arenigian) of the Balto-Scandic
succession, They are the first Early Ordovician North Atlantic
province conodonts reported from eastern United States and
are unlike those of the North American Midcontinent pro-
vince. North American Midcontinent province conodonts have

STRUCTURAL GEOLOGY

been found in nearby autochthonous rocks of the Beekman-
town Group in eastern Pennsylvania (USGS loc. 6976-CO, fig.
1) and in three other collections from the Beekmantown
Group of central Pennsylvania and Maryland. Details of the
faunal provincialism and paleontology are given in Bergstrom,

Epstein, and Epstein (1972) (p. D37—D44, this chapter).
STRUCTURAL SIGNIFICANCE

The exotic blocks bearing North Atlantic province cono-
donts in the Hamburg klippe near Lenhartsville are faunally
and lithically distinct from correlative rocks in the autoch-
thonous Beekmantown Group of the Great Valley of eastern
Pennsylvania. The proximity of these two rock types suggests
structural telescoping of once distant rocks from two faunal
realms. The site of deposition for the Hamburg klippe
sediments is unknown, but there can be little doubt, on the
basis of the fauna, that the sediments were derived from a
southeastern or eastern source. Paleocurrent data collected in
the Bernville, Pa., area by P.B. Myers, Jr. (oral commun.,
1972), corroborate the proposal that the sediments in the
klippe were transported from the southeast. The evidence
presented in this report indicates that the exotic blocks were
transported from a shelf and deposited as slumps and
turbidites on a slope where subsequently small and large
fragments from these beds slid into deeper water. Evidence
presented here does not favor an east-facing carbonate bank
along the North American continental margin as the source for
the exotic blocks in the Hamburg klippe of eastern Penn-
sylvania.

Alternatively, it might be argued that the blocks were
derived from near the North American bank edge, but that
edge is no longer available for study because of erosion and
destruction during continental plate consumption (for exam-
ple, Bird and Dewey, 1970, fig. 7). However, if this were true,
and if future conodont collections show that there are no North
Atlantic conodonts in the Beekmantown Group and only
North Atlantic conodonts are found in rocks of the Hamburg
klippe, then the boundary between the faunal provinces was
narrow and lay on the carbonate bank itself. It is difficult to
envision this situation without mixing of the two faunas.
Furthermore, Bergstrom’ (1972) and Sweet and Bergstrom’s
(1972) conclusion that the two faunas developed separately in
low and high latitudes makes it even less likely that they could
have coexisted on the same carbonate bank. Thus, it is likely
that the faunal barrier was a water body of considerable size,
perhaps oceanic in magnitude.

Wilson (1966), Ross and Ingham (1970), and Bird and
Dewey (1970) believe that Cambrian and Early Ordovician
brachiopod and trilobite faunal realms were separated by a
proto-Atlantic ocean. Such faunal provincialism has been used
to date periods of oceanic expansion (Dewey, 1969, p. 126;
Bird and Dewey, 1970, p. 1049—1050). If the plate-tectonic
model can also be used to explain conodont provincialism,
then continental drift can account for the initial juxtaposition
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of Lower Ordovician rocks of the North Atlantic and
Midcontinent provinces. The source of the carbonate stump
blocks may have been shelf sediments on an uplifted continen-
tal rise in the proto-Atlantic ocean or in carbonate banks
fringing oceanic island arcs. Thrusting of the Hamburg klippe
during the Taconic orogeny resulted in the emplacement of
these exotic rocks in eastern Pennsylvania into their present
position.
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EARLY ORDOVICIAN NORTH ATLANTIC PROVINCE CONODONTS
IN EASTERN PENNSYLVANIA

By STIG M. BERGSTROM', ANITA G. EPSTEIN, and JACK B. EPSTEIN,
Columbus, Ohio, Washington, D.C., Beltsville, Md.

Abstract.—Abundant conodonts of North Atlantic province type
have been recovered from limestone slide blocks in the Hamburg klippe
in eastern Pennsylvania and from rocks at South Catcher Pond,
Newfoundland. The faunas are very different from all other Ordovician
faunas described from the United States, but they are virtually
indentical with faunas characteristic of the Prioniodus elegans Zone of
the lower Arenigian (lower Lower Ordovician) in the Balto-Scandic
area. The discovery of North Atlantic province conodont faunas in
rocks as old as Early Ordovician in two widely separated areas in
eastern North America is of considerable interest because it provides,
among other things, evidence that the striking provincial differentiation
of Ordovician conodont faunas in the northern hemisphere may be
traced back to at least early Arenigian time.

Early Ordovician conodonts of North Atlantic province
type were recovered from carbonate slide blocks in the
Hamburg klippe, Lenhartsville, Pa. (see fig. 1, Epstein and
others, 1972, p. D29-D36, this chapter), and from South
Catcher Pond, Newfoundland. These conodonts are unlike
those of the North American Midcontinent faunal province
found in autochthonous carbonates of the Appalachians. They
are virtually identical with conodonts of the Prioniodus
elegans Zone at the boundary between the Hunnebergian and
Billingenian Substages of the Latorpian Stage in the lower
Arenigian (lower Lower Ordovician) of the Balto-Scandic
succession. The Hamburg klippe collection is of interest
because it contains the only known North Atlantic province
conodonts of this age in the United States and is the most
extensive such collection in North America to date.?2 The

! Department of Geology, The Ohio State University.

In a paper published after the completion of this study, R. L.
Ethington (“Lower Ordovician (Arenigian) conodonts from the
Pogonip Group, central Nevada”, in Geologica et Palacontologica SB 1,
p. 17-28, 1972) reported the presence of Balto-Scandic-type con-
odonts of the Prioniodus elegans Zone in the Ninemile Formation
(Lower Ordovician) in central Nevada. Although the presence of faunas
in the Western United States similar to ours in the Hamburg klippe is of
considerable biogeographic interest, it does not affect the conclusions
presented in this paper, apart from the fact that the Hamburg klippe
fauna is not the first but the second of this type reported from the
United States.

distribution of the two faunal provinces is useful in inter-
preting the complex structural history that characterizes
Taconic deformation in the northern Appalachians.

The petrography of the carbonate slide blocks from the
Hamburg klippe and their geologic setting are given in Epstein,
Epstein, and Bergstrom (1972) (p. D29—D36, this chapter).

CONODONT FAUNAS

Approximately 30 pounds (14 kg) each of ripple-bedded
calcisiltite and graded conglomeratic limestone (see fig. 2,
Epstein and others, 1972) was dissolved in dilute acetic acid
and about 1,100 specimens of generally well preserved,
although dark-colored, conodonts were obtained from the
insoluble residues. A list of the species identified in each
sample as well as the number of specimens of each form is
given in table 1. In addition, conodonts from rocks at South
Catcher Pond, Newfoundland, which appear to be in the same
geologic situation as rocks in the Hamburg klippe, are also
listed. A number of selected species are illustrated in figure 1.

Table 1 shows that the conodont faunas of the two
Hamburg klippe samples are very similar, and there is little
doubt that the samples are of about the same age. The faunas
are quite characteristic of a narrow stratigraphic interval in the
Balto-Scandic sequence, and there is no clear indication of the
presence of specimens of younger or older stratigraphic age.

These conodont faunas are of unusual interest for at least
two reasons: (1) They are the first large North Atlantic
province faunas found in the Lower Ordovician of North
America, and (2) they provide an exceptionally precise
correlation of the limestone blocks near Lenhartsville with the
Lower Ordovician sequence of the Balto-Scandic area in
northwestern Europe.

BIOGEOGRAPHIC SIGNIFICANCE

With one possible exception, all the Early Ordovician
conodont faunas thus far described from North America
(summarized in Clark and Ethington, 1971) are strikingly
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Table 1.—Conodont multielement species in collections from the Hamburg klippe, Pennsylvania, and South Catcher Pond, Newfoundland

[In addition to the forms listed, the samples contain some specimens that cannot be classified as to genus or species at present. The
occurrence of the species in the Prioniodus elegans Zone in the Baltic area is mainly based on unpublished data of S. M. Bergstrom ]

Number of specimens

Occurrence in

South -
Conodont multielement species Hamburg klippe, Pennsylvania Catcher Pond, Przonztg;ilzsbzlézsgans
Sample 1 Sample 2 Newfoundland Baltic area

Drepanodus arcuatus Pander?

drepanodiform element .. .................... 3 3 1 X

scandodiform element ... .................... 8 .. X
Drepanoistodus cf. forceps (Lindstrém)

oistodiform element ......................... 4 6 cf.
Drepanodidsindet.............................. 122 138 24 X
“Qistodus™ elongatus Lindstrém . ................. 5 6 1 X
“Oistodus”spp.indet. . .............ccoouen.... 9 8 5 X
Paltodus inconstans Lindstrom . ... .............. 2 ... X
Paracordylodus gracilis Lindstrém

paracordylodiform element ................... 11 1 29 X

oistodiformelement ......................... 15 1 6 X
Paroistodus parallelus (Pander)

drepanodiform element. .. .................... 2 3 X
Paroistodus proteus (Lindstrém)

drepanodiform element. ...................... 44 11 2 X

oistodiformelement ........................ 7? 29 X
Prioniodus elegans Pander

belodiformelement ......................... 67 59 10 X

falodiformelement ......................... 44 56 4 X

hibbardelliform element ...................... 16 7 1 X

prioniodoformelement ... .................... 165 119 41 X

tetraprioniodiform element .. ................. 47 11 4 X
Protopanderodus arcuatus (Lindstrom) . ............ 31 20 - X
Protopanderodus cf. P. rectus (Lindstrém)

acontiodiformelement . ....... ... ... ... ... 1 16 cf.

scolopodiform element . ...................... .. 5 cf.
Rhipidognathus? n.sp.. .. ... .. ... ... ........... 2 Ce. ..
Scolopodusrex Lindstrém . ...................... e 10 A X
Stolodus stola (Lindstréom) .. .................... 6 3 o X
Nogen.andsp. 1......... ..., - L. 5 X
Nogen.andsp. 2........ ... ... i, 1 8 - X

different from the Hamburg klippe collections. The one
exception may be a small collection from Bed 10 of the Cow
Head Group of western Newfoundland (Fahraeus, 1970),
which apparently includes only three forms representing two
multielement species. These multielement species are, how-
ever, highly diagnostic stratigraphically, and it appears likely
that the fauna of Bed 10 is of the same age or slightly younger
than the Hamburg klippe collections.

