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UPPER CRETACEOUS (MAESTRICHTIAN) FOSSILS FROM THE
KENAI-CHUGACH MOUNTAINS, KODIAK AND
SHUMAGIN ISLANDS, SOUTHERN ALASKA

By DAVID L. JONES and SANDRA H. B. CLARK,
Menlo Park, Calif.

Abstract.—A thick sequence of highly deformed ' flyschlike meta-
sandstone, slate, and argillite crops out in southern Alaska in the
Kenai-Chugach Mountains and on Kodiak and the Shumagin Islands to
the southwest, These poorly fossiliferous rocks have long been con-
sidered Cretaceous in age because of scattered occurrences of fragmen-
tary shells of Inoceramus. Mainly on the basis of new fossil collections,
the age of some of these rocks can now be firmly established as Late
Cretaceous (Maestrichtian); the critical fossil is Inoceramus kusiroensis
Nagao and Matsumoto. Inoceramus kusiroensis also occurs in the much
more fossiliferous and only slightly deformed Matanuska Formation
that forms a parallel belt north of the Chugach Mountains, On the basis
of faunal, lithologic, and bedding characteristics, the Matanuska Forma-
tion is the shelf equivalent of the deepwater, trench, or continental-rise
deposits of the Kenai-Chugach Mountains and islands to the southwest.
“Inoceramya concentrica” Ulrich occurs with Inocereamus kusiroensis
and is Maestrichtian in age, not Early Jurassic as E. O. Ulrich suggested
in 1910, The syntypes of I. concentrica are refigured and a lectotype is
designated.

A thick sequence of Mesozoic metasandstone, slate, and
argillite is exposed in an arcuate belt near the Pacific Coast in
southern Alaska (fig. 1). These rocks, which are many
thousands of feet thick, complexly deformed, and poorly
fossiliferous, have long been considered to be Cretaceous, but
firm evidence for their age has hiterto not been published. The
purpose of this report is to describe and illustrate Upper
Cretaceous fossils, mainly collected within the past 2 or 3
years, that permit close dating of some of these rocks.
Descriptions of fossil localities are given in table 1 on page

135.

REGIONAL GEOLOGY

Sedimentary rocks of the Chugach and Kenai Mountains in
southern Alaska and islands along the strike to the southwest
include the Valdez Group, named for exposures near Valdez in
Prince William Sound (Schrader, 1900; Moffit, 1954), similar
rocks (Valdez? Group) widely and well exposed near Anchor-
age (Clark, 1972a, b), the Kodiak Formation of Kodiak Island
(Moore, 1969), and the Shumagin Formation of Burk (1965)
of the Shumagin Islands and Sanak Island (Moore, 1972).
These formations are grossly similar in lithology, bedding

characteristics, age, and depositional environment. They differ
markedly from nearby highly fossiliferous and only slightly
deformed Cretaceous rocks that occur to the north in the
Wrangell Mountains, Talkeetna Mountains, Matanuska Valley,
and Alaska Peninsula.

Despite the general similarity of rocks and structures in the
Kenai-Chugach Mountains and on islands to the southwest,
there is no name in general use that embraces the rocks in all
these localities. This lack, together with the recent prolifera-
tion of local formational names and uncertainties in cor-
relation, makes discussion of the entire belt cumbersome.
Payne (1955) included the rocks of the Kenai and Chugach
Mountains and Kodiak Island in the Chugach Mountains
geosyncline. Similar rocks from the Shumagin Islands were
placed in the Shumagin Shelf unit. Moore (1972) referred to
these rocks as “Cretaceous trench sediments,” which they may
be, but general use of a genetic term such as “trench” seems
unwarranted. Berg and others (1972) have referred to these
rocks as the “Chugach terrane,” here accepted as the most
useful informal name applicable to the entire belt of highly
deformed upper Mesozoic rocks of coastal southern Alaska.

On the basis of detailed mapping in the Chugach Mountains
near Anchorage, Clark (1972b) subdivided the upper Mesozoic
rocks into a heterogeneous assemblage of metavolcanic and
metaclastic rocks of presumed Late Jurassic and (or) Creta-
ceous age named the McHugh Complex and a structurally
lower sparsely fossiliferous flysch deposit termed the
Valdez(?) Group (fig. 2). :

Rocks of the Valdez(?) Group comprise very thick se-
quences of rhythmically interbedded metasandstone (mostly
metagraywacke) and argillite that alternate with thick, massive
beds of metasandstone and rare beds of conglomeratic argillite.
Small-scale sedimentary structures in these rocks include
graded bedding, small-scale crossbedding, flame structures,
convolute laminations, and disturbed bedding. Sole markings
are difficult to observe because of shearing along the base of
the beds, althcugh on the Shumagin Islands where deforma-
tion is less intense, sole markings are abundant and well
preserved (Moore, 1972).
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Fossils are very scarce in the Valdez(?) Group and related
rocks, and many stratigraphic sequences thousands of feet
thick fail to show even traces of organisms. In a few places
bedding surfaces are covered with fossil “hash” composed of
broken fragments and rare but nearly complete specimens of
Inoceramus. Although these fossils have been known for many
years (Martin, 1926; Park, 1933; Imlay and Reeside, 1954), it
has only been within the past few years that specimens
well-enough preserved to permit reliable identification have
been found. The Valdez(?) Group near Anchorage is highly
deformed, and the rocks have been metamorphosed to lower
greenschist facies. Tight similar folds predominate with well-
developed axial-plane slaty cleavage. The folds generally trend
north-northeast and axial surfaces dip steeply northwest or
southeast. In some areas the rocks are phyllitic and have
undergone two periods of folding, for previously formed
cleavage or schistosity is itself folded around steeply plunging
axes.

Such highly deformed rocks offer poor opportunity for
finding fossils as they tend to part along planes of cleavage or
schistosity and not along bedding planes where the fossils are
concentrated.

FOSSILS FROM THE CHUGACH TERRANE
OF SOUTHERN ALASKA

The first molluscan fossils discovered in rocks of the
Chugach Mountains in southern Alaska and correlative strata
to the southwest were found by W.H. Dall in 1895 and
described by E. O. Ulrich in 1910 (1910, p. 51, 134, 135; pls.
12, 13) as Inoceramya concentrica Ulrich, genus and species
new. Specimens obtained from Woody Island near Kodiak
were believed by Ulrich (1910, p. 432) to be a link between
late Paleozoic Posidonomya (= Posidonia) and Cretaceous
Inoceramus. Because of this presumed evolutionary relation,
he suggested an Early Jurassic age.

Since Dall’s original discovery of fossils on Woody Island,
specimens of Inoceramus have been found near Girdwood on
the north side of Turnagain Arm (fig. 2) and on Barry Arm
(fig. 1) in the Port Wells district north of Prince William
Sound. Concerning the fossils from these three localities,
Imlay and Reeside (1954, p. 228) stated, “Curiously, these
three areas contain identical species of Inoceramus charac-
terized by bearing radial markings.” They also pointed out
that on the same slab as the type of Inoceramya concentrica,
but not figured by Ulrich, is the radially ribbed species that
occurs at Turnagain Arm. Imlay and Reeside (1954, p. 228)
believed that both I. concentrica and the radially ribbed forms
could be matched with Upper Cretaceous species that occur in
Utah and Wyoming in the zone of Scaphites binneyi, suggest-
ing a stratigraphic position corresponding to the upper
Coniacian or lower Santonian. Following a review of Creta-
ceous fossils from southern Alaska, Jones (1967, p. 15)
questioned this age assignment that was based on comparison
with species in another faunal province because similar species
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were not known to occur in nearby fossiliferous Coniacian
strata of the Matanuska Formation, nor had they been
recognized in any of the more fossiliferous Cretaceous deposits
in Alaska or elsewhere along the Pacific Coast of North
America.

Since that time, much better preserved fossils have been
found in the Chugach Mountains, identical fossils have been
found in the Matanuska Formation, and a Late Cretaceous
(Maestrichtian) age can be assigned with considerable con-
fidence. The critical species is Inoceramus kusiroensis Nagao
and Matsumoto, previously described from Upper Cretaceous
strata of Japan and northeastern U.S.S.R.

Another fossil cited by Imlay and Reeside (1954, p. 228) in
support of a Late Cretaceous age for rocks of the Chugach
Mountains is a comatulid crinoid found on the west side of
Evans Island in the western part of Prince William Sound.
According to Plafker (oral commun., 1971), strata on Evans
Island belong to the Orca Group, of early Tertiary age. Imlay
and Reeside pointed out that this fossil has a long range
(Jurassic to Holocene) thus it obviously contributes nothing to
solution of the problem of the age of the Mesozoic rocks.

Inoceramus kusiroensis was first described by Nagao and
Matsumoto (1940, p. 56, pl. 22, fig. 4) from Upper Cretaceous
deposits of Hokkaido, Japan. The characteristic ornamentation
of this species is concentric rings and narrow, sharp radial ribs.
The concentric rings are widely spaced in early growth stages,
closely spaced during midgrowth stages, and widely spaced
again in mature stages (1940, p. 56). Radial ribs appear only at
midgrowth stage, at about the time of change from widely to
narrowly spaced concentric ribs.

The Alaskan specimens show close similarities to the
holotype of I. kusiroensis, although on some the early
concentric ribs are much more widely spaced (fig. 3, h). In this
regard, the Alaskan forms are nearly identical to a specimen of
I kusiroensis from the Koryak Range of northeast U.S.S.R.
figured by Vereshchagin and others (1965, pl. 63, fig. 2; see
fig. 4, e of this report for a copy of their photograph). Because
Alaskan specimens also show quite a wide range in variation in
strength of early concentric ribbing, this minor difference
from the holotype is not considered to be significant.

Radial ribs are well developed on the Alaskan specimens,
and the reticulate pattern produced by the intersection of the
concentric and radial ornamentation is sufficiently distinctive
to permit identification of fragments. Some specimens have
radial ribs that are relatively broad folds (fig. 4, g) rather than
sharp, narrow ribs. Some of these broader structures may be
secondary features formed by deformation of the shell.

