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GEOLOGICAL SURVEY RESEARCH 1972

STRUCTURAL FEATURES OF THE CONTINENTAL MARGIN,
NORTHEASTERN GULF OF MEXICO

By RAY G. MARTIN, JR., Corpus Christi, Tex.

Abstract.—Seismic reflection profiles were recorded along five tra-
verses across the continental slope of the northeastern Gulf of Mexico
during joint U.S. Geological Survey—U.S. Naval Oceanographic Office
investigations in spring 1969. On the basis of these profiles, the
sedimentary character and structural framework of the northeastern
Gulf are described, and the surfaces of Lower and Upper Cretaceous
units are delineated. A structure map contoured on the uppermost
Cretaceous unit discloses a westward extension of the Apalachicola
embayment beneath the continental shelf and slope and suggests a
genetic relationship between the embayment and the Gulf Coast
geosyncline. The embayment merges on the north into the structural
gradient of the Coastal Plain and is bounded on the south by the Middle
Ground arch. The structural framework of this part of the continental
margin is postulated to have developed in response to tectonic
movements involving the elevation of the Peninsular arch and subsi-
dence of the Gulf Coast geosyncline.

The continental margin of the Gulf of Mexico can be divided
into two distinct provinces: (1) the thick terrigenous embank-
ments that border the northern and western Gulf from De
Soto canyon into the Bay of Campeche, and (2) the massive
carbonate platforms of Florida and Yucatan. The northeastern
corner of the Gulf, where these two provinces join, is an area
of transition, both structurally and sedimentologically. Similar
transitional complexities are believed to occur in the Bay of
Campeche where a sedimentary embankment adjoins the
Yucatan platform. This report describes the structural frame-
work of the transitional area in the northeastern Gulf as
deduced from seismic reflection profiles.

PREVIOUS INVESTIGATIONS

The rather unusual physiographic characteristics of the
northeastern Gulf of Mexico—for example, the precipitous
western slope of the Florida platform, the incised De Soto
canyon, and the abrupt change from Florida’s north-south
trend to the east-west strike of the northern Gulf coast—have
attracted numerous geologic investigations. Jordan (1951)
presented the first detailed bathymetric chart of this area; the
map (fig. 1) used in this report is largely based on his work.
Seismic refraction studies in the De Soto canyon area and in

the bight of Florida by Antoine and Harding (1963, 1965)

delineated pre-Cretaceous and Upper Cretaceous surfaces and
suggested the existence of a lateral facies change from clastic
to carbonate materials, a change equivalent to that known in
the subsurface of northern Florida. Antoine, Bryant, and
Jones (1967) reported that seismic reflection profiles and a
core sample indicate that the Florida escarpment is underlain
by a Lower Cretaceous limestone reef. Subsequent reflection
profiling (Antoine and Jones, 1967; Uchupi and Emery, 1968;
Pyle and others, 1968) has shown the reef to be best
developed in the area of the present investigation but
discontinuous and less well defined south of lat 27° N. A
Lower Cretaceous reef fronting the Florida escarpment sug-
gests a connection with known reef trends of equivalent age in
the subsurface of Louisiana and Texas (Antoine and others,
1967; Meyerhoff, 1967; Uchupi and Emery, 1968; Bryant and
others, 1969).

PRESENT STUDY

In spring 1969, the U.S. Geological Survey, in a joint
program with the U.S. Naval Oceanographic Office aboard the
USNS Elisha Kane, made five seismic reflection traverses
across the continental slope south of Pensacola, Fla., to
approximately lat 28° N. (fig. 1). The resulting data provide a
more detailed look at the structural relationships of this region
than has heretofore been available.

The survey utilized a Teledyne Seismic Section Profiler
(SSP)! programed to discharge 160,000 joules of electrical
energy at 6-second intervals through four sets of electrodes
towed approximately 75 m behind the ship at an average speed
of 9 knots. Acoustic returns were detected through a
hydrostreamer 66 m long, consisting of 100 Geospace MP-7
crystal hydrophones and two preamplifiers towed approxi-
mately 180 m behind the ship at a depth of 6 m. The acoustic
signals were recorded on a modified Raytheon PFR-196B
dry-paper recorder after being amplified and filtered to pass
only those frequencies between 17 and 47 hertz.