Recently, S. M. Bergstrom, through the courtesy of Dr. A. J.
Boucot (Oregon State University), studied a large collection of
Early Ordovician conodonts found in limestone in an unnamed
volcanic-clastic unit near South Catcher Pond, north-central
Newfoundland (Dean, 1970). This collection, which is being
studied in detail by Bergstrom, is very similar in overall
species composition, as well as in frequency of individual
species, to the Hamburg klippe collections, and it is apparently
of the same age (table 1). The Hamburg klippe and South
Catcher Pond collections, as well as the one from Bed 10 of
the Cow Head, are all dominated by conodont species
currently unknown in other parts of North America but quite
common in, and highly characteristic of, an interval in the
Lower Ordovician sequence in the Balto-Scandic area.

Conodont faunas of Middle Ordovician age similar to those
in northwestern Europe, on the other hand, are known from
many localities in the eastern part of the Appalachians
(Bergstrom, 1971). These faunas belong to the North Atlantic
of European conodont faunal province (Sweet and Bergstrom,
1962; Bergstrom and Sweet, 1966; Bergstrom, 1971, 1972;
Lindstrom 1969). The very different faunas in the western
Appalachians and the North American midcontinent region
form the basis of the concept of the Midcontinent faunal
province (Sweet and others, 1959; Bergstrom, 1972). Al-
though there were occasional invasions of some North Atlantic
province faunal elements into the Midcontinent, especially
during the late Middle Ordovician, and similar invasions of
Midcontinent elements into some areas in northwestern
Europe during the Middle and Late Ordovician, by and large
the two types of faunas have very little in common and
represent an example of early Paleozoic biogeographic dif-
ferentiation fully comparable to the more well known
Cambrian trilobite faunal provinces.

The discovery of North Atlantic province conodont faunas
in rocks as old as Early Ordovician in two widely separated
areas in eastern North America is of considerable interest,
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because it provides, among other things, evidence that the
striking provincial differentiation of Ordovician conodont
faunas in the northern hemisphere may be traced back to at
least early Arenigian lime.

Unfortunately, our knowledge of the distribution of the
Early Ordovician conodont faunas and faunal realms in North
America is still very fragmentary because of the few conodont
faunas of that age that have been described on this continent.
In Pennsylvania, FEarly Ordovician conodonts have been
reported previously from the shelf carbonate rocks of the
Stonehenge and Rockdale Run Formations of the Beekman-
town Group (Lower Ordovician) near Chambersburg (Hass, in
Sando, 1958). Hass” collection, which has never been described
in detail, contains, judging from his illustrations, Loxodus
bransoni Furnish, “Scolopodus™ quadraplicatus Branson and
Mehl, Acanthodus sp., and Cordylodus sp., as well as a number
of unrevised simple cone forms, and represents a typical
Midcontinent province assemblage. Goodwin (1972) and
Tipnis and Goodwin (1972) reported Midcontinent conodont
faunas from the Stonehenge and Axemann Formations (Beek-
mantown Group) of Pennsylvania-Maryland and central Penn-
sylvania, respectively. There is very little, if any, similarity
between the Beekmantown faunas and those of the Hamburg
klippe, and there is no doubt that these faunas represent
different faunal realms. Durihg this study, another sample
from the Beckmantown Group in castern Pennsylvania was
collected and processed for conodonts. It is from the Epler
Formation in a railroad cut 0.9 mile south of Martins Creek
and [.I miles northwest of Sandt’s Eddy, Bangor quadrangle
(USGS loc. 6976, see fig. 1, Epstein and others, 1972).
Relatively poorly preserved specimens of “Drepanodus™ cf.
sp-,
quadraplicatus Branson and Mehl, and “Se.” cf. sulcatus

)

subarcuatus  Furnish, Drepanoistodus “Scolopodus’
Furnish along with representatives of a number of other
unrevised simple cone species of Midcontinent province type
were found. None of the forms present in the Epler collection
can be positively identified with a species present in the
Ordovician of the Balto-Scandic area, but very similar forms
have been described from the Prairie du Chien Group (Lower
Ordovician) of the Upper Mississippi Valley (Furnish, 1938).
Although the Epler collection contains few, if any, strati-
graphically important species, there is no doubt that it is Early
Ordovician in age, and it is clearly of Midcontinent province
type. The same is true for similar conodont faunas from the
March and Oxford Formations of southeastern Ontario de-
scribed by Greggs and Bond (1971).

The only other early Early Ordovician conodont faunas thus
far described from eastern North America come from the St.
George Formation of northernmost Newfoundland (Barnes
and Tuke, 1970). The exact age of that collection in terms of
the standard Canadian Series is still somewhat uncertain, but
the available megafossil evidence, which is not extensive,
suggests that it is at least comparable to that of Bed 10 of the
Cow Head Group (Whittington, 1968). As is the case with the
Beekmantown conodonts near Martins Creek, the St. George
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conodont fauna is entirely different from the faunas of the
Hamburg klippe carbonate blocks and from Bed 10 of the Cow
Head, and, as noted by Bames and Tuke (1970), it is
dominated by forms typical of the Midcontinent province.
Although Barnes and Tuke (1970) claim that some of the St.
George species are in common with Baltic faunas, we feel that
this statement needs to be confirmed by investigation of larger
collections because practically all so-called “European” ele-
ments illustrated in their paper do not appear entirely
conspecific with species known from the Lower Ordovician of
the Balto-Scandic area.

As previously noted, Early Ordovician conodont faunas
similar to those from the Hamburg klippe and South Catcher
Pond have previously been reported mainly from the Balto-
Scandic area. A slightly younger fauna of the same type is also
known from the Southern Uplands of Scotland (Lamont and
Lindstrom, 1957). Although admittedly the incompleteness of
the available information about the distribution of Early
Ordovician Midcontinent and North Atlantic province con-
odont faunas makes it difficult at present to produce an
accurate map of their areal distribution, we have, nevertheless,
summarized the pertinent data in figure 2. The North Atlantic
province faunas in North America are all (at least in their
present tectonic position) found within the area of the
Appalachian geosyncline, whereas the European localities are
within the Caledonian geosynclinal area (Scotland) and on the
Russian platform (Sweden, western U.S.S.R.). Further, the
geographic position of the border between the Midcontinent
and North Atlantic conodont faunal realms in Early Ordovician
time, although still poorly known, appears to be approx-
imately the same as that prevailing during a large part of
Middle Ordovician time (Bergstrom, 1971).

BIOSTRATIGRAPHIC SIGNIFICANCE

The Hamburg klippe faunas can be dated with extraordinary
precision in terms of the Balto-Scandic Lower Ordovician
sequence and, hence, provide clear evidence of the age of their
host sediments which have not been accurately dated before.
Extensive recent work on Early Ordovician conodonts in the
Balto-Scandic area has made it possible to establish a detailed
conodont zonation (Lindstrom, 1955, 1957, 1971; Sergeeva,
1962, 1963, 1964; Viira, 1967, 1970; Bergstrom, 1968). The
identified species in the collections from the Hamburg klippe
and South Catcher Pond, as well as those of the small Cow
Head collection mentioned above, are characteristic of a very
restricted stratigraphic interval in the lower part of the lower
Arenigian of Sweden (fig. 3). The presence of Prioniodus
elegans Pander, in particular, and Paroistodus proteus
(Lindstrom) and P. parallelus (Pander) indicates beyond any
doubt that the rocks which yielded these condonts belong in
the Prioniodus elegans Zone at the boundary between the
Hunnebergian and Billingenian Substages of the Latorpian
Stage in the early Arenigian of the Balto-Scandic succession
(fig. 4). In the Baltic Basin area, conodont faunas of this type
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Figure 1.



BERGSTROM, EPSTEIN, AND EPSTEIN

are restricted to an obviously very condensed sequence of
glauconitic limestones, poorly consolidated sandstones, and
green shales containing scattered limestone lenses. This strati-
graphic interval, which clearly is a lag concentrate at least
locally, is generally less than 1 to 100 cm thick. In
southwestern Sweden, the corresponding stratigraphic interval

Figure 1.-Scanning electron photomicrographs of elements of selected
conodont species from Lower Ordovician limestone blocks in the
Hamburg klippe. All illustrated specimens are from sample 2 (USGS
loc. 6952—CO). All figures X 100 except ¢, j, and k which are X 50.
All figured specimens are reposited in the U.S. National Museum
(USNM); the rest of the collection is reposited in the Orton Museum
of the Ohio State University, Columbus, Ohio.

a, ¢, d, e. Paroistodus proteus (Lindstrom). a. Lateral view of
drepanodiform element, USNM 182589. ¢, d. Lateral views of
oistodiform elements, USNM 182591, 182592, e. Lateral view of
drepanodiform element, USNM 182593. Hamburg klippe speci-
mens are very similar to elements of this species from the lower
part of the Prioniodus elegans Zone in Sweden with which they
have been compared directly.

b. Scolopodus rex Lindstrom, Lateral view of hypotype, USNM
182590. Several very closely related species of Scolopodus (s.s.)
have been described from the Lower Ordovician, and the genus is
in need of modern taxonomic revision. The few elements of this
type in the Hamburg klippe collections are all fragmentary, but
they are similar to specimens of S. rex in important respects and
are herein referred to that species pending further studies.

f. Protopanderodus cf. P. rectus (Lindstrom). Lateral view of
acontiodiform element, USNM 182594. Hamburg klippe speci-
mens differ from typical elements of this species, which they
resemble otherwise, in the development of a conspicuous notch
in the anterior part of the basal margin.