A remarkable specimen from Woody Island (USGS Mesozoic
loc. M5963) shows that at a mature growth stage, peculiar
fingerlike projections develop along the ventral margin. Four
fingers are clearly shown on fig. 5, but the total number
cannot be observed because of the fragmentary nature of this
specimen. The purpose of this unusual feature is unknown, but
possibly the fingers supported mantle flaps or folds that aided
in maintaining buoyancy. Another kind of inoceramid is
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associated with I. kusiroensis in a few localities in the Chugach
Mountains and on Woody Island. This is Inoceramya concen-
trica Ulrich (1910, p. 134), the syntypes of which are
refigured on figure 3, h. At least six fragmentary specimens are
exposed on the type slab; Ulrich figured three of them (these
are labeled on figure 3, h as a, b, c). Because a holotype was
not specified by Ulrich, we designated as lectotype of
Inoceramya concentrica the bivalved fragment labeled a.

This specimen shows well-developed concentric ribs that are
separated by nearly flat, broad, interrib areas. Spacing between
ribs increases with growth, attaining a maximum of about 4
mm. Faint radial striac are visible between ribs on the
preserved anterior parts of the valves, Concentric ribs become
faint on the flattened posterodorsal part of the valves.
Anterior and ventral margins and hinge plate are not preserved.

The other syntypes differ somewhat from the lectotype.
Specimen b shows well-preserved concentric rings that are
more closely spaced than on the lectotype and become more
closely spaced with growth. Specimen c¢ is a well-preserved
umbonal fragment that shows the ligament pits. Several other
fragments found near specimen ¢, that may or may not belong
with this specimen, show the reticulate rib pattern of I
kusiroensis; these are labeled k on figure 3, h. The umbonal
part may also be of this species, but a positive determination is
not possible. In any case, it is not clear that these syntypes
belong to the same species as the lectotype.

The status of the genus Inoceramya is questionable, and its
differentiation from Inoceramus sensu lato is in doubt.

Figure 3.—Photographs of Inoceramus kusiroensis Nagao and Matsu-
moto and of I. concentrica Ulrich. Natural size.
a—g. Inoceramus kusiroensis Nagao and Matsumoto,

a. Fragment of right valve, USNM 183441b from USGS Mesozoic
loc. M5369, showing reticulate pattern of ornamentation, This
specimen is on the same large slab as that of figure 4, f. Rubber
cast.

b. Left valve, USNM 183645 from USGS Mesozoic loc. M571
(Matanuska Formation), showing well-developed radial ribs.

¢. Slab, USNM 183646 from USGS Mesozoic loc. M570 (Matanuska
Formation), Juvenile specimens that lack well-developed radial
ribs.

d. Left valve and umbo of right valve, USNM 183647 from USGS
Mesozoic loc. 7378. Rubber cast. _

e. Crushed left valve, USNM 183648a from USGS Mesozoic loc.
15966, showing ligament pits on hinge.

f. Left and right valves, USNM 183648b from USGS Mesozoic loc.
15966. Note similarity to specimens from Matanuska Forma-
tion shown in this figure, c. Rubber cast.

g. . Left and right valves, USNM 183649 from USGS Mesozoic loc.
M5369. Note close similarity to Inoceramya concentrica, h of
this figure, which has more widely spaced concentric ribs.
Rubber cast.

h. Inoceramya concentrica Ulrich.

Type slab, USNM 30210, from Woody Istand. Syntypes figured
by Ulrich are labeled a, b, and c. Specimen a is herein
designated as the lectotype of I concentrica. Fragments of
Inoceramus kusiroensis arc indicated by k.
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According to Ulrich (1910) and Cox (1969, p. N317) the main

characters that separate Inoceramya from Inoceramus are: lack
of prismatic shell, ligament pits that are small and numerous
and decrease in size toward the ends of the hinge margin,
presence of an internal riblike swelling that extends obliquely
backward from the umbo, regular concentric ribs that are
absent from the posterodorsal region, and nonprotruding
umbones located near the middle of the hinge margin. Of these
features, the lack of prismatic shell is due to nonpreservation,
and only the regular concentric ornamentation can be ac-
credited assuredly to Inoceramya concentrica. The other
features are not displayed by the lectotype and may indeed be
characteristics of another species. o

The type locality of Inoceramya concentrica was not
precisely located in the original report, although on the basis
of a drawing of the islands in Kodiak harbor (Emerson, 1910,
p- 52, fig. 12) and a brief description of the locality (p. 51), it
is apparent that the fossils were obtained from the northwest
shore of Woody Island. A detailed search of the entire island
by the writers resulted in discovery of three Inoceramus-
bearing fossil localities, all on the northwest shore. This is the
only place on the island where the metamorphic grade is
relatively low and where the top surfaces of beds are well
exposed. The position of our new localities is shown on figure
6. In addition to the Inoceramus shells, tubes of Terebellina
palachei Ulrich and trace fossils are fairly common in these
exposures, and most of the forms described by Ulrich can be
found. The strike of the beds is approximately parallel to the
shoreline, and only a small stratigraphic interval is exposed
there. Hence, our localities must lie nearly al the same
stratigraphic horizon as Ulrich’s original specimens.

Unfortunately, no well-preserved specimens of Inoceramya
concentrica were found that shed more light on the nature of
this poorly known form. Several specimens were found with
well-developed concentric ribs, but these could be either 1.
concentrica or Inoceramus kusiroensis. A large specimen of the

latter from USGS Mesozoic loc. M5963 is illustrated in figure 5.

AGE, CORRELATION, AND DEPOSITIONAL
ENVIRONMENT

Inoceramus kusiroensis occurs in Hokkaido, Japan, in
association with I. shikotanensis Nagao and Matsumoto, a
guide fossil to the Japanese upper Hetonaian (K6B) substage
(Matsumoto, 1954, p. 37; 1959, pl. 8), which is correlated by
Japanese paleontologists with the lower part of the Maestrich-
tian Stage of Europe. A comparable age séems warranted for
the Chugach specimens. :

Inoceramus kusiroensis is locally abundant in the Matanuska
Formation in the lower Matanuska Valley (see identifications
by Jones in Grantz, 1964, p. 124). The best fossils are from
USGS Mesozoic localities 6692, M570, M571, M584, M585,
and M589 (see Grantz, 1964, p. 125 and fig. 2 for location of
these collections) in the upper part of the Matanuska
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Figure 4.
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Formation, as determined by Grantz; some occur with
ammonites of the Pachydiscus kamishakensis zone of late
Campanian and Maestrichtian age.

The Matanuska Formation is relatively fossiliferous, and
locally contains abundant specimens of ammonites and Ino-
ceramus (Jones, 1963, 1967). It thus contrasts markedly with
the poorly fossiliferous flysch deposits of the Chugach terrane,
which have yielded no molluscan fossils except for the
Inoceramus described in this report. The Matanuska Forma-
tion probably accumulated on a narrow, unstable continental
shelf where depths of water were mainly in the neritic to
upper bathyal zones (Grantz, 1964, p. 122; Jones and others,
1971; Berg and others, 1972). The rocks of the Chugach
terrane lying to the south apparently formed in much deeper
water, perhaps on a continental rise or in a trench at the
margin of the continent (Payne, 1955; Moore, 1972; Berg and
others, 1972). This postulated environment is supported not
only by the lack of shallow-water fossils but also by the
character of bedding and sedimentary structures, which are
typical of deepwater deposits (Burk, 1965; Platker and
MacNeil, 1966; Moore, 1972; Clark, 1972a, b).

The presence of Inoceramus kusiroensis in both the shallow-
water deposits of the Matanuska Formation and the deepwater
deposits of the Chugach Mountains raises a question as to the
environmental conditions under which this organism lived. It
seems doubtful that this species, alone among the Late
Cretaceous marine mollusks of southern Alaska, actually could
inhabit such a wide ecological niche. It seems more likely that

Figure 4.—Photographs of Inoceramus kusiroensis Nagao and Matsu-
moto and of Inoceramus cf. I. kusiroensis. Natural size.
a, c—h; Inoceramus kusiroensis Nagao and Matsumoto.

a. Left valve, USNM 183639 from USGS Mesozoic loc. M5369.
Concentric ribs are evenly spaced throughout in constrast to
most specimens that have narrowly spaced ribs in midgrowth
stages. Rubber cast.

c. Holotype, Hk. 7271a. Reproduced from Nagao and Matsumoto,
1940, pl. 22, fig. 4.

d. Fragment of left(?) valve, USNM 183640 from USGS Mesozoic
loc. M571 (Matanuska Formation), showing reticulate orna-
mentation. Rubber cast.

e. Left valve and part of right valve, from Koryak Range,
northeastern U.S.S.R. Reproduced from Vereshchagin and
others, 1965, pl. 63, fig. 2. '

f. Fragment of large specimen, USNM 183641a from USGS
Mesozoic loc. M5369, showing well-developed reticulate orna-
mentation. Rubber cast.

g. Right and left valves, USNM 183642 from USGS Mesozoic loc.
M5846. Note very coarse radial ribs. Rubber cast.

h. Slab, USNM 183643 from USGS Mesozoic loc. M5846. Note very
coarse concentric rings on the two specimens on the right-hand
part of slab. Rubber cast.

b. Inoceramus cf. I. kusiroensis.
USNM 183644 from USGS Mesozoic loc. M5868, Shumagi
Islands. Radial ribs are not as strongly developed on Shumagin
Islands specimens as on most forms from the Chugach
Mountains and Woody Island.

133

Figure 5.—Inoceramus kusiroensis, USNM 185747 from USGS
Mesozoic loc. M5963, Woody Island. Note strong radial ribs
and development of fingerlike projections on ventral margin.
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Figure 6.—Map showing fossil localities on Woody Island.



134

the Inoceramus shells were transported from shallow water
where they lived, to deep water, where they became entombed
in the sediment. But if this is so, why were only the
Inoceramus transported, and not shells of ammonites and
other forms that are so common in the Matanuska Formation
but totally unknown from the Chugach rocks? And what was
the mode of transportation that carried these thin-shelled,
fragile mollusks without breaking them into small fragments?