The ship’s position was determined by a satellite navigation

1Use of brand names in this report does not necessarily indicate
endorsement by the U.S. Geological Survey.
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Figure 1.—Bottom-contour chart of the northeastern Gulf of Mexico, showing seismic reflection traverses made
by the USNS Kane and locations of profiles presented in this report. Base map adapted from Jordan (1951),
Uchupi (1967), and U.S. Naval Chart BC 0905.
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Figure 3.—Profile C—D, showing the partly buried Florida escarpment at the De Soto valley. See figure 1 for
location. A, top of Lower Cretaceous (reflector A); B, top of Upper Cretaceous (reflector B).

system (Magnavox, Mx/702/HP) for all tracks used in this
report, with the exception of line B-5 where fixes were made
utilizing Loran-A and Omega systems.

SEISMIC REFLECTION PROFILES

The structural and stratigraphic characteristics which dis-
tinguish the Florida platform from the great terrigenous
embankment of the northern Gulf margin are strikingly shown
on continuous seismic reflection profiles. The platform ap-
pears in these profiles as a uniform sequence of parallel

Figure 2.—Profile A—B, illustrating characteristic features of the Florida
platform and escarpment in the northeastern Gulf of Mexico. See
figure 1 for location, A, postulated top of Lower Cretaceous
(reflector A); B, approximate top of Upper Cretaceous (reflector B);
C, postulated Lower Cretaceous reef. Lenticular zone of disorganized
reflectors, D, may represent post-Cretaceous reef development. Note
well-defined scarp-face reflector, E, passing beneath sediments of the
Mississippi cone.

reflections, two of which are picked as the probable tops of
Lower and Upper Cretaceous formations. These reflectors can
be traced over an area of 21,000 sq km. The thick sequence of
consolidated and unconsolidated sediments composing the
terrigenous embankment to the north and west, however,
presents a less orderly sequence of subbottom reflectors, and,
except for reflectors in the upper few meters, none can be
traced over great distances.

Profile A—B (fig. 2) crosses the upper slope and escarpment
southwest of Panama City, Fla., where the character and
position of reflectors A and B correlate with horizons
representing the tops of the Lower and Upper Cretaceous
formations (Antoine and others, 1967; Bryant and others,
1969). The Lower Cretaceous reef appears on the profile as a
zone of hyperbolic reflectors centered below the ship’s
position near 1040 hours. The stratigraphic interval between A
and B pinches out over the crest of the reef, suggesting that it
ceased to be an effective barrier to the open sea after Early
Cretaceous time.
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The zone of disorganized reflectors which overlies reflector
B can be traced landward approximately 15 km into more
coherent bedding. This zone has been described elsewhere as a
possible reef and reef talus complex of Maestrichtian to early
Eocene age, equivalent to the Cedar Keys Limestone (mainly
Paleocene) of west-central and southern Florida (Bryant and
others, 1969). Its presence on each scarp-crossing north of
about lat 27°45' N. indicates that it is a characteristic feature
of the lowermost Tertiary deposits along the outer edge of the
Cretaceous platform. Two cycles of deposition separated by a
conspicuous unconformity are recognized above this zone.

Seaward of the escarpment, the scarp-face reflector zone
dips steeply, at first, then more gently basinward beneath the
thick cover of abyssal sediments, The hummocky and discon-
tinuous nature of this reflector zone is suggestive of sea-floor
roughness due to talus deposits.

Profile C—D (fig. 3) crosses the escarpment in the De Soto
canyon near the area where the terrigenous embankment joins
and advances over the Florida platform. In this area, the
canyon is formed between the steep carbonate escarpment and
the gentler slope of prograding clastic deposits of the
Mississippi and adjacent river systems. The records suggest that
the uppermost sequence of the clastic embankment has been
thinned by nondeposition; no indications of canyon cutting on
the lower slope are disclosed. Thus, the lower slope part of De
Soto canyon is constructional and has originated through
depositional processes. However, a narrow S-shaped channel
described by Harbison (1968) from the upper continental
slope does appear to be erosional. The term “canyon” should
be restricted to the erosional channel of Harbison; the writer
prefers to call the conspicuous physiographic feature on the
lower slope between the platform and the embankment the De
Soto valley.

As in profile A—B, profile C—D shows Lower Cretaceous
beds lapping against the reef structure and the Upper
Cretaceous sequence thinning basinward over it. Cenozoic
units deposited on the Cretaceous platform correlate with
those in profile A—B. Lower and perhaps middle Tertiary beds
on the platform were warped, displaced by minor down-to-
the-north faults, and truncated during the last major erosional
period to affect this part of the slope. Presumably this
erosional episode was contemporaneous with the cutting of De
Soto canyon.