&, h. Paracordylodus gracilis Lindstrém. g. Lateral view of cordylodi-
form element, USNM 182595. Note conspicuous striations on
cusp, denticles, and anterior process. h. Lateral view of oistodi-
form element, USNM 182596. Hamburg klippe elements of this
species have been compared directly with Lindstrém’s 1955
Swedish types (see Lindstrém, 1954) and no obvious difference
was noted.

i, l—o. Prioniodus elegans Pander. i. Lateral view of falodiform
element, USNM 182597. I. Lateral view of belodiform element,
USNM 182600. m. Lateral view of prioniodiform element with
incomplete anterior process, USNM 182601, n. Posterior view of
prioniodiform element with most of anterior and posterior
processes missing, USNM 182602. o. Lateral view of prioniodi-
form element with incomplete lateral and posterior processes,
USNM 182606. Hamburg klippe elements of the present species
have been compared directly with elements from the Prioniodus
elegans Zone in Sweden and they appear to fall within the range
of variation exhibited by the Swedish specimens.

J. Protopanderodus arcuatus (Lindstrom). Lateral view of acon-
tiodiform element, USNM 182598. Hamburg klippe elements
referred to this species are quite similar to Lindstrom’s 1955
Swedish types (Lindstrom, 1954) with which they have been
compared directly.

k. Rhipidognathus? n. sp. Posterior view of element missing one of
the lateral processes, USNM 182599, Hamburg klippe elements
of this type exhibit close similarity to specimens of the Middle
and Late Ordovician genus Rhipidognathus Branson, Mehl, and
Branson, but it is not certain if these are homeomorphs.
However, the Hamburg klippe form is clearly a new species.
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is a dark shale (Lindstrém, 1957), and the Prioniodus elegans
Zone there attains a thickness of a few meters. The strata
belonging to this conodont zone have yielded numerous
megafossils, including graptolites of the Didymograptus
balticus and the lower part of the Phyllograptus densus Zones
of the standard Balto-Scandic graptolite zonation (Bergstré):m,
1968).

Although the age of the Hamburg klippe and the South
Catcher Pond collections can be confidently dated with
extraordinary precision in terms of the Balto-Scandic se-
quence, the collections can be fitted with much less certainty
into the North American Standard Lower Ordovician se-
quence, and the conodonts themselves provide no help in
dating the collections in terms of the Canadian Series. The
graptolites associated with Prioniodus elegans zonal conodonts
in Sweden also offer little help because opinions differ
whether the Didymograptus balticus and Phyllograptus densus
Zones correspond to part of the North American Tetragraptus
fruticosus Zone (Berry, 1967, 1968; Erdtmann, 1971) or to
the whole of this zone as well as the succeeding Didymo-
graptus protobifidus Zone (Skevington, 1968; Jackson, 1964).
Whittington (1968, table 4-1) refers Bed 10 of the Cow Ilead
Group, that is, strata yielding conodonts that probably belong
to the Prioniodus elegans Zone, to the lower Cassinian Stage of
the Canadian Series, but he indicated difficulties in dating the
unit exactly. In the same paper, Whittington (1968, table 4-2)
correlates these strata with upper Latorpian and lowermost
Volkhovian beds in the Balto-Scandic sequence, which, how-

R
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North Atlantic province and fauna localities

.
.
.

E Midcontinent province and fauna localities

0 1000 2000 KILOMETERS

Figure 2.—Sketch map showing the distribution of early Early
Ordovician conodont faunas of the North American Mid-
continent province and North Atlantic province. For additional
information about these faunas, see Clark and Ethington (1971)
and Lindstrom (1971); Midcontinent fauna in Ontario from
Greggs and Bond (1971); X, Early Ordovician Midcontinent
province conodont fauna from the Epler Formation (USGSlee.
6976). Base from Bullard, Everett, and Smith (1965).
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Figure 3.—Stratigraphic range of conodont species from the Hamburg klippe and South Catcher Pond collections in the Lower
Ordovician of Sweden. The ranges of individual species, as well as the correlation between conodont and graptolite zones, are
largely based on the Talubacken section at Skattungbyn, central Sweden (Bergstrom, 1968; and unpub. data). As seen in table 1,
some of the forms from North America are identified with a particular Balto-Scandic species only with reservation.

ever, carry conodont faunas that are clearly younger than that
of the Prioniodus elegans Zone. Further, he places Bed 11 of
the Cow Head sequence, which has yielded conodonts
characteristic of the Prioniodus evae and, probably, the
Prioniodus navis Zones (Fahraeus, 1970) in the basal
Whiterockian Stage (Whittington, 1968, table 4-2). Studies of
conodont collections from the basal Whiterockian Orthidiella
Zone of central Nevada suggest, however, that the Whiterock-
ian strata are definitely younger than the Prioniodus evae and
Prioniodus navis Zones (Bergstrom, unpub. data), and it is
evident that much additional work on the Jeffersonian-
Cassinian faunas is needed before their correlation with the
Balto-Scandic sequence is safely established. However, it can
be concluded that regardless of their exact age in terms of the
North American Standard Early Ordovician succession, the
carbonate blocks investigated in the Hamburg klippe and
South Catcher Pond sequences must be coeval with part of the
Beekmantown Group, although rocks of this lithic type are
unknown in the Beekmantown of eastern Pennsylvania.

CONCLUSIONS

The proximity in eastern North America of North Atlantic
province conodonts and of Midcontinent faunas without
apparent mixing suggests that the boundary between these
faunal realms must have been a distributional barrier powerful
enough to prevent noteworthy faunal exchange. On the basis
of the distribution of these faunas and on Ordovician
paleogeography, Bergstrom (1972), and Sweet and Bergstrom
(1972) concluded that the Midcontinent and North Atlantic
faunas developed in low latitudes (tropic and subtropic waters)
and high latitudes (colder waters), respectively. The location
of the sedimentary basin in which the conodont-bearing sedi-
ments of the Hamburg klippe were originally deposited is
unknown, although there can be no doubt that the sediments
were derived from an eastern source. Red shales, radiolarian
cherts, and graywackes, which form important parts of the
deposits in the Hamburg klippe, are characteristic rock types
in the Lower Ordovician of some areas in the British Isles,



BERGSTROM, EPSTEIN, AND EPSTEIN

SERIES STAGES SUBSTAGES CONODONT ZONES
ALUOJAN
LLANVIRNIAN
KUNDAN Foplacognathus
variabilis
VALASTEAN
HUNDERUMIAN
LANGEVOJAN Microzarkodina
parve
z
< Paroistodus
S VOLKHOVIAN originalis
o As yet
[a] ARENIGIAN undefined
F Prioniodus
navis
i Prioniodus
g triangularis
-
BILLINGENIAN Prioniodis
evae
LATORPIAN .
 Priowiodus .
? i % ehgﬂm -
’ HUNNEBERGIAN Pareistodus
2 proteus
TREMADOCIAN As y_et As ){et Cordylodus
undefined undefined angulatus

Figure 4.—Stratigraphic age of the Hamburg klippe and South Catcher
Pond conodont collections in terms of the Balto-Scandic Early
Ordovician biostratigraphic units. The Prioniodus elegans Zone bears
conodont faunas of the same type as those from the Hamburg
klippe and South Catcher Pond. The conodont zonal succession is
that used by Lindstrom (1971). Note that the age of the Paroistodus
proteus Zone cannot be expressed in terms of the British Standard
series because, judging from the faunal successions in the type
Tremadocian and Arenigian in Wales, this zone is apparently
post-Tremadocian but pre-Arenigian in age. In terms of the standard
stadial subdivision of the Canadian Series (see Whittington, 1968),
the Prioniodus elegans Zone is probably approximately middle
Jeffersonian in age. The shaded zone is the interval bearing a
conodont fauna of the same type as those of the Hamburg klippe and
South Catcher Pond.

especially southwestern Scotland. However, the only Lower
Ordovician carbonate deposit of noteworthy areal extent in
that area is the Durness Limestone of northernmost Scotland
on the foreland platform northwest of the Caledonian geosyn-
cline. No early Arenigian conodont faunas have so far been
reported from that unit, but the late Arenigian to early
Llanvirnian conodonts described from the Durness (Higgins,
1967), as well as those known from broadly equivalent
calcareous rocks in the Loch Mask region of northwestern
Ireland (Bergstrom, unpub. data), are not closely similar to
coeval faunas in the Balto-Scandic area. As pointed out by
several authors, the Durness Limestone exhibits similarities
both in lithology and faunas with the shelf carbonates of the
St. George Group, Newfoundland, which are clearly different
from those of the Hamburg klippe. Hence, there is no obvious
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source for the Hamburg klippe boulders in the Lower
Ordovician of the British Isles, or for that matter, anywhere in
northwesternmost Europe.

Wilson (1966), Ross and Ingham (1970), and Bird and
Dewey (1970) believe that the Cambrian and Early Ordovician
brachiopod and trilobite faunal realms were separated by a
proto-Atlantic ocean. Such faunal provincialism has been used
to date periods of oceanic expansion (Dewey, 1969, p. 126;
Bird and Dewey, 1970, p. 1049—1050). At the present stage
of our knowledge, it might be reasonable to suggest that the
conodont-bearing blocks in the Hamburg klippe were parts of
shelf sediments, on an uplifted continental rise of a proto-
Atlantic ocean, that slid into the host pelitic deposits which in
turn were later emplaced by faulting and (or) submarine
sliding into their present position. Available information about
the rocks yielding the Prioniodus elegans faunas in the South
Catcher Pond and Cow Head successions of Newfoundland
indicates that a similar explanation may well be applied to
those “exotic” carbonate rocks with their remarkable faunas.
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NEW NEPHRITICERATIDAE (NAUTILOIDEA) FROM THE
DEVONIAN OF MARYLAND, PENNSYLVANIA, AND INDIANA

By ROUSSEAU H. FLOWER! and MACKENZIE GORDON, JR.,

Socorro, N. Mex., Washington, D.C.