A possible explanation for the distribution of Inoceramus
kusiroensis in both shallow-water and deepwater deposits is
that it had a pseudoplanktonic habit (Hayami, 1969) and lived
suspended in the near-surface waters, perhaps attached to
drifting seaweed. Upon death the shells would settle to the
bottom and accumulate on bedding planes. A number of
specimens show both valves still together, but spread open and
lying flat along the bedding plane (fig. 7; fig. 4, g). These
specimens have not been carried far by bottom currents;
otherwise the two valves, which lack hinge teeth, would have
been separated.

If this interpretation of a pseudoplanktonic habit is correct,
the presence of I. kusiroensis provides no direct information
about the environment of deposition of the enclosing sedi-
ments. As this species does appear to be more abundant in the
deeper water deposits than in the shelf deposits, it may have
flourished well offshore.

Figure 7.—Inoceramus kusiroensis, USNM 183650, from
USGS Mesozoic locality 15965 (fig. 2). Rubber cast. Left
and right valves of nearly complete specimen spread open
along bedding plane in black argillite, The two valves,
which lack hinge teeth, could not have been carried to the
burial site by strong bottom currents without disarticula-
tion.
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Specimens of Inoceramus are locally abundant on the
Shumagin Islands to the southwest, particularly on Nagai
Island (fig. 8). Some of these closely resemble I. kusiroensis,
except that radial ribs are not as strongly developed (see fig. 4,
b). The significance of this difference is not known; it may be

(] 5 10 MILES
S

Figure 8.—Map of Shumagin Islands, showing fossil locations,

normal variation in a slightly younger or older subspecies, or it
might be related to somewhat different ecological conditions.
In any case, the Shumagin Islands rocks appear to be grossly
similar in age to those of the Valdez Group and related rocks
near Anchorage.

The Valdez Group and related rocks of the Chugach terrane
in southern Alaska are similar in lithological character to rocks
exposed in the Chugach Mountains east of the Copper River
(Yakutat Group) as pointed out by Plafker and MacNeil
(1966, p. B63—B64). They are also grossly similar to rocks in
southeastern Alaska on Baranof and Chichagof Islands (Sitka
Graywacke of Loney and others, 1963, 1964). As both the
Yakutat Group and the Sitka Graywacke contain Buchia of
earliest Cretaceous (Berriasian) age, they are in part much
older than any of the Inoceramus kusiroensis-bearing rocks
identified in southern Alaska. Some of the rocks of the
Yakutat Group, however, are nearly contemporaneous with
these Maestrichtian rocks, as Plafker and Perkins have found
Inoceramus schmidti of Campanian age in Yakutat Bay (USGS
Mesozoic loc. M5108). This fossil is well known from the
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Matanuska Formation (Jones, 1963), where it occurs in a
faunal zone directly below that containing Inoceramus kusi-
roensis. Because of this close proximity in age, and judged by
the great thickness of rocks involved in both the Yakutat and
the Valdez Group and related rocks, it seems reasonable to
suppose that they are, in part, coeval, even though an exact
equivalency cannot be demonstrated on a faunal basis.

The absence of older fossils from the Chugach terrane of
southern Alaska is surprising in view of the fairly large number
and wide distribution of the known fossil localities. The same
Maestrichtian fossils occur near the northwestern boundary of
the belt (Turnagain Arm), near the southeastern boundary
(Woody Island), and also near the center of the belt (Barry
Arm). Such a wide distribution suggests that if older rocks are
present at all, they may be very limited in extent.

Table 1.—Description of Upper Cretaceous fossil localities referred to in
text
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Table 1.—Description of Upper Cretaceous fossil localities referred to in
text—Continued

U.S. Geol.

Survey Field
Mesozoic No.
loc. No.

Collector, year of collection,
description of locality,
and fossil identifications

U.S. Geol
Survey
Mesozoic
loc. No.

Collector, year of collection,
description of locality,
and fossil identifications

Field
No.

Chugach Mountains

G. C. Martin, 1911. Turnagain
Arm area, head of Raven Creek.
Inoceramus kusiroensis.

E. ]J. Barnes, 1911. Slide near foot
of East Fork Crow Creek Gla-
cier, Inoceramus kusiroensis.

B. L. Johnson, 1911. Moraine on
west side of Milk Creek Glacier,
tributary to Crow Creek, In-
oceramus kusiroensis.

B. L. Johnson, 1911. Near head
of Crow Creek. Inoceramus ku-
siroensis.

B. L. Johnson, 1913. East side of
Point Doran, Barry Arm of Port
Wells. Inoceramus ulrichi, Ino-
ceramus kusiroensis(?).

B. L. Johnson, 1915. Float on
Valdez Glacier near Wilson
cabin. Inoceramus sp. indet.

C. F. Park, Jr., 1931. 1.2 miles N,
10° W. from Girdwood station,
on ridge between California and
Crow Creeks. Inoceramus ku-
siroensis.

C. F, Park, Jr. Same as 15965.
Inoceramus kusiroensis.

C. F. Park, Jr., 1931. Just north-
east of trail across summit
between Crow and Raven
Creeks. Inoceramus kusiroensis.

C. F. Park, Jr., 1931. 3.6 miles S.
22° W, from Eagle River Road
house, in moraine. Inoceramus
kusiroensis,

S. Clark, 1969. Turnagain Arm,
Seward D-7 quadrangle, sec, 14,
T. 10 N,, R. 1 W., lat 60°57.1"
N.; long 149°24.2' W. Ino-
ceramus kusiroensis.

S.Clark and D. L. Jones, 1971.
Anchorage A-6 quadrangle.
Ridge south of lake at head of
North Fork Ship Creek, 1,500
ft S., 2,000 ft E. of NW. cor.
sec. 35, T. 12 N, R. 1 E,

Inoceramus kusiroensis.

..............

..............

13-AJ-128

15-AJ-19

31-AP-22

31-AP-23
31-AP-63

31-AP-120

69-ACs-68,
69-ACs-388

71-ACs-171D

S. Clark and D. L. Jones, 1971.
Anchorage A-6 qua rar:lglc.
Ridge south of lake at head of
North Fork Ship Creek, 2,000
ft S., 250 ft E. of NW, cor. sec.
35, T. 12 N,, R. 1 E,. Inocera-
mus cf. I. kustroensis.

S. Clark and G. R. Winkler, 1971,
North shore of Turnagain Arm,
Anchorage Highway, 2,000 ft
S., 400 ft W, of NE, cor. sec.
15, T. 10 N, R. 1 W, Inocera-
mus kusiroensis.

S. Clark, M. E. Yount, and P.S.
Morse, 1971. Seward D-7 quad-
rangle. South shore of Tum-
again Arm, Hope Highway east
of Sunset Creek, 1,500 ft N.,
2,800 ft E, of SW, cor. sec. 33,
T. 10 N., R. 1 W, Inoceramus

kusiroensis.

71-ACs-175

71-ACs-328

71-ACs-2033

Kodiak and Shumagin Islands

USNM 30210 W. H. Dall, 1895. Woody Island
near Kotiiak, on shore facing
Chiniak Bay. “Inoceramya con-
centrica” (= Inoceramus ulrichi
Jones and Clark) and Inocera-
mus kusiroensis.

C. A. Burk, 1961." Shumagin Is-
lands, Sanborn Harbor, lat
55°8.5" N.; long 160°0.5" W,
Inoceramus cf. I. kusiroensis.

C. A. Burk, 1958—61. West of
Pirate Shake, Nagai Island. Ino-
ceramus cf. I. kusiroensis.

Arthur Grantz, 1962, Shumagin
Islands, Nagai Island, Eagle Har-
bor, lat 55°6.4" N.; long
160°7.3' W. Inoceramus cf. I.
kusiroensis.

Arthur Grantz, 1962, Shumagin
Islands, Nagai Island, Eagle Har-
bor& lat 55°6.6' N.; long
160°7.7' W. Inoceramus cf. I.
kusiroensis.

Arthur Grantz, 1962, Shumagin
Islands, Nagai Island, Eagle Har-
bor, lat 55°6.6' N.; long
160°7.9"' W, Inoceramus cf. I.
kusiroensis.

Standard Oil Company of Calif-
ornia, year unknown. Nagai
Island, lat 55°12.8' N.; long
159°56.7' W., Northeast shore
of eastern point at Porpoise
Harbor. Inoceramus cf. I. ku-

siroensis. .

C. Moore, 1969-1970. Big
Koniuji  Island, northeastern
peninsula, 2.1 miles N. 38°30'
W. of triangulation station
Koniuji. Inoceramus cf. 1. ku-
siroensis and Inoceramus sp.

. C. Moore, 1969—-1970. Nagai
Island, south side of stream east
‘of Porpoise Rocks, 2.5 miles N,
50°30° W, of triangulation sta-
tion- Wreck. Inoceramus cf. 1.
kusiroensis, .

........

M1195 ..... 134-A1-3

135-A4-5
135-A4-15

62-AGz-9

M1207 .. ...
M1209 .....

M1770 .....
ML771 ..... 62-AGz-10
M1772 .....

62-AGz-11

M2964 .. ... 16098-19

M5864 .. ... N-140F J.

M5867 .. ... N-115E |
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Table 1.—Description of Upper Cretaceous fossil localities referred to in
text—Continued

U.S. Geol.

Survey Field
Mesozoic No.
loc. No.

Collector, year of collection,
description of locality,
and fossil identifications

Kodiak and Shumagin Islands—Continued
N-8A J. C. Moore, 1969-1970. Nagai

Island, Cape Horn. Inoceramus
cf I, kusiroensis,

S. Clark and D. L. Jones, 1972,
Woody Island, Kodiak (D-1)
quadrangle, 600 ft E., 700 ft N,
of SW. cor. sec. 34, T. 27 S,, R,
19 W,, at triangulation station
Eider. Inoceramya con-
centrica(?).