The acoustic character of the embankment of terrigenous
sediment to the west differs sharply from that of the
carbonate bank. The profiles indicate that the terrigenous
deposits include a thin upper unit of well-stratified material,
marked by some erosional channels and minor slump struc-
tures, and a thick lower sequence characterized by disorga-
nized reflectors and less well defined horizons. The thickness
of the upper unit shown on figure 3 decreases from about
0630 hours to the face of the escarpment. This thinning may
be due to either nondeposition or slight erosion which, in
either case, could have resulted from currents flowing down
the De Soto valley.

MARINE GEOLOGY

The doming of beds shown on figure 3 at a depth of 4.5
seconds near 0615 hours is probably the result of differential
compaction over the reef-talus buildup which is commonly
present at the base of the escarpment.

Profile E-F (fig. 4) traverses the upper continental slope
from the Mississippi-Alabama shelf eastward to the vicinity of
the De Soto canyon. The position of reflector B on this profile
and on traverse D-24 (fig. 1) correlates with the top of the
Upper Cretaceous, as defined on the basis of seismic refraction
studies by Antoine and Harding (1963). The lowermost zone
of conspicuous reflectors is correlated with the top of the
Lower Cretaceous (reflector A), principally on the basis of the
acoustical character of this zone and its position relative to the
overlying reflector B. This horizon is discernible on each of the
traverses in the northeastern Gulf, with two noteworthy
exceptions: westward of 2215 hours on profile E—F (fig. 4)
and on the nearby traverse D-23 (fig. 1). On both, the reflector
shows a marked change in slope and appears to trace the outer
edge of the buried Florida platform.

Either because the reef is absent or discontinuous north of
De Soto valley or because the seismic system was unable to
detect it, the hyperbolic reflectors which normally charac-
terize the Lower Cretaceous reef are absent in this area. There
is an indication that the Upper Cretaceous surface has been
eroded, as shown on figure 4, particularly at 1930 and 2000
hours where channel cutting is evidenced.

Localized discontinuities within the Cenozoic sequence
along profile E—F suggest a complex depositional history for
the Florida platform after Cretaceous time. Initial upbuilding
above the Cretaceous surface by sediment derived from the
east probably lasted through the middle Tertiary and was
succeeded by the onlap of the southeasterly prograding
terrigenous embankment. The zone of jumbled reflectors
shown overlying reflector B on figure 4 near 1630 hours may
represent a reef complex related to those noted on profiles
A—B and C-D. Erosional and slump features appear to be
present within the terrigenous embankment in the area shown
on figure 4 between 2000 and 2130 hours; these features
account for the marked change in the wavy and discontinuous
bedding characteristics of the Cenozoic sequence along this part
of the traverse. The latest major cycle of deposition is shown on
figure 4 as the uppermost 0.15 seconds of the record, in which
the reflectors generally lie concordant to the sea floor.

Late Cenozoic sea-floor erosion is indicated on figure 4 by
channels between 1930 and 2200 hours and by the broader (2.5
km) and more deeply incised (about 150 m) De Soto canyon
at 1730 hours. This canyon was probably cut during a time of
lower sea level; its S-shaped course has been attributed by
Harbison (1968) to a combination of erosion, deposition, and
the influence of buried domes such as the one shown at 1830
hours. This dome may be a salt diapir. Diapirs are reportedly
numerous in the vicinity of the canyon and may represent the
easternmost limit of salt domes along the northern Gulf
margin (Antoine and Gilmore, 1970; Harbison, 1967, 1968;
Antoine and others, 1967).
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Figure 4.—Profile E—F, showing the thinly capped Florida platform surface dipping westward (to the left)
beneath the terrigenous Mississippi embankment. See figure 1 for location. A, postulated top of Lower
Cretaceous (reflector A); B, approximate top of Upper Cretaceous (reflector B). De Soto canyon, C, has been
cut deeply into upper-slope sediments. Note the effects of a nearby piercement dome, D, and possible
post-Cretaceous reef development, E. Buried edge of Florida platform postulated at F.
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STRUCTURE OF THE SURFACE OF THE CRETACEOUS

Structure contours on the uppermost Cretaceous shown on
figure 5 are based on data reported here and from published
sources. Depths to reflector B were obtained from the profiles
by correcting for variations in sound velocities by use of data
from Antoine and Harding (1963). Structural features of
regional significance are shown on the inset.

Contours on the uppermost Cretaceous surface reveal the
gulfward extension of the Apalachicola embayment, the
principal negative structural element of the northeastern Gulf
margin. The embayment merges on the north into the
structural gradient of the Coastal Plain and is bounded on the
south by the Middle Ground arch. The contours reveal that the
embayment broadens and deepens westward beneath the
Mississippi-Alabama shelf and slope, suggesting a genetic
relationship to the Gulf Coast geosyncline.