Abstract.—The nautiloid family Nephriticeratidae occurs in Deyonian
rocks and seems to be limited almost entirely to the Western
Hemisphere. This paper describes and figures three species, each
belonging in a different genus. Two of the species are new and come
from Middle and Upper Devonian rocks in the vicinity of the
Maryland-Pennsylvania State line. Rhadinoceras atlas n. sp. is the largest
and youngest example of its genus on record. Nephriticerina cornucopia
n. sp. is a moderate-sized longitudinally lirate and somewhat cancellate
species. A third form, Lyrioceras sampsoni (Nettleroth), from the
Middle Devonian of southernmost Indiana, was originally described as a
straparollid gastropod (Euomphalus). This strongly longitudinally lirate
form is recognized here as a rhadinoceratid nautiloid for the first time.
In reviewing the genera to which these species are referred, several
changes in assignment of other nephriticeratid species are suggested.

Five unusual coiled nautiloids of Middle and early Late
Devonian age are the subject of this report. Two of them
belong in two new species and were found at localities a little
more than 7 miles apart. Both localities are in the Devonian
outcrop belt that constitutes part of the warp of the Allegheny
Mountains and strikes northeast across western Maryland and
southwestern Pennsylvania. The other three specimens are
from southern Indiana.

The nautiloids represent three different genera belonging to
the same family, which occurs in rocks of Devonian age and
seems to be limited almost entirely to the Western Hemi-
sphere. The family Nephriticeratidae constituted the sole
representation of the Order Barrandeocerida during Devonian
time and was therefore an important though not overly
abundant group of nautiloids. Our main purpose in writing this
paper is to place these relatively well preserved examples on
record. This has permitted us also to suggest some changes in
generic assignments for several members of this nautiloid
tamily.

Rhadinoceras atlas n. sp. is by far the largest member of the
genus known. It was found in 1955 by Wallace deWitt, Jr., of
the U.S. Geological Survey, in Allegany County, Md., during
his studies of the Devonian belt.

! New Mexico State Bureau of Mines and Mineral Resources.

Nephriticerina cornucopia n. sp. was found in 1958 by the
late A. G. Perdew on the Hazen Road in Bedford County, Pa.,
just across the State line from Allegany County and roughly
5% miles northeast of Cumberland, Md. Mr. Perdew presented
the specimen to the U.S. National Museum.

Lyrioceras sampsoni (Nettleroth) was described originally as
a gastropod and for this reason seems to have been neglected
by cephalopod specialists. The primary types, in the collection
of the U.S. National Muscum, are from Clark County, Ind.

SYSTEMATIC PALEONTOLOGY

Phylum MOLLUSCA
Class CEPHALOPODA
Subclass NAUTILOIDEA
Order BARRANDEOCERIDA
Family NEPHRITICERATIDAE

Genus RHADINOCERAS Hyatt, 1884

Rhadinoceras contains relatively smooth Nephriticeratidae
(in contrast to lirate genera) that are coiled symmetrically
and develop an impressed zone. It differs from Nephriticeras,
which has broad whorls throughoul, in that the anterior whorl
is circular or slightly compressed in cross section.

Rhadinoceras cornulum (Hall), the type species, and R.
ellipticumm (Rowley) are the only previously described species
that can be placed properly in Rhadinoceras. Kindle and Miller
(1939), however, assigned Gyroceras eryx Cleland and G.
clarkei Cleland, both of the Milwaukee Formation of Wiscon-
sin, and Gyroceras validum Hall of the Schoharie Formation of
New York to Rhadinoceras. Restudy of these species by
Flower (1945, p. 716) showed that they have marginal
siphuncles with actinosiphonate deposits, so they were placed
in a new genus, Gyronaedyceras I'lower.

Rhadinoceras atlas n. sp.

Figures 1;2,g, h

Description.—The type and only known specimen is a coiled
shell 222 mm in diameter, retaining a phragmocone of one
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Figure 1.—Rhadinoceras atlas Flower and Gordon, n. sp. Holoty pe, USNM 174017, side view, natural size.

volution and the basal part of a living chamber. The slightly
restored whorl measures 108 mm high and 110 mm wide.
Some of the shell, about 3 mm thick, is preserved in the region
of the relatively small and rather deep umbilical perforation
which can also be seen in cross section (fig. 2 g). Little more
than the last whorl is preserved, but an early missing part

would bring the shell to two whorls or even slightly more. The
cross section shows successive half-whorl intervals with the
measurements as listed in table 1.

The whorl in the earliest stage preserved is evenly rounded, is
broader than high, has its greatest width at midheight, and the
sides are equally rounded above and below the point of
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Table 1.—Measurements, in millimeters, of four successive half-whorl
intervals of Rhadinoceras atlas n. sp.

[Figures 1; 2, g5 2, h]

1 2 3 4
Diameter «:wssnssessmas@sss 1194 94 46 25
Whorl:
Width . ................... 108 65 37 21
Height ................... 104 155 26 113
Impressed zone:
idth ... 35 20 9.5
Height «voimsmmsmesasssess 10 8 4.5
Siphuncle: o
lameter . iivsiaismanasis £ E’: 10 5.0
Distance to venter .......... ZS 2 119 10.5
Distance to dorsum ......... = 18 6.0
Umbilical perforation diameter . . 31 14 7

! Estimated.

greatest width. The impressed zone is narrow, rather deep, and
about one-fourth the greatest width of the whorl. In the next
half volution the dorsal surface is slightly flattened on either
side of the impressed zone, strongly rounded over the
umbilical shoulder, shows slight ventrolateral {lattening, and is
more strongly rounded midventrally. The whorl is still wider
than high.

In the last half whorl the impressed zone is proportionately
shallower than in the earlier part, the dorsal faces on the sides
are appreciably flattened, the umbilical shoulder is strongly
rounded, and the lateral faces are gently convex and merge
into a more narrowly rounded venter. It is only in the last half
whorl that the height becomes subequal to the width; the sides
become considerably flattened, giving the shell the aspect of
being narrower than it really is.

Parts of the shell preserved within the umbilicus show fine
straight transverse growth lirae crossed by wider spaced faint
longitudinal lirae on the umbilical wall; eight or nine of these
longitudinal lirae occur in a space of 5 mm. Sutures are poorly
shown, bul appear to be straight and transverse. The last three
adoral camerac measure 19, 21, and 18 mm, respectively, on
the venter.

Discussion.—This species is a giant among its few congeners,
being more than twice the size of Rhadinoceras cornulum
(Hall) which comes from the Hamilton beds (almost certainly
from the Skaneateles Shale of the Hamilton Group) near
Cazenovia, N.Y. Moreover, it is four times the size of R.
ellipticum (Rowley) of the Sellersburg Limestone of southern
Indiana.

Hall (1879 p. 416) described from the “Hamilton™ of
Cumberland, Md., Nautilus cavus, a species that has the aspect
of a Nephriticeras. Interestingly, commensurate parts of the
present species also have the broad whorl of Nephriticeras
rather than of Rhadinoceras, but the species are distinct, as
Nephriticeras cavum (Hall) shows an impressed zone that is
about one-sixth instead of one-fourth of the width of the
whorl.

R. atlas was collected in rocks presently believed to be of
very early Frasnian age and is therefore the youngest and only
Late Devonian Rhadinoceras on record.

Holotype —USNM 174017.
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Occurrence.—Harrell Shale (Upper Devonian), 30 feet above
the Mahantango-Harrell contact, in Milkhouse Hollow, a
tributary of Town Creek, 7,100 feet south of lat 39°40" N.,
4,200 feet east of long 78°35" W., Allegany County, Md.
Collector, Wallace deWitt, Jr., 1955.

Genus NEPHRITICERINA Foerste, 1927

Species that clearly belong in Nephriticerina Foerste include,
besides the type species V. alpenensis Foerste from the Alpena
Limestone (Middle Devonian) of Michigan, N. hyatti (Hall)
from the Hamilton Group at Cumberland, Md., and N. juvenis
(Hall) from the Hamilton of New York.

Hall (1879) figured two other specimens that show a surface
pattern suggesting Nephriticerina. One is a small length of shell
with fine lirae illustrated as Cyrtoceras liratum Hall (1879, pl.
95, fig. 1), upon which was based the species Lyrioceras
dubium Miller (1932). This specimen shows very fine close
longitudinal markings and seems better assigned to Nephriti-
cerina than to Lyrioceras.

Some specimens of Nephriticeras show fine cancellate
markings approaching those of Nephriticerina, notably
Nephriticeras subliratum (Hall) (1879, pl. 57, fig. 7) and a
specimen figured as N. bucinum (Hall, 1879, pl. 107, figs. 4,
5). Some intergradation exists between Nephriticeras, as
commonly understood, and Nephriticerina. Indeed, there is
some confusion as to what constitutes Nephriticeras bucinum.
Specimens assigned to this species vary from those showing
only faint growth lines to those with finely cancellate surfaces,
whereas the holotype of N. bucinum from the Cherry Valley
Limestone Member of the Marcellus Shale has distinct gentle
longitudinal carinations on its dorsum.

Kindle and Miller (1939) transferred to Nephriticerina some
species that belong elsewhere. These are: Cyrtoceras metula
Hall, C. nevadense Walcott, C. occidentale Whiteaves, and C.
belus Billings. Cyrtoceras metula Ilall from the Onondaga
Limestone of New York is a small cyrtocone, quite slender,
simple in aspect. On the basis of similar forms from the
Onondaga of Ontario, Canada, this species is believed to be
based upon the phragmocone of an Eecdyceras or a small
Walcott from the
Nevada Formation is a slender shell showing bases of frills; it is

Breviococeras. Cyrotoceras nevadense
either a Goldringia or a species of Centrolitoceras. Cyrtoceras
occidentale Whiteaves from the Winnipegosis Limestone of
Manitoba, Canada, belongs to Alpenoceras, a genus of the
Discosorida (Flower and Teichert, 1957).

Cyrtoceras belus Billings, from either the Bois Blanc or the
Onondaga of Ontario has never been figured and is of
uncertain laxonomic position; as its siphuncle is said to be
extremely close to the venter, the assignment of this species to
Nephriticerina cannot be correct.

Nephriticerina cornucopia n. sp.