S.Clark and D, L. Jones, 1972,
Woody Island, Kodiak (D-1)
quadrangle, 1 700 ft E., 1,000 ft
N. of SW. cor. sec. 34, 1.27 S.,
R. 19 W, Inocemmya con-
centrica(?), Inoceramus kusiro-

ensis.

S. Clark and D. L. Jones, Woody
Island, Kodiak (D-1) quad-
rangle, 3,200 ftE., 3,650 ft N.

‘Ms5868 ...

M5962 72Acs 489

.....

‘M5963 ..... 72Ac¢s 490

M5964 ..... 72Acs492

of SW. cor. sec, 34, T. 27 S.,R. .

19 W. I, kusiroensis(?).

Location of Inoceramus schmidti from Yakutat Group

68-APs-72E G. Plafker and M. Perkins, 1968
and 1969. Yakutat 1:250,000
quadrangle, SEY sec. 23, T. 25
S., R. 35 E., above Rasmussen
Glacier. Yakutat Group.

M5108......

. Location of figured specimens from Matanuska Valley

59-AGz-M35 D.L. Jones and Arthur Grantz,
1959, Carbon Creek, lat
61°46'20" N.; long 148° 27'35"
Ww. Matanuska Formation, Ino-
ceramus kusiroensis.
D. L. Jones and Arthur Grantz,
959 Carbon Creek, lat
61°46,15" N.; long 148° 27'30"
Ww. Matanuska Formation, Ino-
ceramus kusiroensis.

'59.AG2-M36A
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LITHOSTROTION REISERI N. SP., A CERIOID COLONIAL
CORAL FROM MERAMEC-AGE BEDS,
LISBURNE GROUP, ARCTIC ALASKA

By AUGUSTUS K. ARMSTRONG, Menlo Park, Calif.

Abstract.—Lithostrotion reiseri n. sp. is a cerioid, colonial coral,
index fossil for microfossil zones 12-13 (Meramec) in the Lisburne
Group in the central and eastern Brooks Range, arctic Alaska.

The studies of the Carboniferous biostratigraphy and the
rugose colonial corals of arctic Alaska (fig. 1) (Armstrong,
1970b, 1972a, 1972b; Armstrong and others, 1971; Mamet
and Armstrong, 1972) have resulted in the description and
delineation of the stratigraphic ranges of a number of species
of cerioid lithostrotionoids (fig. 2). The genera are Lithostro-
tionella, Thysanophyllum, and Sciophyllum, each of which is
characterized by major and minor septa that are discontinuous
in the dissepimentarium, The genus Lithostrotion Fleming,
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whose major and minor septa are continuous through the
dissepimentarium, is represented by five species of fasiculate
Lithostrotion, subgenus Siphonodendron, and only one known
species of cerioid Lithostrotion Fleming. Lithostrotion reiseri
n. sp. is of interest not only because it is cerioid, but also
because it can be readily recognized in the field by its
continuous major and minor septa. In the area of its known
occurrence in the central and eastern Brooks Range, it is an
index fossil to zones 12-13 (Meramec) of the Lisburne Group
(fig. 3).

The stratigraphic distribution of Lithostrotion reiseri n. sp.
together with other known species of colonial rugose corals
and B. L. Mamet’s microfossil zonation in the Lisburne Group
are shown in figure 2.
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Figure 1.—Map of arctic Alaska, showing generalized locations of Carboniferous rock outcrops and of the type material for Lithostrotion reiseri n. sp.
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Diphyphyllum venosum Armstrong

Lithostrotion reisert Armstrong

Lithostrotion (S.) dutroi Armstrong

Lithostrotionella pennsylvanica (Shimer)

Lithostrotionella niakensis Armstrong
Lithostrotionella banffensis (Warren) S.L.
Diphyphyllum klawockensis Armstrong
Lithostrotion (S.) sinuosum (Kelly)

Lithostrotion (S.) warreni Nelson

Sctophyllum alaskensis Armstrong

Lithostrotionella melareni (Sutherland)

Thysanophyllum astraeiforme (Warren)

Thysanophyllum orientale Thomson

Sciophyllum lambarti Harker and Mclaren

Lithostrotionella birdi Armstrong

Lithostrotion (S.) lisburnensis Armstrong
Diphyphyllum nasorakensis Armstrong

Lithostrotionella aff L. mclareni (Sutherland)
Lithostrotion (S.) ignekensis Armstrong

Lithostrotionella wahooensts Armstrong

{Corrwenia Jjagoensis Armstrong

Figure 2.—Stratigraphic distribution of Lithostrotion reiseri n. sp. and other species of lithostrotionoids in The Lisburne Group. Zones are based
on B. L. Mamet’s microfossil-assemblage zones.

Kelly (1942) recognized that all the cerioid corals studied to
that date which were considered to be Lithostrotion Fleming
from the western United States and Canada, had discontinuous
major septa in the dissepimentarium and were, in fact, Litho-
strotionells Yabe and Hayasaka. Subsequent studies by Arm-
strong (1962, 1970a, 1970b, 1972a, 1972b), Sutherland
(1958), Nelson (1960), Bamber (1966), Macqueen and Bamber
(1967, 1968), Sando, Mamet, and Dutro (1969), Stensaas
and Langenheim (1960), Langenheim and Tischler (1960),
Sando (1960, 1963, 1969), Easton, Sanders, Knight, and Miller
(1958), Bowsher (1961), Easton and Gutschick (1953), and
Parks (1951) have failed to reveal cerioid corals from the
North American Mississippian that can be placed without
equivocation in the genus Lithostrotion. Lambe (1901)
described a form, Lithostrotion macouni, which has small
corallites about 2 to 3 mm in diameter, in which the majority
of septa are continuous. Sutherland (1958, p. 94) believed the
species to be a true Lithostrotion, but Nelson (1960, p. 122)
stated, “The species is questionably referred to Lithostrotion
because of the sublonsdaleoid dissepimentarium which some-

times develops.” Armstrong (1970b) reexamined the syntype
and considered the species to be Lithostrotionella.

Lithostrotion-type corallites are common in many species of
corals that have cerioid coralla, but they are found in associa-
tion with corallites in the same corallum that have differing
generic morphology. An individual corallite may even display
at different levels in the corallum the traits of the genera
Lithostrotionella Yabe and Hayasaka and Thysanophyllum
Thomson. Species of the Lisburne Group that have generic:
polymorphism in the corallites of the coralla are Lithostro-
tionella mclareni (Sutherland), Lithostrotionells birdi Arm-
strong, Lithostrotionells niakensis Armstrong, and Scio-
phyllum lambarti Harker and McLaren. Within the first three
of these species, generally, the majority of the corallites have
the characteristics of the genus Lithostrotion. These three
species also display some corallites that have continuous major
and minor septa through the dissepimentarium. Other coral-
lites have the morphology of Thysanophyllum.

Lithostrotion reiseri n. sp., in contrast to all other known
species of cerioid Mississippian corals in western North Amer-
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ica, has corallites with continuous septa in the dissepimen-
tarium in all the corallites of the corallum. The corallites
average about 7 mm in diameter and are relatively uniform in
their internal structures. The corallite diameters and the
number of major septa in Lithostrotion reiseri n. sp. are shown
on figure 4.
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SYSTEMATIC PALEONTOLOGY
Phylum COELENTERATA
Class ANTHOZOA
Order RUGOSA Milne-Edwards and Haime, 1850
Family LITHOSTROTIONIDAE d'Orbigny, 1851
Genus LITHOSTROTION Fleming, 1828

Lithostrotion reiseri n. sp.

Figures 5-7
Material —The material and specimens available for study are
shown in Table 1.
Description.—The holotype USNM 161095 (fig. 5a, b, d, e;

6b, c) is a cerioid corallum. In transverse section, corallites are

Table 1.—Description of materials and specimens available for study

Strati- Size of
. corallite Quantity and type of thin sections and number of corallites
graphic USNM fragment
section No. ct;ll%ecte d
No. (cm) Transverse Corallites Longitudinal Corallites

60C-25+22R 161095, ... .. 9by9byl2 6 190 6 45
60C-28 161091...... 7by 7 by 10 4 140 2 25
60C-29A 161092. ... .. 7by 7 by 10 1 35 3 27
60C-29B 161093...... 7 by 7 by 10 1 18 2 20
60E-67+2 161094.. . .. .. S5by8by9 2 55 3 25
70A-2+1220D 161096. ... .. 8by 9 by 10 1 95 1 15
T0A-2+1220F 161097...... 8by 10 by 10 1 77 1 14
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2.2 to 7.2 mm in diameter and have 14 to 24 long major septa
that are continuous through the dissepimentarium. The dis-
sepiments are 0.03 to 0.05 mm wide in the dissepimentarium.
Within the tabularium, the major septa are dilated, 0.25 to
0.35 mm thick at the tabularium wall, and taper gradually to
their distal ends. Minor septa are well developed, long, and
continuous through the dissepimentarium and extend 0.2 to
0.35 mm into the tabularium. The counter septa and, in some
specimens, the cardinal septa are continuous with the colu-
mella, which is formed by the dilation of the axial end of the
counter septum. Other major septa are generally withdrawn
from the axial region, except as ridges on the upper surfaces of
the tabulae, where the major septa fuse with the columella.
The columella is oval in shape and may be from 0.6 mm long
and 0.3 mm wide to 1.4 mm long and 0.8 mm wide.

The dissepiments are arranged in a herringbone pattern.
Microstructure is well preserved. The common corallite wall is
about 0.2 mm thick, has a dark central band about 0.02 to
0.03 mm thick, is formed of calcite deposited at right angles to
the wall (fig. 5e), and can be described as fibrous. The major
and minor septa have a very different microstructure from the
walls, and the junction of the septa with the wall is distinct.
The septal microstructure has been altered by the growth of
calcite grains but appears to have been trabecular. Longi-
tudinal thin sections (figs. 5d, 6¢c) show that the tabulae and
dissepiments are thin, only about 0.02 to 0.03 mm thick, and
formed by interlocking calcite crystals less than Sy in size.