A pronounced domal uplift south of the Florida Panhandle
has divided the Apalachicola embayment (fig. 5) into two
troughs. One parallels the northern coastline from Cape San
Blas to the vicinity of Mobile Bay; the other generally
coincides with the trend of the De Soto valley. The channel-
like configuration of the southern trough is perhaps due in

MARINE GEOLOGY

part to post-Cretaceous erosion, as noted in figure 4. Seismic
reflection profiles that cross the western and southern flanks
of the uplift show a pronounced increase in the rates of dip of
lower Tertiary and older beds, indicating that the uplift of the
dome continued from late Mesozoic into early Tertiary time.

Although the existence of this dome is well documented,
explanations of its origin are inconclusive. Because of a nearby
magnetic anomaly of +500 gammas reported by Gough
(1967), Antoine, Bryant, and Jones (1967) related the feature
to deep-seated igneous activity. King (1959) suggested that
similar anomalies along the Apalachicola River in northern
Florida may have resulted from post-Paleozoic diabase intru-
sions. The possible occurrence of Louann Salt beneath the
Florida Panhandle and the Florida platform (Winston, 1969;
Marsh, 1967) and the demonstrated presence of numerous
shallow piercement domes in the terrigenous embankment
between the Mississippi River Delta and De Soto canyon
(Harbison, 1968; Antoine and Gilmore, 1970; Uchupi and
Emery, 1968), however, make appealing the hypothesis that
the uplifted area has been produced by the growth of a
nonpiercement salt swell (Antoine, 1965).

The structure contours disclose that the two troughlike areas
are separated by a low ridge extending northwest from the
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B along seismic profile tracks (dotted line) and top of
3.2 km/sec layer at refraction stations (Antoine and
Harding, 1963, 1965); onshore primarily from Applin
and Applin (1967), also from drill hole information of
Maher and Applin (1968) and Antoine and Harding
(1963); dashed contours offshore drawn to form lines
on older surfaces shown by Winston (1969). Contour
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Figure 5.—Structure contour map on the top of the Cretaceous surface in the northeastern Gulf of Mexico and northern Florida. Major
structural axes of the eastern Gulf of Mexico shown on inset map.
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Middle Ground arch. This barrier probably promoted infilling
in the northern trough while limiting or altogether preventing
terrigenous sedimentation in the southern trough. The
southern flank of this ridge is possibly the east-west-trending
“erosional slope” or shoreline which, according to Harbison
(1968), strongly influenced the trend of the northernmost part
of the erosional De Soto canyon.

The Middle Ground arch, principally a subsurface structure,
is an irregular ridge that extends southwest from the crest of
the Peninsular arch and separates the Apalachicola embayment
from the South Florida basin. The structural relief of the
uplift increases downward into older strata, suggesting con-
tinued uplift contemporaneous with deposition. The arch was
firmly established in its present location and form by middle
Early Cretaceous time and provided a favorable setting for the
development of the reef (fig. 2), as indicated by the smooth
bulge of the escarpment (fig. 1) outlining the western terminus
of the arch. The irregular outline of the arch and apparent
centers of local uplift along its axis are perhaps due to
stratigraphic thickening in Upper Cretaceous carbonate units
such as the one that produced an axial shift of the Peninsular
arch in northern Florida (Applin and Applin, 1967).

The development of the Middle Ground arch is probably
associated with the tectonic movements that caused the
elevation of the Peninsular arch and the subsidence of the
adjacent Apalachicola embayment and South Florida basin
during Mesozoic and Tertiary time. However, it is suspected
that the arch is more a product of differential subsidence of
the Florida platform than of active upwarping. The trend of
the arch may have been determined along preexisting “Appa-
lachian” tectonic trends discussed by King (1959) and Gough

(1967).

CONCLUDING REMARKS

The structural framework of the continental margin of the
northeastern Gulf of Mexico probably began to evolve during
late Paleozoic and early Mesozoic time as a result of moderate
tectonic warpings of a Paleozoic foreland. The principal
elements of this framework are the Apalachicola embayment
and the Middle Ground arch.