Figures 2, a, b

Description.—The type is an external mold of a curved shell
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Figure 2.
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80 mm long, which expands uniformly from a height of 16
mm and width of 21 mm to a height of 42 mm and width of
50 mm. The radius of curvature of the venter increases from
60 to 80 mm; that of the dorsum increases from 45 to 60 mm.
A septum at the base shows a cross section having the sides
strongly and evenly rounded, the dorsum slightly more
flattened than the venter. The siphuncle is 1 mm across and is
8 mm from the dorsum and 9 mm from the venter.

The surface of the conch is ornamented by narrow rounded
longitudinal lirae separated by broad flat interspaces and by
finer closely spaced transverse threads interrupted by the
longitudinal lirae. The longitudinal lirae, approximately 85 in
all, are spaced so that five interspaces occur in a width of 10
mm on the dorsum near the broad end of the specimen and
seven in an equal space on the venter and sides. Between the
lirae some very fine faint longitudinal threads are also present
locally in the interspaces. The transverse growth lines average
13 to 15 in a length of 5 mm. Adapically they are fairly even,
adorally they are thicker, higher, and more conspicuous in two
bands 4 mm long and 5 mm apart. The growth lirae are
transverse ventrally; there is no indication of a hyponomic
sinus.

The sides of the shell, only one of which is preserved, show
vestigial lateral expansions and contractions; they are too faint
to be measured properly, but the last two are each 4 mm long
and are 16 mm apart.

Discussion.—This species is characterized by the rather
gentle and uniform expansion of its conch and by the
proportions of the surface markings. N. alpeniensis Foerste is a
much larger and more rapidly expanding species in which fine
vestigial transverse markings are present between the longitudi-
nal lirae. Our species differs further in the absence of a
hyponomic sinus, as demonstrated by the clearly preserved
growth lines of the venter.

N. hyatti (Hall) from the Middle Devonian of Cumberland,
Md., though known originally from an incomplete and
somewhat crushed example, is certainly much more rapidly
expanding than our shell and shows lirae on the dorsum that at
a similar diameter have three instead of five interspaces in a
width of 10 mm.

N. juvenis (Hall) from the Hamilton of New York has a shell
that initially expands rapidly but becomes very slender after
attaining a shell width of 32 mm.

Figure 2,—Nephriticeratidae. All figures natural size unless otherwise
indicated.
a, b, Nephriticerina cornucopia Flower and Gordon, n. sp., holotype,
USNM 137644, oblique dorsal and side views, from silicone cast.
¢—f, Lyrioceras sampsoni (Nettleroth):
¢, d, lectotype, USNM 51259, back and side views;
e, f, paralectotype, USNM 179137, back and front views.
&, h, Rhadinoceras atlas Flower and Gordon, n. sp., holotype, USNM
174017:
g, cross section;
h, side view, dashed line shows position of cross section.
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Holotype.—USNM 137644.

Occurrence.—Middle Devonian (Mahantango Formation,
according to Wallace deWitt, Jr.) from the Hazen Road, just
north of the Maryland State line, Evitt’s Creek quadrangle, in
the valley of Evitt’s Creek, east of Pine Ridge, Bedford
County, Pa. Collector, A. G. Perdew, 1958.

Genus LYRIOCERAS Foerste, 1927

In addition to the type species L. liratum (Hall), species
regarded as belonging in this genus include L. hindshawi
(Ehlers and Hussey) and L. sampsoni (Nettleroth). The first
two species were described originally as nautiloids of the
genera Gyroceras and Nephriticeras, respectively. L. sampsoni,
however, was regarded as a gastropod by its author and
assigned to Euomphalus. It is to correct this erroneous referral
that the types of Lyrioceras sampsoni (Nettleroth) are
redescribed and refigured in this paper.

Gyroceras subliratum Hall was originally included in Lyrio-
ceras by Foerste (1927, p. 193), an assignment later followed
by Kindle and Miller (1939, p. 70). We believe, however, that
this species is more correctly referred to Nephriticerina.

Lyrioceras dubium Miller (1932, p. 331) was proposed as a
new name to replace Aploceras (Cyrtoceras) liratum Hall
(1862 [1861], p. 64), which Miller regarded as a secondary
homonym of Gyroceras liratum Hall (1860, p. 104), as he
included both species in Lyrioceras. We believe that Lyrioceras
dubium Miller also is more correctly referred to Nephriti-
cerina. As the rejection and replacement of Hall’s Aploceras
(Cyrtoceras) liratum was effected prior to 1961, it is not
necessary to return to the use of Hall’s name for this species,
according to Article 59C of the International Code of
Zoological Nomenclatare (1961, p. 56, 57).

Lyrioceras sampsoni (Nettleroth)
Figure 2, c—f
FEuomphalus sampsoni Nettleroth, 1889, p. 182, 183, pl. 24, figs. 3, 4;
Kindle, 1901, p. 718, 719.

Description.—The shell is thick discoidal, the number of
whorls not known but probably about two; the whorls are in
contact but lack an impressed zone. The outer volution is
depressed, oval in cross seclion, increasing rapidly in width,
about 1 mm in 5 mm measured along the venter, and
increasing slightly in degree of depression adorally. In the
lectotype, which is slightly less than one volution and has a
diameter of 45.8 mm, the whorls increase from a height of
10.0 mm and width 11.9 mm to 23.5 and 29.0 mm,
respectively.

The shell is ornamented by 26 to 28 prominent longitudinal
ridges having broad concave interspaces. The ridges are
narrowly rounded, increase in strength adorally, and are
slightly closer spaced over the venter and ventrolateral zones
than on the flanks and dorsum; they diverge orad on the
dorsum. Transverse sculpture consists of fine raised incre-
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mental lirae crossing the ridges and interspaces, slightly
retractive on the flanks but fairly straight across the venter.
Present also on the first volution are somewhat irregularly
spaced faint annulations, strongest over the flanks where they
are fairly straight to somewhat retractive. The septa and
siphuncle are not exposed in the primary types.

Discussion.—Although the absence of visible septa led
Nettleroth to regard this as the shell of a gastropod, he pointed
out that it resembles Nautilus liratus Hall, later designated as
the type species of Lyrioceras. Nettleroth’s types in the
collection of the U.S. National Museum consist of three
specimens (USNM 51259), two of them found among the
gastropod types and turned over to us by E. L. Yochelson, and
the third in the nautiloid collection. All three specimens have
been used in preparing the description. The specimen figured
by Nettleroth (1889, pl. 21, figs. 3, 4) is hereby designated the
lectotype. The lectotype is figured photographically for the
first time (fig. 2, ¢, d) together with one of the two
paralectotypes (fig. 2, e, f) which is slightly crushed so that the
coiling is asymmetrical. The three primary types have been
placed in the U.S. National Museum nautiloid type collection.

L. sampsoni possesses all the surface characters of typical
Lyrioceras, including the strong longitudinal ribs, the fine
threadlike transverse lirae, and the weak annulations in the
early part of the conch. We have not been able to compare it
with Hall’s types of Lyrioceras liratum, but, judging from the
original description of that species (Hall, 1879, p. 407, 408, pl.
57, fig. 3, pl. 60, figs. 8, 9), it has fewer longitudinal ribs than
L. sampsoni, and these become obsolete anteriorly over the
venter. Similar obsoletion has not been observed in the
primary types of L. sampsoni.

Types.—Lectotype USNM 51259; paralectotypes USNM
179137 and 179138.

Occurrence.—Middle Devonian, Silver Creek Limestone
Member of the Sellersburg Limestone (“cherty layers superim-
posed upon the hydraulic limestone,” according to Nettleroth
(1889, p. 183) which are assigned to the Silver Creek by
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Campbell, 1942, p. 1062), Watson’s Station, Clark County,
Ind., about 6 miles from the Falls of the Ohio River.
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LATE PLEISTOCENE GLACIATION AND POLLEN STRATIGRAPHY
IN NORTHWESTERN NEW JERSEY

By LESLIE A. SIRKIN!, and JAMES P. MINARD,
Garden City, Long Island, N.Y., Washington, D.C.

Abstract.—Study of pollen from a peat bog on Kittatinny Mountain,
Sussex County, N.J., allows correlation of the late Pleistocene pollen
stratigraphy of the bog with that of the Wallkill Valley to the north,
New England to the northeast, and Long Island to the east. The bog
(here called Saddle Bog) is in a saddle in the summit ridge of the
mountain and is partly dammed by an end moraine of late Wisconsin
age. Radiocarbon dating gives an age of 12,300 years B.P. at a depth of
5.50—5.65 m. The bog was cored to a depth of 7.65 m; commercial
quality peat extends from near the surface to a depth of 4.75 m. The
lower peat of the bog contains spruce, pine, and birch pollen, and
willow, alder, grass, sedge, and composite pollen, which may represent
park-tundra vegetation, that is, the herb pollen zone (T). The spruce
maximum occurs in the Al subzone, even though pine is more
abundant. Pine pollen peaks in the Bl subzone, accompanied by
abundant birch, and oak pollen rises in the B2 subzone. Oak-hemlock
and oak-hickory-hemlock pollen associations characterize the C1 and
C2 subzones, whereas both spruce and birch pollen rise in the C3
subzone. Sedimentation in the bog may have begun sometime between
15,000 and 18,300 years ago as deglaciation of the area began.

The area of study, here called Saddle Bog, is on Kittatinny
Mountain in the north-central part of Sussex County, N.J., at
41°14'08" N. and 74°42'10" W. (fig. 1). The bog is about 200
m wide (northwest-southeast) and about 300 m long
(northeast-southwest) and amounts to about 10 acres in
surface extent.

Samples of peat from Saddle Bog have been studied for
pollen and dated by radiocarbon techniques to learn more
about the time and duration of withdrawal of the ice sheet
from this area. The location of the bog is significant in
reconstruction of late Pleistocene deglaciation in the north-
eastern United States, specifically as related to the recession of
the Wallkill Valley—Hudson Valley glacial lobe (Connally and
Sirkin, 1970, 1972). Pollen stratigraphy and radiocarbon dates
of bog sediments provide additional detail on late-glacial
environments in the vicinity of the end moraine of Wisconsin
age in northwestern New Jersey.