In transverse section, the dissepimentarium is formed by
three to six rows of globose dissepiments typically 0.5 by
0.5mm as seen in longitudinal sections. The tabulae are

generally incomplete and can be divided into an inner and
outer series of tabellae. The series next to the dissepiments
may be flat or have a slope of 35°, and the inner series has a
slope of 15° to 25° (figs. 5d; 6b, ¢). The columella is well
developed and persistent. The inner tabellae generally are not
strongly arched upwards near the columella.

Paratype USNM 161091 (fig. 6d, e, f) differs from the
holotype by having corallites that show less variation in size, 3
to 6 mm in diameter with 16 to 21 major septa. Again, all the
major and minor septa are continuous through the dissepi-
mentarium. Paratypes USNM 161092 and 161093 are very
similar to the holotype (fig. 5c¢; fig. 6a; fig. 7c, d). Paratype
USNM 161094 (fig. 7b) is-also similar to the holotype except
that the major septa are not so strongly dilated in the
tabularium. ]

The specimens USNM 161096 and 161097 (fig. 7¢, d, and a,
g, respectively) from the Franklin Mountains are characterized
by weakly dilated septa and corallites of smaller diameter than
those of the holotype.

Remarks.—Lithostrotion reiseri n. sp. shows close affinities
to a group of Eurasian cerioid Lithostrotion. The Scottish
species L. clavaticum Thomson as described by Hill (1939,
p. 178) is very similar to the arctic species. L. clavaticum in

Figure 5.—Lithostrotion reiseri n. sp., all from ltkillik Lake section,
60C-1-72.
a transverse section; b, longitudinal section, X 3, holotype, USNM
161095,
¢, transverse section, X 3, paratype, USNM 161093.
d, longitudinal section; e, transverse section, X 9, holotype, USNM
161095.
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Figure 6.—Lithostrotion reiseri n. sp., all from Itkillik Lake section,
60C-1-72.
a, longitudinal section, X 3, paratype, USNM 161093.
b, ¢, longitudinal sections, X 9, holotype, USNM 161095.
d, e, f, transverse sections, X 3, paratype, USNM 161091.

contrast to L. reiseri has longer major septa and generally
complete tabulae. Yii (1933, p. 89—93) described two species
of lower Carboniferous corals from China that are also close to
L. reiseri. They have similar corallite diameters, but Litho-
strotion portlocki Edwards and Haime, var. depasophylloides
Yii has only 14 to 15 long major septa and a wider dissepimen-
tarium. Lithostrotion planocystatum Yii also has only 13 to
15 major septa, a much wider dissepimentarium, and longer
septa. Lithostrotion basaltiforme (Phillips) from the Russian
Platform as described by Dobroljubova (1958, pl. 28, figs.
2a-2b) shows only a few traits similar to L. reiseri. The
immature and smaller corallites in the Russian form are
somewhat similar in form to the mature corallites in L. reiseri.
The Russian specimen typically has larger corallites that are 11
to 16 mm in diameter with 22 to 26 major septa.

Occurrence.—The holotype USNM 161095 was collected
970 feet below the top of the Itkillik Lake section 60C-1-72
(fig. 8). Paratype USNM 161091 was collected at 1,190 feet,
and specimens USNM 161092 and 161093 were collected at
1,220 feet below the top of the same section. All four of the
specimens occur in carbonates that contain a large Foramini-
fera fauna of Meramec (zone 12-13) age (Armstrong and
others, 1970). Shell Oil Co.’s stratigraphic section of the
Lisburne Group, “Hairy Ridge, 60E-1-99,” measured by
Richard Emmons, is about 30 miles northeast of the Itkillik
Lake section, near the Sagavanirktok River (fig. 9), and has
yielded paratype USNM 161094. This specimen was collected
about 2,070 feet below the top of the Lisburne Group in
limestones that have a rich microfauna of Meramec (zone
12-13) age. Paratypes USNM 161096 and 161097 were
collected 1,220 feet above the base of section 70A-2 (Mamet
and Armstrong, 1972) in zone 12-13 of the Wachsmuth(?)
Limestone. This section is near the junction of Marsh Fork and
the Canning River in the Franklin Mountains (fig. 10).

The specimens available for study have been found only in
beds associated with a microfauna of Meramec age (zone
12-13). The species has not been found west of the itkillik
River. Extensive coral collections that J. Thomas Dutro and [
made from the Lisburne Group of the DeLong Mountains and
the Lisburne Hills do not contain Lithostrotion reiseri n. sp.
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A SECOND SPECIMEN OF PARAHYUS VAGUS MARSH, 1876

By G. EDWARD LEWIS, Denver, Colo.

Abstract.—The occurrence of the second known specimen of Para-
hyus vagus, from the Tepee Trail Formation, Wyoming, is recorded. As
the first specimen was reported from the lower Eocene, this second
occurrence casts doubt on the supposed age ranges of both Parahyus
and the Tepee Trail.

PALEONTOLOGY

In 1876 (p. 402), Marsh named and described Parahyus
vagus, a palacodont artiodactyl hoofed animal very remotely
related to the swine, on the basis of a right mandibular ramal
fragment with alveolus of P, root-stump of /C, P34, and
M, (Yale Peabody Museum No. 10972) “from the lower
Eocene of Wyoming.” The purpose of the present report is to
record the discovery of the second known specimen of
Parahyus. It adds nothing to our knowledge of the morph-
ology of the genus because the entire specimen consists of a
left mandibular ramal fragment with P3 4M,_3 (fig. 1) but no
skull or other parts of the skeleton. It is a mirror image of all
but the anteriormost, toothless portion of the type of P. vagus.
The specimen was found by J. D. Love in 1936, collected by
me at his request in 1938, and, with pertinent field records,
added to the collections of the Yale Peabody Museum where it
has since been mislaid or lost and so the specimen is not
available to me for comparisons and measurements at this
time. Fortunately, I had duplicate photographic prints that
have been used for the illustrations in figure 1 of this report.

STRATIGRAPHY AND AGE

I am indebted to J.D. Love for the opportunity to record
the discovery of this rare specimen, and for the following
information about the locality (oral commun., June 8, 1972):
the specimen was found in 1936 in the type section of the
Tepee Trail Formation (Love, 1939, p. 74), T. 44 N., R. 104
W., Fremont County, Wyo., on the top of the high river cliffs
on the east side of East Fork of the Wind River, 10 feet 8
inches above the base of unit 30 as described in the published
type section.

The holotype was collected by J. Heisey for Marsh in 1876,
and the tray label reads “Lower Eocene Washakie?, Cory-

phodon zone, Wyoming, Bitter Creek Station.” This usage of
the stratigraphic name “Washakie” is the correct, original
usage of Hayden (1869, p. 90, with the spelling “Washakee™),
who later (1877, p. 181-183) stated that he “named the
Washakie * * ¥ which is probably the same as™®* * the
Wasatch.” The usage of Wood and others (1941, p. 36, pl. 1) is
a misuse of Hayden’s name. No other specimen positively
referable to this genus has ever been described.

Love (1939, p. 78) “provisionally correlated * * * the Tepee
Trail formation * * * with at least part of the Uinta formation
of Upper Eocene age” but stated that “on the basis of the few
fragmentary fossils, specific age determinations and long-range
correlations are not justified”. Wood and others (1941, p. 33,
pl. 1) and most writers since 1941 have listed the Tepee Trail
as upper Eocene equivalent to- the Uinta without the careful
reservation of Love’s original description. In the field, while
the Tepee Trail specimen was still largely in the enclosing rock
with the dentition only partly visible, and with the provisional
upper Eocene stratigraphic position in mind, 1 had guessed
that the specimen might be referable to the characteristic late
Eocene genus Achaenodon. When, after Love’s report (1939)
had gone to press, the Tepee Trail specimen was prepared for
study and identification, it cast doubt on the provisional upper
Eocene correlation of the Tepee Trail, and also on the
supposed lower Eocene stratigraphic position of the type of
Parahyus vagus, because it was clear that the Tepee Trail
specimen could only be a Parahyus, very close morphologically
to the genotype.

Gazin, in his review of the Eocene Artiodactyla (1955, p.
38, 42-43) argued that (1) he “cannot believe * * * the
type * * ¥ described by Marsh as coming from the Lower
Eocene of Wyoming” really came from lower Eocene rocks
because “Parahyus vagus is clearly and in every respect at a
stage of development intermediate between Bridger Helohyus
lentus and * * * Uinta B Achaenodon insolens. (2) Moreover,
during an intensive field program * * * no further evidence has
been discovered of such a form in the” lower Eocene, but
(3) he added that “Parahyus vagus is apparently, though not
necessarily, too advanced for Bridger D * * * ” His first
observation is good professional opinion and fully correct, but
not a conclusive argument for relative stratigraphic position;
all faunas, including today’s living animals, show contem-
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Figure 1.—Fragment of left mandibular ramus of Parahyus vagus, about
natural size. Left, labial-buccal view; center, occlusal view; right,
lingual view.

porary morphologically primitive and advanced genera. His
second observation is correct negative evidence but even more
inconclusive because for the 97 years preceding the present
report, more intensive field programs in richly fossiliferous
middle and upper Eocene rocks have failed to report the
positive evidence of upper or middle Eocene specimens of
Parahyus. His third observation speculates that Parahyus might
occur in rocks of middle Eocene stratigraphic position; I
would concur in this speculation. But Marsh’s information is
all the direct evidence we have had to the present time.

It seems impossible that the Tepee Trail Formation could be
lower Eocene, whether or not the type of Parahyus vagus did
in fact come from lower Eocene rocks: underlying the Tepee
Trail is the Aycross Formation, which has yielded vertebrate
fossils of middle Eocene (Bridger fauna) age according to Love
(1939, p. 70, 73). Possibly the Tepee Trail and its Parahyus
vagus are either of post-Aycross middle Eocene age or of late
Eocene age as suggested by Love.