Evidence presented in this report and in earlier studies
suggests that differential subsidence of the eastern Gulf of
Mexico in Mesozoic and Cenozoic time produced the Middle
Ground arch. The position of this low positive area was
possibly localized along older tectonic trends and was firmly
established by middle Early Cretaceous time, as indicated by
the development of the reef about its western terminus. The
actively subsiding Apalachicola embayment between the arch
and the Coastal Plain has been filled largely with terrigenous
detritus since the Jurassic; Winston (1969) estimated that
more than 20,000 feet (6.1 km) of sediments has accumulated
there. In contrast, refraction studies and stratigraphic evidence
indicate that carbonate deposition prevailed on the Middle
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Ground arch and in the South Florida basin during the
Mesozoic and Cenozoic Eras. The transition between clastic
and carbonate regimes on the Florida platform is believed to
have occurred over a broad zone along the northern flank of
the arch. The structural high provided by the Middle Ground
and Peninsular arches, therefore, is postulated to have provided
a barrier to clastic sedimentation into the South Florida basin
in a manner comparable to that provided by the Suwannee
saddle (Applin and Applin, 1967) in southern Georgia and
northern Florida. Thus, the tectonic behavior of the Middle
Ground arch and Apalachicola embayment has not only
directed the course of the geological evolution of this corner
of the Gulf of Mexico, but also has exercised significant
control over the sedimentary development of the western part
of the Florida platform.

Absence of the acoustic signature of the Lower Cretaceous
barrier reef beneath the terrigenous flank of the De Soto valley
presents a challenge to earlier postulations of reef continuity
between the Florida escarpment and the subsurface of
Louisiana and east Texas. Evidence of predominantly clastic
sedimentation in the Apalachicola embayment during this
period (Winston, 1969) may mean that the reef terminates in
the vicinity of the De Soto valley.

Significant modifications to the structure of the Apalachi-
cola embayment have been imposed by the growth of diapirs
whose cores have been postulated to be Louann Salt. It is
estimated that more than 2 km of clastic sediments were
deposited in the embayment during Cretaceous time, certainly
enough overburden to produce mobility within an underlying
salt bed. The seismic profiles taken in the northeastern Gulf
indicate that the prominent dome, postulated to be a salt
swell, began to be uplifted sometime during the Late Cre-
taceous. Diapirism in the vicinity of the De Soto canyon
probably also was initiated at this time but was not to
manifest itself until later in Tertiary time. Evidence from this
study and from Harbison (1968) suggests that diapirism greatly
controlled the depositional pattern of Tertiary sequences in
the northeastern Gulf and was primarily responsible for
localizing the course of the De Soto canyon.

The present morphology of the northeastern Gulf margin
was shaped during late Tertiary time when the center of
maximum deposition shifted along the northern Gulf to the
vicinity of the present Mississippi River Delta. The shift of
depocenter resulted in a rapid increase in the rate of seaward
progradation of the terrigenous embankment in the area
basinward of the delta front. As shown in profiles A—B and
C-D (figs. 2 and 3), the voluminous detritus brought to the
northeast Gulf by the Mississippi and adjacent drainage
systems was spread over the older sediments in the Apalachi-
cola embayment and on the northern flank of the Middle
Ground arch as a thick terrigenous mantle. Downslope, the
embankment abutted the Florida escarpment and formed the
pronounced valley, into which were later channeled the
currents that cut the S-shaped course of the De Soto canyon
on the upper slope.
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MARINE GEOLOGY OF YAKUTAT BAY, ALASKA

By F. F. WRIGHT!, College, Alaska

Abstract.—Yakutat Bay is a broad, locally shallow coastal embayment
exposed by the recession of a piedmont glacier. The morphology and
sediments of the bay reflect the complex interaction of glacial, climatic,
and marine agents. The bathymetry is dominated by an irregular series
of relatively recent moraines left by deglaciation. These moraines are
presently being winnowed by tide- and wave-generated currents. Fine
sediment, especially mud, is accumulating in the deeper, more sheltered
parts of the system. Sand occurs only on modern beaches and in the
immediate nearshore zone; gravel occurs on morainal ridges. Values of
potential placer accumulations of heavy minerals are low, particularly
in the head of the bay.

The University of Alaska and the U.S. Geological Survey
have jointly conducted reconnaissance geologic surveys for
deposits of heavy minerals in the surficial sediments on parts
of the Gulf of Alaska Continental Shelf. This report describes
the sediment in the broad, locally shallow embayment of
Yakutat Bay near the distal end of the Malaspina Glacier on
the Alaskan coast (fig. 1). Other reports discuss similar areas
both on the nearby Continental Shelf and in the Nuka Bay
area (Reimnitz and others, 1970; Valencia and Wright, 1968;
Wright and others, 1968; Wright, 1970).
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14-08-001-10885 and was directed by E. H. Lathram and R. E.
von Huene, U.S. Geological Survey. The encouragement and
critical review of D. M. Hopkins, also of the Geological Survey,
are gratefully acknowledged.