Acknowledgments.—The authors are indebted to Dr. G.
Gordon Connally, Staten Island Community College, New

! Adelphi University.

York, and Jack B. Epstein, U.S. Geological Survey, for their
assistance in coring the bog and to Meyer Rubin, U.S.
Geological Survey, for the radiocarbon dates.

PREVIOUS INVESTIGATIONS

Studies of the glacial geology of this area have been made by
Minard (1961, 1969) and Minard and Rhodehamel (1969).
Minard’s (1961) description of end moraines across Kittatinny
Mountain filled the previous gap between mapped moraines in
the valleys to the east and west (fig. 1). A detailed map of the
moraines was prepared by Minard (1969), and the moraines
were described and two radiocarbon dates were cited by
Minard and Rhodehamel (1969, p. 283, 297, 299, fig. 22).
One sample from a depth of 3 m, about 30 m from the
southeast edge of the bog, was dated at 6,260+300 years B.P.
(Meyer Rubin, written commun., 1968, U.S. Geol. Survey
radiocarbon lab. sample W-2200). A second sample, taken
within 16.5 m of the core described in this report and from a
depth of 5.5 m, was dated at 7,800£650 years (Meyer Rubin,
written commun., 1968, U.S. Geol. Survey radiocarbon lab.
sample W-2236).

PHYSIOGRAPHY AND GLACIAL HISTORY

The bog is in a saddle in the summit ridge of Kittatinny
Mountain. This ridge is underlain by the resistant quartzite
conglomerate of the Shawangunk Formation of Ordovician(?)
and Silurian age. The bog occupies a depression as much as 8
m deep. The lower part of the depression is a bedrock basin in
the quartzite; the upper part is dammed by the end of one of
the recessional moraines lying across the westward drainage-
way from the saddle. The relationship between bedrock and
drift was recently revealed in a drainage ditch. The ditch cut
through several feet of moraine and several feet of the
underlying quartzite. The bog had previously been partly
drained by an old hand-dug ditch which is still evident on the
northwest side. That ditch dates from near the end of the 19th
century when the bog had been partly cleared for farming.
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Figure 1.—Map of Sussex County, N.J., showing location of end moraines and eskers on Kittatinny Mountain and their relationship to moraines in
the valley on either side. Saddle Bog (X) is at the north end of moraine D. After Minard (1961).

The basin may have been initially scoured in bedrock by a
tongue of ice which flowed westward from the main ice lobe
in Kittatinny Valley through the saddle and down the slope of
the intermontane valley (fig. 1). The end of the tongue came
to rest on an end moraine (B, fig. 1) which had been deposited
at the base of the slope by a prior ice lobe. That lobe had

occupied the intermontane valley just west of Kittatinny
Mountain and had deposited moraines A and E (fig. 1). A
steep-sided arcuate end moraine (C, fig. 1) was subsequently
deposited by the ice tongue on top of moraine B (Minard,
1969; Minard and Rhodehamel, 1969, p. 297, 299, fig. 22).
The lithology of the underlying moraine (B) is that of the
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ridge and intermontane valley (Silurian quartzite, sandstone,
and shale), whereas the upper moraine (C) includes these
lithologies plus rocks from Kittatinny Valley, such as nephe-
line syenite and Ordovician Martinsburg Shale (fig. 1).

During and after withdrawal of the ice tongue, a lateral
moraine was deposited by the edge of the ice lobe in
Kittatinny Valley as a narrow ridge along the crest of
Kittatinny Mountain (fig. 1, moraine D). The north end of this
moraine dammed the west side of the bedrock basin (Minard
and Rhodehamel 1969, p. 299, and fig. 22) and provided
additional closure. The origin of moraine D is similar to that of
moraine I which also was deposited along the ridge crest and
across a saddle by the main ice lobe (fig. 1).

CHRONOLOGY AND STRATIGRAPHY

Samples for pollen analysis were retrieved by a Davis-type
peat sampler from a core hole in the bog (Saddle Bog core hole
3) after probing had located the deepest sedimentary section.
Sediments from the base of the organic section at 5.50—5.65
m were submitted for radiocarbon dating (table 1 and fig. 2).
Relative pollen frequencies for dominant forms are shown as
percentages excepl between 6.37 and 7.37 m where bars
indicate the actual number of pollen grains counted (fig. 2).
Absolute pollen data are shown as pollen per gram of sediment
in a curve superimposed on the arboreal pollen (AP) curve.

Herb pollen zone T

Although pollen is sparse in the lower 1.50 m of the core,
the basal samples (7.50, 7.65 m) contain significant amounts
of pine, spruce, and birch pollen, including possible shrub
varieties of pine and birch, and pollen of willow, alder, grass,
sedge, and the composites. A few pollen grains of Thalictrum,
Shepherdia, Ranuculaceae, and Dryas, and other rosaceous
forms, occur in the general pollen assemblage which may be
traced from 7.65 m up to 6.12 m. This association of pollen
forms, and by inference, plants, many of which have cold or
boreal alfinities, may have been derived from a tundralike
vegetation. The nonarboreal pollen (NAP) maximum of 52

Table 1.—Sedimentary log of Saddle Bog core hole 3

Depth (¢cm) Material
0-25 .cuswiswonivis Peat, rich in coarse forest humus,
20175 ... Peat, rich in sphagnum fibers,
175-225 ............. Peat, very wet, top of water table.
225-250 ............. Woody layer in peat.
250275 ... ... ... Peat, rich in sphagnum fibers,
275450 ............. Peat, fine-grained.
450475 . .......... .. Peat, very fine grained, cohesive.
475565 ............. Peat, silty, grayish-green to grayish-
brown.
565-625............. Clay, gray, silty at base,
625—650 ............. Clay, bluish-gray.
650725 ............. Clay, bluish-gray, cohesive but contain-
ing thin sand layers.
C25=T00 . sc5 55 s 505 w0s ¢ Sand and clay, bluish-gray, banded.
T60—=T65 : s i v s ivasnis Silt, medium-gray.

D53

percent of the pollen at 6.12 m lends further support for
placing the basal part of the core in the late Pleistocene herb
pollen zone.

Spruce pollen zone A

The spruce pollen rise occurs rather abruptly at 6.0 m and is
accompanied by increases in pine and alder and by decreasing
but still significant NAP. The spruce maximum occurs at 5.75
m, even though pine is the most abundant pollen in this zone.
The abundance of NAP in lower zone A (subzone A1) suggests
the presence of a spruce park, whereas the subsequent spruce
maximum and NAP decline (subzone A4) might signify forest
conditions. Oak is also abundant in the upper subzone, which
has been dated at 12,300£300 years B.P. (Meyer Rubin,
written commun., 1971, U.S. Geol. Survey radiocarbon lab.
sample W-2562). The incursion of oak into the pollen record
may indicale the proximily of the oak forest to the spruce
forest at that time.

Pine pollen zone B

The percentage of pine pollen increases substantially in
subzone A4 and peaks in the lower B zone (subzone B1) at
nearly 75 percent. Birch and alder pollen are also relatively
abundant. Oak pollen increases markedly in subzone B2,
whereas pine and birch pollen decrease. The NAP decreases to
less than 1.0 percent of the pollen in this zone.

Oak pollen zone C

The oak pollen rise continues in this zone until the oak
pollen represents 80 percent of the total pollen. Subzone C1
contains an oak-hemlock association, whereas C2 is composed
of oak, hickory, and hemlock. In both the B zone and
subzones C1 and C2, NAP represents less than 6 percent of the
pollen. Pollen of beech, hickory, and elm also appear in
subzone Cl, and the pollen of these trees and that of the
Ericaceae increase in subzone C2. Chestnut pollen appears late
in that subzone. Subzone C3 is marked by both spruce and
composite pollen rises, the birch maximum, increases in pine
and alder, and decreases in oak and hemlock.

REGIONAL CORRELATIONS

The pollen stratigraphy in this bog correlates closely with
that of areas studied in southern New York, particularly to the
north in the Wallkill Valley (Connally and Sirkin, 1970) and to
the east in Long Island (Sirkin, 1967a,b). The herb pollen
zone, although not consistently well represented in numbers of
pollen grains, compares favorably in taxa with herb and shrub
pollen represented elsewhere in this zone. The pollen assem-
blages reinforce the inferred existence of late Pleistocene
tundra vegetation as described in the Wallkill and Long Island
studies (table 2).
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Table 2.—Correlation of late Pleistocene and Holocene radiocarbon-dated ﬁollen stratigraphy, pollen assemblages, and inferred vegetation from

northwestern New Jersey, upper Wallkill Valley, N.Y., southern

[Compiled from Connally and Sirkin (1970); Deevey (1958); Davis (1969); Sirkin and others (1970)]

ew England, western Long Island, and central New Jersey

Age

Pollen B P Northwestern Upper Wallkill Southern Western Central
Zonation (;,}l)-;ro.x).’ New Jersey Valley, N.Y. New England Long Island, N.Y. New Jersey
C3 C3, Birch, oak, C3, Oak, hemlock, C3, Spruce rise, C3, Oak, chestnut, C3, Oak, chestnut,
spruce rise chestnut oak ﬁirﬁh, hemlock, der
olly
C2 Oak C2, Oak, hickory, C2, Oak, hemlock, C2, Oak,hickory, C2, Oak,hickory C2, Oak, hickory
hemlock hickory, elm
Cl C1, Oak, hemlock Cl1, Oak, hemlock C1, Oak, hemlock Cl, Oak, hemlock CI1, Oak, hemlock
.Ta‘l B2 } Pine 7,000 B2, Pine, oak B2, Pine, oak B2, Pine B2, Pine, oak
:% J Bl B1, Pine, birch B1, Pine A4, Spruce returns B1, Pine B, Pine
10,000
;5 A4 A3, A4, Pine, A3, A4, Spruce A3, Pine, spruce, A4, Spruce, pine
(sprucg, oak 0 returns, pine, oa .
12,300 301 spruce, oak Al, A2, Birch,
A3 Spruce yrs B.P.) (12,850 250 spruce
yrs B.P.) (12,150 yrs B.P.)
Al, A2 Al, A2, Pine, Al, A2, Pine, T3, Birch, park A1—A3, Pine, A1, A2, Pine, spruce
spruce, NAP spruce tundra spruce
~ (Spruce park)
= T3, pine, spruce, T3, Pine, spruce,
e birch T2, Spruce, park NAP
=0 tundra
2! T T2, Spruce, pine, T1, Tundra T2, Spruce rise T, Pine, spruce
=3 fir (14,300 yrs B.P.)
= W Herb 15,000 T1, Pine, birch, Glaciated T1, Park tundra
5 tundra
E w 17,000 W, Park tundra Glaciated W, Tundra W, Park tundra
3 Glaciated
§ 20,000 Glaciated