R
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The stratigraphic and age ranges of Parahyus are still moot,
but Love’s specimen of Parahyus vagus establishes an upper
stratigraphic limit for this genus above the lower Eocene. The
radiometric age range may not be great: J. D. Obradovich has
stated (oral commun., June 15, 1972) that the Tepee Trail
cannot be younger than 46 m.y. B.P., so only 3 m.y. separates
it from the Wasatch Formation.
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THE CONCEPT OF GROWTH AND MATURITY OF ORE-STAGE
PYRITE IN ROLL-TYPE URANIUM DEPOSITS

By C. G. WARREN! and H. C. GRANGER,

Fort Collins, Colo., Denver, Colo.

Abstract.—Roll-type uranium deposits contain both ore-stage pyrite
and preore or diagenetic pyrite that was present in the host rock before
the deposits began to form. Ore-stage pyrite forms as the result of
redistribution and accretion from the preore pyrite. Accretion of the
ore-stage pyrite seems to be governed by natural laws that limit its
concentration to only a few times the concentration of the preore
pyrite. Accumulations of ore-stage pyrite build up along the leading
edge of a supergene oxidation zone which spreads through the host
rocks, literally pushing the ore deposits ahead of it. The ore-stage pyrite
probably progresses much as a wave that first grows to a nearly fixed
amplitude and thereafter is steadily maintained as the mature deposit
continues to advance.

Roll-type uranium deposits have now been recognized and
studied for more than a decade but, although much is known
about their size, shape, geologic setting, element distribution,
and mineralogy, some aspects of their genesis remain unknown
or clouded in controversy. Pyrite and sparse marcasite are
always associated with the uranium minerals in these deposits,
and it is the chemical and (or) isotopic behavior of iron and
sulfur that have yielded the most definitive information about
the depositional geochemistry and genesis of roll-type
deposits. In this paper we examine some additional implica-
tions that are provided by the distribution pattern of the
sulfide minerals, which will hereafter be referred to collec-
tively as pyrite.

A concept of maturity followed by a steady-state process in
the genesis of roll-type uranium deposits has been developed
through a series of earlier papers (Granger and Warren, 1969;
Warren, 1971, 1972) but may have been inadequately ex-
plained and justified. One purpose of this paper, therefore, is
to show how the pyrite accumulations associated with roll-
type deposits might have evolved. The exact chemical or
biogenic reactions involved do not have to be specified,
because this concept deals largely with the quantitative effi-
ciency of the process and not with details of the process itself.

Roll-type uranium deposits now constitute one of the
world’s principal resources of uranium ore and are known to

! Colorado State University.

occur in Wyoming (Harshman, 1962, 1966, 1970; Armstrong,
1970; Melin, 1964, 1969; King and Austin, 1966; Davis, 1969;
Bailey, 1969), Texas (Eargle and Weeks, 1968; Harshman,
1970), New Mexico (Shawe and Granger, 1965), and at several
places in the Soviet Union (Germanov, 1960; Lisitsyn and
Kuznetsova, 1967; Kholodov and others, 1961; Kashirtseva,
1964). Although rather thorough descriptions and speculation
regarding the genesis of the deposits are included in the cited
reports, it may be well to review, briefly, the salient features
common to most of the deposits.

GENERAL DESCRIPTION OF DEPOSITS

With very few exceptions (Kholodov and others, 1961) the
host rocks are gently dipping, permeable, fluvial sandstone
strata underlain and overlain by less permeable strata (fig. 1).
Where unaltered, they typically contain small quantities of
organic matter that may range from finely disseminated kero-
genlike material to coaly tree limbs, trunks, and other frag-
mental plant fossils. At least some of the deposits of the
U.S.S.R. are said to be in strata that contain petroleum or
petroleum residues. '

Before the deposits began to develop, the host rocks invar-
iably contained from a few tenths percent to 2 percent
disseminated pyrite. This pyrite is presumed to have formed
during diagenesis by biogenic bacterial reduction of sulfate to
sulfide species. Indeed, only a biogenic process seems adequate

— - —— —
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Oxidized tongue
(Pyrite oxidized
and removed) Present and former

positions of redox interface /' Permeable

sandstone,

Hydraulic containing
T radien——> disseminated

preore
pyrite

Figure 1.—Some characteristics of a roll-type deposit.

151



152

to explain thoroughly disseminated sulfide minerals produced
solely at low temperature during diagenesis of a sedimentary
rock. Although this pyrite may make up only a small part of
the unaltered host rock, its importance to the processes that
form roll-type uranium deposits should not be underestimated.

The uranium deposits are all closely associated with an
altered zone within the host rocks. This is typically a large,
irregular tongue-shaped mass in which most of the original
pyrite has been destroyed by oxidation. The “base” or updip
part of the tongue is now exposed at the surface or can be
inferred to have once cropped out—a characteristic that estab-
lishes an inferential relation between the oxidized rock and
oxygen-rich meteoric waters.

An envelope of anomalously pyritic rock virtually encloses
cach oxidized tongue like a huge sack (fig. 1). This envelope
can range in thickness from a few inches along the upper and
lower surfaces of the tongue to 200 feet along the bordering
edges of the tongue. Much of the pyritic envelope is also
uraniferous, and uranium ore bodies are distributed within the
thicker parts of the envelope along the margins or “front” of
each tongue, where the surface of the tongue—the redox
interface—rolls sharply across the layers of stratification.

Oxidation of the host rock within the tongue (in terms of
the oxidation of pyrite) was presumably caused by an exten-
sion of the weathering process to considerable depth through
downward percolation of oxygen-bearing meteoric water. Ore-
stage minerals in the envelope surrounding the tongue are
believed to have migrated in these waters by means of a
continuous cyclic process of dissolving and then reforming a
short distance down the hydraulic gradient. The prevailing
opinion is that the ore body accumulated and migrated along
the leading edges of the tongue as it expanded into the host
rocks.

Most tongues are only a few feet to a few tens of feet thick,
but they can have an areal extent measurable in square miles.
If we assume that the oxidized rock within the tongue once
contained pyrite commensurate with the unoxidized, non-
uraniferous host rock which contains even the smallest
amounts of pyrite, it is obvious that vast amounts of pyrite
have been removed from the oxidized tongue. In most places,
even near and in uranium ore bodies, the richest representative
samples from the pyritic envelope contain only a few times
more pyrite than the pristine unoxidized host rock well away
from the tongue, and in many places the added secondary
“pyrite is nearly imperceptible. Definitive data, admittedly, are
scanty for rock at some distance from uranium deposits, and
there is little reliable information to indicate whether all parts
of the roll front (the rounded margins of the tongue) are
anomalously pyritic. For this reason we shall direct our
appraisal principally to the pyrite associated with the uranium
deposits, although presumably pyrite elsewhere along the
oxidized envelope follows the same geochemical pattern of
genesis and distribution.

The altered tongue once contained more than enough pyrite
to account for all the ore-stage pyrite now present; however,
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the same relation may not hold for other ore-stage com-
ponents such as uranium and selenium. An intrinsic source
within the host rocks seems to be a reasonable assumption for
pyrite, but an extrinsic source may provide a better explan-
ation for some of the other ore-stage minerals. The genesis of
ore components other than pyrite and related sulfide minerals,
however, is not within the scope of this paper.

If the pyrite redistribution process was heterogeneous, vary-
ing widely in type or efficiency of reactions from place to
place, we might expect to see enormous concentrations of
pyrite at some places, contrasted with virtually no anomalous
concentration elsewhere. Some controlling mechanism must
have operated during redistribution of the pyrite to permit a
severalfold concentration but prevent the accumulations from
building up ‘until the pore spaces were blocked. The occur-

‘rence of generally low-grade accumulations of pyrite along the

roll front indicates that only a part of the pyrite removed from
the oxidized tongue has been redeposited.

" MATURITY AND THE STEADY-STATE CONCEPT

The assumption is, then, that the ore-stage pyrite in the
envelope was derived either solely or largely by a redistribu-
tion process, while the grade remained fairly constant and
seemingly showed no correlation to the size of the oxidized
zone; it seems probable that the deposits of ore-stage pyrite
first built up to a somewhat uniform size and grade and then
continued to move in advance of the oxidized tongue without
undergoing significant changes. This implies that throughout
most of'its active history the advance of the oxidized tongue
continually destroyed and lost an amount of pyrite equal to
the diagenetic pyrite but figuratively pushed a “bow wave” of
redistributed pyrite ahead of it. The distance over which pyrite
is anomalously concentrated can be thought of as a cycle.
Accordingly, a fundamental concept of roll-type ore formation
was proposed by Warren (1971): when the pyrite being
oxidized and lost to redeposition in each cycle is equal to the
pyrite already present in the rock, the amount of sulfide sulfur
in the deposit neither increases nor decreases, but remains
constant, cycle after cycle and over extended distances and
periods of time. When a deposit first begins to accumulate, the
pyrite lost in each cycle must be less than the pyrite originally
present in the rock. Although the proportion of pyrite
destroyed and lost in each cycle may not change, larger and
larger actual quantities of pyrite are lost as the deposit grows
in size. When the lost pyrite equals the original pyrite, the
deposit may be said to be mature and will maintain this steady
state no matter how far it moves. If the efficiency of transfer
and redeposition of pyrite remains constant, maturity is
inevitable. It is this principle that we will examine further.
Speculation on the mechanism(s) of pyrite redistribution must
then be compatible with these findings.

We continue to discuss the deposits as if pyrite being
oxidized at the roll front were the only source of components
for the reconstituted pyrite. The steady-state concept can
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apply, however, even if the oxidizing solutions should intro-
duce components which can recombine as pyrite. When ma-
turity is reached, in this situation, the total loss of components
from oxidized rock must include an amount equal to both the
preore pyrite and the introduced material.