METHODS OF INVESTIGATION

Sediment samples, bathymetric records, and seismic profiles
were obtained using the University of Alaska’s Research Vessel

! University of Alaska, Institute of Marine Science.

Acona. Sediment samples were taken primarily with a Shipek
grab to a depth of 10 to 12 cm (4 to 5 inches) in the sea floor;
three gravel samples were collected with a small dredge; and
four beach samples were taken from the surface at midtide
level. Depth records were made with a precision depth
recorder (PDR), and acoustic profiles were obtained with a
sparker system provided by the Geological Survey. The spark
arrays were operated at an approximate energy level of 5
kilojoules; the filters were adjusted to accept acoustic returns
in the range 20—200 hertz. Radar was the primary navigational
tool, but sextant angles and occasional loran fixes were also
used during the survey. Precision of location is estimated to
average 0.6 km (0.3 nautical mile).

The sediment samples were processed for size distribution
and general mineralogic composition at the University of
Alaska. Samples that contained a significant sand and gravel
fraction were processed by size. Specific-gravity and magnetic-
separation techniques were used for heavy-mineral content,
and atomic-absorption procedures were used for specific
elements. A sink—float separation with tetrabromoethane (spe-
cific gravity 2.96) was used to divide these samples into light
and heavy fractions. All samples were analyzed by sieve and
pipet techniques to yield percentages of gravel (>2mm), sand
(2mm—62y), silt (62—441), and clay (<4y).

GEOGRAPHIC SETTING

Yakutat Bay is the largest embayment in the Alaskan coast
between the fiord areas of Prince William Sound and the
Alexander Archipelago of the southeastern Alaska panhandle.
The Yakutat Bay area has a maritime-alpine climatic regime
typical of the southern Alaska coast. This climate is influenced
both by the relatively warm North Pacific Current that flows
southeastward along the shelf and by the extensive icefields of
the nearby Chugach and St. Elias Mountains (Johnson and
Hartman, 1969). The velocity of the North Pacific Current in
the Yakutat area is commonly between 77 and 103 cm/second
(1.5 and 2 knots); tidal range averages 3.3 m (10.1 feet).

The temperature is generally cool throughout the year, with
an annual mean of 40°F (4.4°C). Sea ice does not form in
Yakutat Bay, but large quantities of small bergs are produced
by the Hubbard and Turner Glaciers, which empty into
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Figure 1.—Bathymetric map of Yakutat Bay, Alaska.
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Disenchantment Bay at the head of Yakutat Bay (fig. 1).
These small bergs are generally found only in the northern part
of the bay (as far south as Blizhni Point), but some have been
seen at the mouth of the bay.

Storms occur frequently during the fall, winter, and spring.
They are commonly associated with low-pressure cells that are
generated in the Aleutian Islands and travel eastward between
the continental high and the North Pacific low. These storms
dissipate much of their energy in the immediate vicinity of
Yakutat Bay and contribute much precipitation to the
neighboring icefields. Mean annual precipitation is the highest
of any reporting station in the State—over 330 cm (130
inches), including about 546 cm (215 inches) of snow and
sleet. The limited fetch available to the intense local storms
results in the generation of steep short-period waves, which are
undoubtedly an important factor in shallow-water sedimenta-
tion in the area. Major long-period waves only occasionally
come to the Yakutat area; breakers are then observed along
the entire length of the submerged moraine at the mouth of
the bay (U.S. Coast and Geodetic Survey, 1964). During the
summer there are occasional periods of clear weather along
the coast, usually found when a stable low-pressure area in the
Gulf of Alaska permits the development of katabatic winds
from the St. Elias icefields (U.S. Environmental Science
Services Administration, 1967).

Contemporary glaciers in the St. Elias Mountains near
Yakutat Bay appear to be predominantly in retreat (Miller,
1964). Miller reported that 82 percent of the glaciers observed
in the area were shrinking, 15 percent were in equilibrium, and
only 3 percent showed signs of persistent advance. In the
immediate area of Yakutat Bay, however, there seems to be a
state of quasi-equilibrium. The Turner and Hubbard Glaciers at
the head of Yakutat Bay have been advancing steadily into
tidewater since 1890 (Miller, 1964). These glaciers have
relatively high-elevation névés and have been able to maintain
a steady advance into tidewater despite the accelerated
wastage associated with a submerged snout (Miller, 1964). In
marked contrast, a piedmont glacier, the Malaspina, which is
perhaps the largest nonpolar glacier today (Sharp, 1958),
appears to be waning. The Malaspina is presently retreating
from its most extensive late Quaternary advance, which
culminated roughly 1,000 years ago (Plafker and Miller, 1958).
This irregular glacial activity appears to have characterized the
Gulf of Alaska coastal mountains and shoreline since about
late Miocene time (Miller, 1958; Bandy and others, 1969).