It may also be significant that this record persists through
the basal 1.65 m (6.0—7.65 m) of the core. On the basis of a
sediment column of 2.15 m (5.5—7.65 m), deposition rates of
0.036 cm/year and 0.08 cm/year for fine clastic sediments in a
late-glacial lake sequence (Davis and Deevey, 1964, p. 1293;
Davis, 1969, p. 411, respectively), and on the mean radio-
carbon age of 12,300 years B.P. at a depth of 5.50—5.65 m,
sedimentation in Saddle Bog could have begun between about
18,300 and 15,000 years ago. Accordingly, the period repre-
sented by herb pollen zone T (6.0—7.65 m) would have lasted
about 4,600 to 2,100 years. The older and longer age range
would be in keeping with the greater age of the more southerly
moraines and would provide a tentative maximum age of
about 18,600 years B.P. (18,300+300) for the Ogdensburg-
Culvers Gap moraine more than 12 miles south of the bog site.
Thus, the bog site could have been ice free and occupied by
tundra vegetation at the latest about 15,000 years ago.

An age of 18,600 years B.P. for the Ogdensburg-Culvers Gap
moraine would provide a closer correlation between the time
of emplacement of the moraine and the readvance of the ice
sheet in southern New England and New York, and the time
when the Roslyn till was deposited on Long Island (Sirkin,
1971). This age would also bracket the age of the New
Hampton moraine in the Wallkill Valley, more than 25 miles
north of the Odgensburg-Culvers Gap moraine. Deposition of
the New Hampton moraine has been placed at more than
15,000 years B.P., the postulated age for the basal bog

sediments in the New Hampton bog (Connally and Sirkin,
1970, p. 3302). The age of 18,600 years for the end moraine
and the persistence of the glacier within 25 miles of the study
site for a minimum of 2,100 years (the minimum duration of
tundra at this site) is in keeping with the age of 16,700 years
for park-tundra vegetation in the Delaware Valley south of the
terminal moraine (Sirkin and others, 1970, p. D83—D84, figs.
2—4). This age was previously used as a minimum age for the
establishment of the tundra in the end moraine region. The age
also serves to substantiate the “rate of glacial recession” curve
in which deglaciation of the Hudson-Wallkill lobe from the
western Long Island—Staten Island—New Jersey terminus is
postulated to have begun prior to 17,000 years B.P. (Connally
and Sirkin, 1972).

ECONOMIC ASPECTS

As a conservative estimate, Saddle Bog has an average
thickness of 10 feet (3 m) of commercial quality peat over a
surface area of 10 acres (40,050 mz); this constitutes a
probable economic deposit. Use of the term “commercial
quality peat” is in accordance with the standard classification
of the American Society for Testing and Materials (1969). On
the basis of 200 short tons of air-dried peat per acre foot
(Cameron, 1970b, p. B19) and an average price of $10.73 per
ton (Cameron, 1970a, p. A43), the bog contains about 20,000
tons of air-dried peat worth about $214,600.
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UNCONFORMITIES WITHIN THE FRONTIER FORMATION,
NORTHWESTERN CARBON COUNTY, WYOMING

By E. A. MEREWETHER and W. A. COBBAN, Denver, Colo.

Abstract.—The Upper Cretaceous Frontier Formation in northwest-
ern Carbon County, Wyo., consists of marine clastic rocks that are
divided into three parts by two unconformities. The parts are herein
called, in ascending order, the Belle Fourche Shale Member, the
unnamed member, and the Wall Creek Sandstone Member. This
sequence is represented in the Black Hills region of northeastern
Wyoming by the Belle Fourche Shale, Greenhorn Formation, and
Carlile Shale. The lower hiatus is represented in the Black Hills by
about 300 feet of strata in the Greenhorn Formation and the lower part
of the Carlile Shale. The upper hiatus is equivalent to about 100 feet of
beds in the middle of the Carlile Shale. At most outcrops, beds above
and below the unconformities appear parallel; however, at one locality
on the Rawlins uplift they seem to be slightly discordant. At this
locality there is scanty evidence of local folding during deposition of
the Frontier.

In northwestern Carbon County, Wyo. (fig. 1), two uncon-
formities divide the Upper Cretaceous Frontier Formation into
three members which are called here, in ascending order, the
Belle Fourche Shale Member, an unnamed member, and the
Wall Creek Sandstone Member (table 1). Unconformities
within the Frontier were first recognized by Cobban and
Reeside (1951) at Grenville dome, south of Sinclair, Wyo.
These rocks and hiatuses are represented in the Black Hills
region of northeastern Wyoming by the Belle Fourche Shale,
Greenhorn Formation, and Carlile Shale. Fossil data (table 1)
show that the lower unconformity is represented in the Black
Hills by about 300 feet of beds comprising most of the
Greenhorn Formation and the lower part of the Carlile Shale
(Cobban and Reeside, 1951, p. 63). The upper unconformity
is equivalent to about 100 feet of strata in the lower part of
the Turner Sandy Member of the Carlile Shale. The upper
unconformity occurs in both areas but the hiatus represents a
much thinner sequence of beds in the Black Hills.

Unconformities and facies changes within the Frontier
probably influence the distribution of oil and gas in this
important petroleum-producing formation. During the years
prior to 1972, petroleum was discovered in the formation at
more than 90 fields in Wyoming. In 1970, the Frontier and
equivalent rocks produced more than 600,000 barrels of oil

and more than 23 billion cubic feet of gas, and may have
ranked second among the gas-producing formations of
Wyoming (Wyoming Oil and Gas Conserv. Comm., 1971).

FRONTIER FORMATION

The Frontier Formation in northwestern Carbon County
(fig. 1) crops out on the southern slopes of the Ferris and
Seminoe Mountains and on the flanks of the Rawlins uplift
and the Grenville dome. Many wells drilled for oil and gas in
the area have penetrated these rocks. The Frontier has been
described in detail by Fath and Moulton (1924, p. 21-23),
Dobbin, Hoots, and Dane (1928, p. 182—-183), Cobban and
Reeside (1951, p. 60—65), and Berry (1960, p. 20—21 and
64). The formation consists of shale, siltstone, sandstone, and
bentonite, and was deposited in shallow-marine environments.
Soft concretion-bearing shale of the lowest member of the
Frontier conformably overlies siliceous shale of the Lower
Cretaceous Mowry Shale. The top of the Mowry is a bentonite
bed 3—5 feet thick. The Frontier is conformably overlain by
dark-gray noncalcareous concretion-bearing shale that is simi-
lar in lithology and stratigraphic position to the Sage Breaks
Member of the Carlile Shale in the Black Hills. The upper part
of the Frontier intertongues with the lower part of this
unnamed shale. The upper contact of the Frontier is placed at
the top of the uppermost sandstone or siltstone bed beneath a
thick shale unit which includes the unnamed shale and the
overlying Niobrara Formation and Steele Shale.

The thickness of the Frontier decreases irregularly from
north to south in northwestern Carbon County; it is as much
as 1,000 feet along the southwestern flank of the Ferris
Mountains (Fath and Moulton, 1924, p. 21; Reynolds, 1968a),
and about 900 feet on the southern slope of the Seminoe
Mountains (Merewether, 1972b). Near well 1 (fig. 1) on the
Lost Soldier anticline, thicknesses determined from well logs
range from 935 to 1,230 feet (uncorrected for dip). At
outcrops on the Rawlins uplift and Grenville dome, the
thickness ranges from 723 to 912 feet (fig. 2); however, at
sections 2 and 4, where the formation is best exposed, the
thickness is about 840 and 815 feet, respectively. Along a line
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Figure 1.—Map of northwestern Carbon County, Wyo., showing outcrops of Frontier Formation, locations of
measured sections, fossil localities not in measured sections, and selected wells drilled for oil and gas. From

Weitz and Love (1952).



MEREWETHER AND COBBAN

D59

Table 1.—Correlation of the Frontier Formation of northwestern Carbon County and Upper Cretaceous rocks of the Black Hills region,

Wyoming

Cenomanian

Inoceramus pictus Sowerby (early flat form), Dunveganoceras pondi Haas,

Calyoceras? canitaurinum Haas

Chiefly limestone
equivalent to

Lincoin Limestone
Member

Inoceramus pictus Sowerby (early flat form), Plesiacanthoceras
wyomingense (Reagan)

Inoceramus rutherfordi Warren, Ostrea beloiti Logan, Acanthoceras
amphibolum Morrow

Inoceramus arvanus Stephenson, Ostrea beloiti Logan, Acanthoceras
alvaradoense Stephenson

Inoceramus dunveganensis McLearn, Acanthoceras aff. A. pepperense
Moreman

-

Inoceramus dunveganensis McLearn, Calycoceras leonense (Adkins),
Acanthoceras spp.