Figure 2 illustrates what happens when pyrite is oxidized at
the redox interface and some fraction of it is repeatedly
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Figure 2.—Graph depicting initial growth stages of ore-stage
pyrite in a roll-type deposit. Refer to text for explanation.

transported and redeposited in the ore zone. It depicts the
carly stages of a process that is 50-percent efficient; that is, as
the pyrite is oxidized over a distance Ad, half of it is
redeposited and half is lost. Losses can occur either if some
components of pyrite become oxidized and lag behind in the
oxidized zone or if they become soluble and are swept out of
the system. Presumably, the rate at which pyrite is redeposited
1s a function of the concentrations, in solution, of the active

components of pyrite. These concentrations should be greatest

just beyond the redox interface and continually diminish as
deposition proceeds. Hence, at the inception of a roll, the first
pyrite oxidized can be represented graphically (fig. 2) by the
rectangle whose area is CAd; almost simultaneously, the first
pyrite-redeposited becomes the flat-lying triangle with vertical
leg, €. The next tiny advance of the redox interface causes
the oxidation of the preore pyrite in CAd,, and also a little of
the ore-stage pyrite deposited during the previous step. The
pyrite redeposited as a result of the d, advance of the redox
interface can be represented by the quadrilateral with one side
equal to C,, and which directly overlies the triangular area
representing pyrite deposited in the previous step.

At each step the amount of ore-stage pyrite oxidized
increases slightly, and the amount of pyrite redeposited
increases correspondingly. Concurrently, the pyrite lost during
each step increases, and eventually (fig. 34) the amount of
pyrite lost is virtually equal to the preore pyrite being
oxidized. The deposit can then be said to have attained
maturity. Subsequently, as the redox interface continues
further, the amount of ore-stage pyrite oxidized equals the
amount of ore-stage pyrite being redeposited. The mature
deposit can be said to move according to a steady-state
process. As ore-stage pyrite is removed from one part of the
deposit, it is continually replenished by deposition in other
parts of the deposit. We are, of course, speaking of equivalent
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Figure 3.—Graphs depicting ore-stage pyrite cycle in a mature roll-type
deposit. Arbitrary efficiency of redeposition is 50 percent. Area a,
preore pyrite oxidized but not redeposited; area b, ore-stage pyrite
oxidized; area c, redeposited pyrite; area b =area c. A, Representation
that must follow from growth pattern depicted schematically by
figure 2. B, More probable idealized pattern at maturity where pyrite
redeposited is related to concentration of components remaining in
solution. Efficiency of the process is the ratio between total pyrite
redeposited and total pyrite-oxidized.

Efficiency = —S— | Substituting b for c,
a+b
= b , or
atb .

Maximum ore-stage pyrite
* Maximum total pyrite

amounts of oxidized pyrite-and transported pyrite, it being
immaterial to the process whether a molecule deposited as
ore-stage pyrite was previously derived from ore-stage pyrite or
preore pyrite.

Efficiency—the ratio of pyrite continually being redeposited
to the pyrite dissolved—is a function of the processes involved.
If the process is 50-percent efficient, as shown in figures 2 and
3, the maximum (preore plus ore-stage) pyrite content at
maturity is double the preore pyrite concentration. If two-
thirds of the oxidized pyrite is reprecipitated, a maximum
pyrite content three times the preore pyrite content is main-
tained. If the efficiency is 75 percent, the pyrite buildup is
fourfold, and so on. This can be represented by the formula:

B = PJA-1),
where

P is the preore pyrite content,
f, or efficiency, is the fraction of pyrite redeposited relative
to that dissolved in each cycle, and

B, is the total pyrite concentration at the redox interface.
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The formula merely says that, after maturity is achieved and
as the pyrite is continuously dissolved at the redox interface,
some fraction of that pyrite will be continuously and commen-
surately redeposited in advance of the interface. That fraction
is f and the amount redeposited is fF,. The pattern of
redistribution of the ore-stage pyrite is immaterial. Derivation
of the same formula from a variety of hypothetical patterns of
pyrite distribution can be proved mathematically; the principle
is shown graphically in figure 2. If the efficiency of the process
of dissolution and redeposition remains constant and if the
amount of pyrite being dissolved minus the pyrite being
redeposited is equal to the preore pyrite, the requirements for
a steady-state system are satisfied.

A simplified graphic presentation like figure 2 does not
accurately represent the natural situation. For example, figure
2 suggests that the rate of redeposition decreases with distance
from the oxidation front. Figure 2 is probably a reasonably
valid representation, because the amount of pyrite redeposited
is expected to be proportional to the concentration of com-
ponents remaining in solution. Continued increments as shown
in figure 2 ultimately result in a state of maturity that can be
represented as in figure 34. This straight-line graphic approach
necessitates that the rate of redeposition at maturity (fig. 34),
however, remain constant from the redox interface nearly to
the tail of the deposit. Such constant rate throughout the
deposit, though chemically possible, is obviously improbable,
because it implies some significant change in the type, or
order, of geochemical reaction between inception (fig. 2) and
maturity (fig. 34). Neither does the distribution indicated-in
figure 34 faithfully mimic the pattern of pyrite concentrations
actually observed in the deposits. In natural occurrences, the
graphed shape of the pyrite concentrations plotted across
roll-type deposits is invariably uneven, but such a curve, when
smoothed, tends to look much like figure 3B. This configur-
ation suggests an exponential or inversely proportional
decrease in deposition across the deposits. Nearly all chemical
precipitations occur by either first-order or second-order pro-
cesses and would be expected to produce just such a distribu-
-tion from*a dynamic system as proposed for roll-type ore
genesis.

If we imagine each ore-stage sulfur increment as having a
curved upper surface in figure 2, the generation of figure 3B at
maturity is easily visualized. We chose, as first approximations,
the representations shown in figures 2 and 34 because they
can-be more readily manipulated geometrically.

The approach to maturity is asymptotic, but for all practical
purposes maturity is reached when the redox interface has
traveled a relatively short distance. If the process involved has
an efficiency of 50 percent, virtual (say, 95 percent) maturity
is reached in a distance of three cycles; if it has an 80-percent
efficiency, maturity is approximately completed only after the
front travels nearly eight cycles. This is illustrated in figure 4,

which shows curves generated by the maximum ore-stage '

pyrite contents during growth to maturity; each curve repre-
sents a different efficiency. The greater the efficiency, the
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Figure 4.—Growth curves for maximum pyrite content at various
efficiencies of redeposition of ore-stage pyrite.

longer the time required for the process to attain maturity.

The natural distribution of preore pyrite is never perfectly
uniform (fig. 5). Redistribution during the roll-forming process
tends to compensate for. these variations, however. Any given
concentration of pyrite inta deposit must be maintained by a
complementary amount of preore pyrite; the effects of local,
unusually high or. unusually low concentrations of preore
pyrite are lost within a few cycles as the redox interface
advances, and the amount of ore-stage pyrite is governed by
the average preore pyrite content. Highly efficient processes
take longer than less efficient processes do to adjust com-
pletely to a local fluctuation in the preore pyrite content
(fig. 4). On the other hand, the highly efficient process results
in the more regular distribution of ore-stage pyrite because it
averages the effects of fluctuations in the preore pyrite
content over a longer distance. Broad-scale fluctuations in the
preore pyrite content, of course, result in correspondingly
broad-scale fluctuations in the amount and distributions of
ore-stage pyrite.
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Figure 5.—Typical pyrite distribution in a roll-type deposit showing
irregularities that can result from uneven distribution of preore pyrite.
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The maximum concentrations of pyrite in the rolls are
generally, but not always, just in advance of the redox
interface. Presumably, the pyrite content that might be expec-
table at a given place in a deposit can vary owing to previously
existing, greater-than-normal accumulations of preore pyrite or
to some unspecified factor which enhanced ore-stage pyrite
deposition at that point. Such expectable irregularities do not
constitute a valid objection to the steady-state concept.

Ideally, the efficiency of the redepositional process is a
parameter of the particular system involved. If, for example,
the system entails oxidation of pyrite sulfur to an active sulfur
species which then disproportionates (Granger and Warren,
1969) in such a way that exactly half the sulfur is reconverted
to a sulfide, the total pyrite at the redox interface in a mature
deposit should, ideally, be twice the preore pyrite content.
Other chemical processes of disproportionation could produce
equally distinctive earmarks of the exact process involved.
Whether or not such definite limitations can be placed on
natural systems by use of less precise field and analytical data
is not yet known.

If the concept of maturity and steady state is valid with
regard to the amount and distribution of total ore-stage sulfide
sulfur, then the concept should also be applicable to each
isotope of sulfur. The results of applying the concept should
be no more susceptible to local variations in isotopic composi-
tion of the preore pyrite than to the quantity of pyrite.
Patterns of isotope distribution should grow, mature, and then
continue as part of a steady-state process much as the total
sulfide content changes, but perhaps at a different initial rate
of growth. This idea, more thoroughly explored by Warren
(1972), is mentioned here because regularities of sulfur isotope
distribution known to occur in some roll-type deposits (King
and Austin, 1966; Austin, 1970) are compatible with a
steady-state process.

SUMMARY

In summary, the accumulation of ore-stage pyrite in a
roll-type deposit is largely, or entirely, a process of continuous
redistribution. The process starts by dissolution of pyrite that
is already present in the rock and reprecipitation of a part of it
in advance of the point of dissolution, or at redox interface.
The ratio of the amount reprecipitated to the amount dis-
solved can be called the efficiency of the reaction and is a
positive function of the maximum pyrite accumulations. The
reprecipitated pyrite steadily accumulates until the amount
lost in each cycle is equal to the amount initially present in the
rock. At this time the deposit has reached maturity and the
accumulated pyrite moves along in advance of the redox
interface as a continuous wave, neither significantly increasing
nor decreasing in size so long as the other parameters remain
unchanged. The principal reason that large, rich accumulations
of ore-stage pyrite are rarely, if ever, seen in these deposits
secems to be that only an extremely efficient process would
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permit more than a few-fold compounding of the original
preore pyrite content.
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AGE AND TECTONIC IMPLICATIONS OF SOME LOW-GRADE
METAMORPHIC ROCKS FROM THE YUCATAN CHANNEL

By J. G. VEDDER, N.S. MacLEOD, M. A. LANPHERE; and
W. P. DILLON, Menlo Park, Calif.; Woods Hole, Mass.