GEOLOGIC SETTING

The head of Yakutat Bay penetrates the St. Elias Mountains,
a crystalline complex of Mesozoic and older metasediments
with minor mafic and quartz monzonitic intrusions (Miller,
1961; Plafker, 1967). Upper Mesozoic and Tertiary sediments,
unmetamorphosed but extensively deformed by a series of
major thrust faults, underlie the coastal plain and possibly the
Continental Shelf (Stoneley, 1967). The bay and its associated
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seavalley cross the entire coastal plain and Continental Shelf,
possibly in a zone of structural transition (Wright and others,
1968).

The coastal plain and some of the coastal mountains are
separated by the largest of the faults, the Chugach—St.
Elias—Fairweather system, a branch of which forms part of the
structural control for the fiords at the head of Yakutat Bay.
Movement on this system appears to have included both
vertical and right-lateral displacement (Stoneley, 1967).

Another fault, whose presence is inferred from the mapping
of a series of uplifted strandlines, was named the Mountain-
Front and East Shore fault by Tarr and Martin (1912), who
noted that the strandlines were uplifted more than 5 m (17
feet) along the east shore of Disenchantment Bay. The uplift
presumably occurred during the Yakutat earthquake of 1899.
A later earthquake with major topographic readjustment
occurred in 1958 (Miller, 1964).

BATHYMETRY AND SEDIMENTATION

The detailed bathymetric map (fig. 1), which was con-
structed from data obtained along 160 nautical miles (290 km)
of bathymetric profiles during the cruise of the RV Acona,
shows moderately irregular submarine topography with small-
scale hummocks and closed depressions partly smoothed by
deposition of contemporary sediment. Relief on the bay floor
and on the surrounding coastal plain is largely due to morainal
hills left from the most recent advances and retreats of
Malaspina Glacier (Plafker, 1967). At the head of the bay isa
well-defined closed depression, Disenchantment Basin, with
water depths greater than 280 m (919 feet).

South of Disenchantment Bay, three sets of ridges occur
within the bay proper. The innermost set extends eastward
from Blizhni Point to a position not quite halfway across the
bay. Because of the occurrence of gravel at its surface, it is
assumed to be a moraine and has been termed the bayhead
moraine. This feature has a distinct, apparently unbreached sill
with a maximum depth of about 90 m (295 feet). A second
but less obvious group of gravel-covered topographic highs
extends southwest from Knight Island to the central part of
the bay. It includes many depressions and may possibly
represent drowned “kettle and kame” topography developed
during deglaciation. The largest rise of this group, about 15 km
(8.3 nautical miles) north of Ocean Cape, has an elongate
streamlined shape suggestive of a drumlin. However, because
of the association with other morainal forms, this group of
bathymetric highs is also believed to be of morainal origin and
has been termed the mid-bay moraine. The third and most
clearly defined ridge extends in an arcuate pattern across the
mouth of Yakutat Bay from Ocean Cape near Yakutat village
toward Point Manby. Most of this ridge, which is designated
the baymouth moraine, lies at depths less than 30 m (98
feet). The ridge is breached near its western end by a channel
with a maximum depth of 76 m (249 feet). A few miles
offshore, within the sedimentary fill of Yakutat Seavalley,
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there is at least one probable moraine buried in outwash
(Wright and others, 1968).

In order to determine the bedding characteristics within the
ridge sets and other sedimentary units, about 290 km (160
nautical miles) of subbottom acoustic profiles were obtained
in Yakutat Bay and its tributary fiords. The subbottom
profiles were studied not only for thickness and sedimentary
features of unconsolidated sediments but also for data
concerning the underlying geologic structure. Because the
water in Yakutat Bay is shallow and acoustic reflections from
the ridge highs are poor, structural features observed in the
bay were largely superficial, and analysis was limited to the
identification of coherent reflecting horizons.

Subbottom profiles in the broad part of the bay show a
distinctive pattern of irregular acoustically opaque rises sepa-
rated by patches of poorly stratified fill in the deeps (fig. 2).
The highs absorb or reflect most of the sonic energy without
showing any signs of stratification. The lack of good stratifica-
tion virtually rules out kame-deposit origin and suggests that
the highs are composed of loose heterogeneous material
typical of moraines.