No molluscan fossil record

Belle Fourche

Shale

cr Utpper Characteristic mollusks of the northern Great Plains; numbers refer Northern end of Northwestern
:t:;::us to fossil collections shown on figure 2. Black Hills uplift Carbon County
20 Inoceramus deformis Meek, Inoceramus inconstans Woods, Scaphites Unnamed
preventricosus Cobban, Baculites mariasensis Cobban
noncalcareous shale
19 Inoceramus erectus Meek, Scaphites frontierensis Cobban, Scaphites
preventricosus Cobban, Scaphites mariasensis Cobban
18 Inoceramus cf. I problematicus (Schlotheim), Prionocyclus reesidet
Sidwell, Scaphites corvensis Cobban
G
17 Inocemmus cf. I incertus Jimbo, Prionocyclus quadratus Cobban, Sage Breaks Wall Creek
Scaphites corvensis Cobban Member - Sandstone
Member
16 Inoceramus perplexus Whitfield, Inoceramus lamarcki Woods, Scaphites
nigricollensis Cobban
15 Inoceramus perplexus Whitfield, Scaphites whitfieldi Cobban,
Prionocyclus wyomingensis elegans Haas ° Turner
i ® Sandy
Turonian < Member
14 Inoceramus perplexus Whitfield, Scaphites ferronensis Cobban, N
Prionocyclus wyomingensis Meek g
8
13 Inoceramus dimidius White, Scaphites warreni Meek and Hayden,
Prionocyclus macombi Meek
12 Imceramus howelli White, Scaphites carlilensis Morrow, Unnamed
Prionocyclus hyatti (Stanton) Pool Creek member
Shale
11 Imoceramus cuvieri Sowerby, Collignoniceras woollgari (Mantell), Member
Scaphites larvaeformis Meek and Hayden <
2
©
10 Inoceramus labiatus (Schlotheim), Mammites nodosoides (Schlotheim) §
o
Chiefly limestone =
X X X . S equivalent to
9 Inoceramus labiatus (Schlotheim), Vascoceras stantoni Reeside = Bridge Creek N
£ | Limestone Member | 2
s c
8 Inoceramus pictus Sowerby, Sciponoceras gracile (Shumard), I uP:
Metoicoceras whitei Hyatt, Allocrioceras annulatum (Shumard) c
S
£ Chiefly shale
7 Dunveganoceras albertense (Warren), Dunveganoceras conditum Haas, g equivalent to
Metoicoceras muelleri Cobban, Metoicoceras defordi Young & Sha"::rSIae'rlr?ber

Belle Fourche

Shale Member
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Figure 2.—Stratigraphic diagram showing intertonguing relations and unconformities in the Frontier Formation in outcrops along the northeastern
flank of the Rawlins uplift. Location of sections shown on figure 1.
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approximately parallel to the axis of the Rawlins uplift (fig.
3), the thickness penetrated by wells decreases southward
from about 830 feet at well 3 to about 725 feet at well 6.
Southeast of the report area, near Elk Mountain, the forma-
tion in the subsurface has thinned to 500—600 feet; south of
the report area, at the Deep Creek gas field, it is as thin as 500
feet.

BELLE FOURCHE SHALE MEMBER

The name of the basal member of the Frontier Formation in
this area as herein assigned is the Belle Fourche Shale Member.
The name comes from the Belle Fourche River in northeastern
Wyoming (Collier, 1922, p. 83) and has been applied in
Montana and in Wyoming to rocks of similar lithology and age
as a member of the Cody Shale (Knechtel and Patterson, 1956,
p- 17-21), as a member of the Colorado Shale (Schmidt and
others, 1964), and as a formation (Reeside, 1944). In
northwestern Carbon County the Belle Fourche generally
underlies long narrow valleys and is poorly exposed.

On the Rawlins uplift the Belle Fourche Shale Member is
about 425-475 feet thick and consists of about 60 percent
shale, 35 percent silistone, and 5 percent sandstone and
bentonite. The shale is dark gray, soft, and partly silty; in the
lower 80 feet of the member the shale contains brownish-gray
to dark-bluish-gray ironstone concretions, and in the upper
150 feet it contains brownish-gray calcareous concretions
which are partly septarian and commonly fossiliferous. The
siltstone in the member is medium gray to dark gray to dark
olive gray, and clayey to sandy. In the upper part of the
member the siltstone contains brownish-gray calcareous con-
cretions. On the Rawlins uplift, Grenville dome, and along the
Seminoe Mountains a thin ridge-forming sandstone is present
near the middle of the member. The sandstone is medium gray
to light brownish gray, very fine to fine grained, silty, irregular
bedded, platy to flaggy, and contains burrows. Beds of
bentonite, mostly less than 1 foot thick, are abundant in the
lower and upper parts of the member.

The thinning of the Frontier toward the south is mostly the
result of depositional thinning of the Belle Fourche Shale
Member. The thickness of the member as determined from
well logs (uncorrected for dip) decreases from about 855 feet
(well 1, figs. 1, 3) to about 420 feet (well 6). On the southern
flank of the Seminoe Mountains the Belle Fourche Member is
600 feet thick, and at outcrops on the Rawlins uplift (fig. 2,
sections 1, 2, and 4) it is 425—475 feet thick.

Marine invertebrate fossils were collected from only the
upper part of the Belle Fourche Member (fig. 2). The fossils,
of Cenomanian age, are restricted to zones 4 through 7 (table
1) and include species characteristic of the upper part of the
Belle Fourche Shale and the basal part of the Greenhorn
Formation in the Black Hills region. In northwestern Carbon
County the oldest fossils were collected from the sandstone in
the middle of the Belle Fourche Member and are probably
from the zone of Acanthoceras amphibolum (zone 4).
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Fossils and distinctive beds in the upper part of the Belle
Fourche Member provide evidence that the top of the member
is an erosional surface. The most easily recognized bed is a
dark-gray silty shale or siltstone which underlies a bed of
bentonite and contains abundant brownish-gray fossiliferous
concretions and small black chert pebbles. Fossils in the
concretions are from the zone of Plesiacanthoceras
wyomingense (zone 5). The thickness of the Belle Fourche
strata overlying the bentonite varies locally—it is 100 feet at
section 1 (W. A. Cobban and J. B. Reeside, Jr., unpub. data;
Dobbin and others, 1928, p. 183), about 40 feet at section 2,
as much as 140 feet at section 3, about 75 feet at section 4,
and about 120 feet at section 6 (Cobban and Reeside, 1951, p.
60—62). These strata also contain fossils at a few localities. On
the southwestern flank of the Ferris Mountains near Muddy
Gap (NW/aSW/4 sec. 3, T. 27 N., R. 89 W.), fossils representing
the zone of Dunveganoceras conditum and D. albertense (zone
7) were found about 50 feet below the top of the Belle
Fourche Member. On the Rawlins uplift along section 4, older
fossils, from the zone of Dunveganoceras pondi (zone 6), were
obtained from concretions about 35 feet below the top of the
member. D. pondi was also found on the Grenville dome
(section 6) in concretions about 50 feet below the top of the
member.

UNNAMED MIDDLE MEMBER

The unnamed middle member of the Frontier is a thin
sequence of marine sandstone, siltstone, and shale of early
Carlile age, which unconformably overlies the Belle Fourche
Shale Member and separates the upper and lower unconformi-
ties. At one locality (section 5) the basal bed is a thin fine- to
coarse-grained sandstone which contains small black chert
pebbles and fish teeth.

On the southern flank of the Seminoe Mountains the
unnamed middle member consists of brownish-gray carbona-
ceous unfossiliferous siltstone and shale about 10 feet thick.
The lower and upper contacts are sharp. These rocks are not
fossiliferous but are underlain by fossil-bearing marine shale of
the Belle Fourche Member and overlain by fossil-bearing
marine sandstone of the Wall Creek Member. On the Rawling
uplift at sections 1, 2, and 3, the member is mainly sandstone
which pinches out southward between sections 3 and 4. At
section 1 the member is mostly flagoy to slabby very fine
grained sandstone at least 40 feet thick and contains marine
fossils of early Carlile age. The upper contact has not been
precisely located. The member at section 2 consists of about
38 feet of silty very fine grained sandstone. It overlies a thick
sandy siltstone in the Belle Fourche Member and underlies a
fossiliferous sandstone in the Wall Creek Member. At section 3
the member consists of about 11 feet of friable very fine
grained sandstone; it unconformably overlies a sandy siltstone
and sharply underlies a well-cemented sandstone.

The unnamed middle member has been removed by erosion
at section 4, and there the Belle Fourche Member is
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WELL OPERATOR NAME AND NUMBER
SEC. | T. N.|R. W.
1 Deep Rock OilCo_ _ _ _ ________ Federal Lands “A”" 1-x__ __ ____ 34 27 90
2 Superior Oil Co Government 27-30__ . __ ____ | 30 26 88
3 Amax Petroleum Corp__ __ ____ Government-Rosen 12-1__ _ ___ 12 24 88
4 Superior Oil Co_ . . __ __ ____ | Haystack Unit 33-16__ __ ______ 16 23 86
5 Colorado Oil and Gas Corp_ .. _ ___ Government 1 __ __ __ __ ______ 34 22 86
6 SunOilCo____ ____________ Government Grindstone 1__ _ __ _ 30 20 87

Figure 3.—Electric logs showing correlation of beds in the Frontier Formation in northwestern Carbon County. Location
of wells shown on figure 1.
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unconformably overlain by the Wall Creek Sandstone Member.
The unnamed middle member, siltstone in section 5 and shale
in section 6, thickens southward from a featheredge between
sections 4 and 5 to 17 feet at section 5 and 26 feet at section
6. At section 5 the base of the member consists of a
6-inch-thick well-cemented fine- to coarse-grained sandstone
that contains scattered fish teeth and small black chert
pebbles. The shale at section 6 is dark gray, sandy, and
massive, and contains fossiliferous septarian sandy limestone
concretions.

Where tentatively identified on well logs (fig. 3), the
unnamed middle member is as much as 90 feet thick in well 1
and is absent or very thin in wells 5 and 6. The thickness secems
to vary locally in the subsurface. Sparse evidence from electric
logs and outcrops suggests that these rocks are probably absent
south and east of the report area.

Marine invertebrate fossils were collected from the unnamed
middle member of the Frontier on the Rawlins uplift and
Grenville dome at sections 1, 2, 5, and 6, and at localities
between these sections. The fossils, of Turonian age, are
typical of the lower part of the Carlile Shale. Near the Black
Hills the upper part of the Pool Creck Member of the Car<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>