Abstract.—Phyllite and marble dredged from the lower part of the
continental slope between Cuba and the Yucatan Peninsula seem to
support the contention that a pre-early Tertiary metamorphic belt
extends from the western Greater Antilles into northern Central
America. The minimum K-Ar ages derived from the samples suggest
that the metamorphic event was pre-Late Cretaceous, and evaluation of
the K-Ar data implies that this metamorphic event is not older than
Late Jurassic, Greater antiquity, however, is inferred from structural
and stratigraphic relations in British Honduras, where the latest regional
metamorphic event was post-Early Permian and pre-Middle Jurassic.
Rifting and extension related to plate motions along the British
Honduras—Quintana Roo margin through Mesozoic and earliest Ceno-
zoic time presumably would preclude extensive regional meta-
morphism, permitting only limited development of schistose rocks
there during that interval. The timing of metamorphic events in western
Cuba is uncertain, but a pre-Middle Jurassic episode possibly is reflected
in the phyllite and marble terranes of Isla de Pifios and Sierra de
Trinidad. Local incipient metamorphism of Early and Middle Jurassic
strata in the Sierra de los Organos may have resulted from severe
tectonism that began in Late Cretaceous time and diminished in the
Eocene,

During the U.S. Geological Survey—International Decade of
Ocean Exploration (USGS-IDOE) Leg 2 study of the east
continental margin of the Yucatan Peninsula in June and July
1971, dredge samples were taken to determine the age and
composition of sea floor outcrops in the region where
geophysical data were being acquired (Vedder and others,
1971). Two dredge hauls (fig. 1), one 94 km southwest of
Cabo San Antonio, Cuba, the other 85 km southeast of Punta
Molas, Isla de Cozumel, Mexico, yielded abundant low-grade
metamorphic rocks from near the base of the continental
slope. These rocks are critical to the interpretation of the
structural evolution of the Yucatan Channel and the conti-
nental margin southwest of it. Unfortunately, precise strati-
graphic correlation and radiometric age of the dredged samples
cannot be resolved at present, and the relationship of these
rocks to similar metamorphic terranes in northern Central
America and Cuba is conjectural.

GEOLOGIC SETTING
Yucatan region

The Yucatan Peninsula is underlain by crystalline basement
rocks that are Paleozoic in age in central Guatemala and
southern British Honduras (Kesler, 1971), perhaps older in
adjacent areas. This basement is overlain by late Paleozoic
clastic sedimentary rocks that are partly metamorphosed and
by unmetamorphosed Mesozoic and Cenozoic rocks composed
mainly of carbonates. Several episodes of igneous intrusion
and tectonism have deformed these strata, and two folding
events, one Paleozoic and the other Mesozoic, have been
recognized throughout northern Central America (Dengo,
1969). In the northern part of the peninsula, pre-Middle-
Jurassic felsic metaporphyry was penetrated in Yucatan 1 well
beneath more than 3,000 m of Cretaceous and Tertiary
anhydrite and limestone and about 400 m of Jurassic red beds
(Bass and Zartman, 1969; Viniegra, 1971). Similar rocks were
drilled in Yucatan 2 well beneath a slightly thinner sedimen-
tary sequence. Andesite of probable pre-Cretaceous age under-
lies Turonian(?) and younger carbonates and evaporites in
wells near Mérida (Mina, 1966; Bryant and others, 1969).

In the Maya Mountains of British Honduras, the oldest
exposed sedimentary rocks are marine shale, sandstone, and
limestone of late Paleozoic age that are locally metamorphosed
(Dixon, 1956). These deformed clastic rocks are locally
interlayered with felsic volcanic porphyry and are cut by
granitic intrusive bodies that are assigned an age range of
Pennsylvanian to Triassic (Bateson and Hall, 1971; Hall and
Bateson, 1972; Bateson, 1972). The absence of latest Paleo-
zoic and early Mesozoic strata suggests that the region was
positive during that time interval.

Another cycle of sedimentation began throughout northern
Central America during Late Jurassic to Early Cretaceous time
with limited deposition of thin, discontinuous successions of
Jurassic red beds followed by thicker sequences of Cretaceous
shallow-water marine sediments, Widespread deposition of
shallow-water carbonates, evaporites, and clastic strata con-
tinued in broader, deeper basins in Late Cretaceous and early
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Figure 1.—Generalized map showing the distribution of low-grade metamorphic rocks, related sedimentary rocks, and drilled igneous rocks in
northern Central America and western Cuba. Modified from Dengo (1969) and Khudoley and Meyerhoff (1971).

Tertiary time, during which plutonic intrusions locally were
emplaced in the southeastern part of Guatemala (Williams and
McBirney, 1969; Clemons and Long, 1971). Relatively thin,
slightly deformed carbonate platform deposits constitute the
bulk of the Tertiary strata on the northeastern part of the
Yucatan Peninsula, where all the series except Oligocene are
represented in the stratigraphic succession (Flores, 1952).
Northeast-trending normal faults cut the Tertiary section in
northwestern British Honduras and Quintana Roo (Alvarez,
1954), and a similar set of faults along the continental margin
is postulated by Dengo and Bohnenberger (1969) and Dillon

and Vedder (1972). A possibly older set of faults, on which
there may have been recurrent movement, displaces the
Paleozoic and Mesozoic sequences of the Maya Mountains.
These faults trend eastward in the western part of the
mountains, but some curve northeast as they approach the
coast (Dixon, 1956). A major east-trending zone of faults
(Motagua-Polochic system) in central Guatemala apparently
extends eastward into the Cayman Ridge and Trough. This
fault zone seems to separate widespread phyllite and schist of
the greenschist facies on the south from mildly meta-
morphosed and unmetamorphosed strata in the Maya Moun-
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tains (Dengo, 1969). The belt of rocks between the bounding
faults of the zone consists in large part of pre-Pennsylvanian
schist and gneiss (Kesler, 1971) and contains elongate bodies
of serpentinite that probably were intruded in Late Cretaceous
time,

Western Cuba

The age of the so-called basement complex of western Cuba
is unknown. Metamorphosed sedimentary rocks exposed on
Isla de Pinos are unconformably overlain by marine pyro-
clastics of Albian to Cenomanian age (Kuman and Gavilan,
1965); somewhat similar pre-Upper Cretaceous metamorphic
rocks underlie much of the Sierra de Trinidad (Hill, 1959).
Hatten (1967) believes that both sequences are Paleozoic, but
Khudoley (1967) and Kuman and Gavilan (1965) correlate
them with the Jurassic San Cayetano Formation and Vinales
Limestone of the Sierra de los Organos. The San Cayetano is
composed of a thick, repetitious succession of beds of marine
and nonmarine quartzose sandstone, siltstone, and shale that
are locally mildly metamorphosed and that contain a Batho-
nian and Callovian marine fauna in the upper part (Hatten,
1967; Meyerhoff and others, 1969; Hatten and Meyerhoff,
1970). Volcanic detritus is absent. The formation is intruded
by serpentinite, primarily along faults; and it may be partly
equivalent in age to the evaporite deposits in the Punta Alegre
Formation on the Cuban north coast (Meyerhoff and Hatten,
1968). The San Cayetano is overlain by a Late Jurassic clastic
and carbonate sequence, which in turn is overlain by a
succession of pelagic carbonate units of Cretaceous age
(Khudoley and Meyerhoff, 1971).

From Albian through Turonian time, gentle folding inter-
rupted normal deposition, volcanic activity ceased in the
west-central part of the island, and dioritic rocks probably
began to be emplaced in central and eastern Cuba near the end
of this time interval. At the end of Cretaceous time, orogenic
activity intensified and during the earliest Tertiary culminated
with the formation of nappe structures and the intrusion of
granitic plutons (Meyerhoff and others, 1969; Meyerhoff in
Khudoley and Meyerhoff, 1971). By the end of Eocene time,
large-scale faulting and folding had diminished in western
Cuba; younger Tertiary rocks are only slightly deformed.

Continental margin east of Yucatan Peninsula

Little is known about the geology of the sea floor in the
segment of continental margin that extends southwestward
from Cabo San Antonio, Cuba, into the Gulf of Honduras.
Subbottom reflection profiles show that narrow, sediment-
damming ridges extend southward from the Yucatan Channel
to British Honduras to form a pattern of linear structures that
are alined approximately parallel to the edge of the continent
(Baie, 1970; Vedder and others, 1971; Dillon and Vedder,
1972). Parts of two subbottom acoustic profiles (fig. 2)
illustrate one of these well-defined ridges of acoustic base-
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ment. Large northeast-trending faults are assumed to bound
individual blocks but are not discernible on -the original
profiles. The slightly deformed reflectors in the basins that lie
shoreward of the ridge are inferred to be in a carbonate-
dominated sedimentary sequence that includes strata of both
Cretaceous and Tertiary age similar to that in basins offshore
from British Honduras (Dillon and Vedder, 1972). The age
range of the thin wedges of sediment that flank the seaward
side of the ridge in both profiles is not certain, but
foraminifers dredged from this slope indicate that some of it is
mid-Tertiary. Quaternary deposits, chiefly pelagic, presumably
mantle most of the older rocks.

DREDGED METAMORPHIC ROCKS
Station 1

Numerous angular pieces of rock, primarily phyllite and
marble, were dredged at station 1 (lat 21°13.2" N.; long
83°31.0' W.). They average about 5 ecm in maximum dimen-
sion; the largest fragment is about 25 cm long. Many have
fresh surfaces as though broken from outcrops, although some
are weathered and partly manganese coated. The haul was
made up the steep part of the slope (fig. 2, profile 4) in a
depth range of 2,715-2,490 m. A large amount of Pleisto-
cene(?) and Holocene pteropod-globigerine ooze in the
dredged sample may be from the thin wedge of bedded
sediment over the acoustic basement on the slope about 2—3
km south of the dredge site shown on profile 4 (fig. 2). The
steep slopes and peaks of acoustic basement are assumed to be
underlain chiefly by metamorphic rocks similar to those
recovered in the haul, although intrusive igneous rocks and
serpentinite bodies probably are present in adjacent areas.

The largest pieces of rock from station 1 are angular
fragments of marble that typically are streaked with irregular
dark and light bands. The dark bands consist of laminated
dark-gray fine-grained impure limestone that are as much as 1
cm thick; the laminae are parallel in some fragments but are
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