In Disenchantment Basin at the head of Yakutat Bay, the
acoustical profiles show that the sedimentary fill reaches a
thickness of at least 250 m (820 feet) (fig. 2) if a minimum

Baymouth moraine
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acoustic velocity of 1.5 km/second is assumed in the sedi-
ments. The basin serves as a sediment trap, capturing a large
amount of the materials being introduced at the head of the
bay and from the subsidiary fiords.

Other data concerning the sediments that underlie Yakutat
Bay were obtained from 73 surface-sediment stations approxi-
mately 3.6 km (2 nautical miles) apart (fig. 3). These sediment
samples were taken from the RV Acona during the survey and
show that gravel-size material is a particularly conspicuous
constituent of the topographic highs in Yakutat Bay (fig. 3
and table 1). On the bayhead moraine the gravel occurs in
discrete zones and constitutes 89 to 94 percent of the samples.
In the area of the mid-bay moraine, only two samples (Nos. 26
and 38) contained significant quantities of gravel (44 and 90
percent). Samples from the baymouth moraine contained the
highest gravel concentrations (100 percent in two dredge
samples, 74 to 99 percent in three Shipek samples).

Excluding the presumably relict gravel of the morainal
ridges, two classes of strictly contemporary sediment are
found in the bay: (1) sand, and (2) mud (silt and clay). Sand is
a ubiquitous constituent in samples containing gravel (except
dredge samples). In eight samples, sand constituted more than
40 percent; in nine samples, sand-size constituents amounted
to between 20 and 40 percent. Nearly all these samples came
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Table 1.—Sediment parameters, in percent, Yakutat Bay, Alaska
[Analysts: S. M. Valencia, Sally Short, and Richard Nelson]

Table 1.—Sediment parameters, in percent, Yakutat Bay, Alaska—

Continued
[Analysts: S. M. Valencia, Sally Short, and Richard Nelson]

Heavy

Heavy

Station  Gravel Sand Silt Clay minerals! Station Gravel Sand Silt Clay  Minerals!
1..... 0 14.37 53.80 31.83 53.95 38.59 17.24 11.6
2..... .02 92 50.70 48.36 0 0 0
3., .92 3.58 48.20 47.29 17.2 No recovery
4..... 2.22 4.85 46.08 46.85 18.1 No recovery
5..... .02 .80 44.20 54.99 65.05 0 0
6..... .75 1.76 48.49 48.50 18.3 66..... 74.10 23.21 2.33 0 12.8
T..... .86 47.48 35.26 1639  67..... 0 30.09 50.93 18.99 18.2
8..... 41 42.32 34.24 23.03 68..... 61.24 27.53 9.19 2.05
9..... 1.75 4.71 46.20 47.34 69..... .90 77.10 10.24 11.76 15.5

10..... 94.18 3.18 1.27 1.37 69B.... 3243 67.08 A7 0 28.8
11..... 0 25.15 31.23 43.62 16.0 70..... 75.68 19.58 3.76 0.87
12..... 88.98 8.07 1.84 1.10 70B.... 88.82 11.16 0 0 36.1
13..... .95 1.06 31.27 66.73 ..... 76.29 15.63 1.56 6.66 13.8
14..... .72 1.21 33.21 64.86 71B.... 80.23 17.98 2.07 0 26.5
15..... 1.12 2.68 41.08 55.11 72..... 23.72 10.97 40.20 25.10
16..... .55 2.22 37.95 59.28 72B.... 87.70 13.23 0 0 16.5
17..... 44 1.11 34.23 6422 73 ..... 0 48.26 40.78 10.96 20.7
18..... 1.70 1.85 33.17 63.27 4..... 66.38 33.22 1.02 0 23.1
19..... 112 1.16 29,72 68.00 1
20..... 1.08 .92 13.79 84.21 Percentage of sand-size fraction.
21..... 6.17 4.37 32.75 56.71 16.9
22..... 0 1.36 39.16 59.48
23..... .56 .83 33.41 65.20
24..... .20 .39 33.60 65.81 .
25..... 11.72 6.50 33.92 47.86 from locations on or related to topographic highs. The one
2%..... 43.92 17.05 18.01 21.02 exception is a sandy silt from the south end of Disenchant-
27..... No recovery ment Bay. Across the mouth of Yakutat Bay, just seaward of
28..... .60 1.21 39.41 58.78 . . I f th
29 1" 67 ‘36 13.74 85.23 the morainal gravels, a sand zone is apparently part of the
30..... 09 48 30.57 68.86 material in active alongshore transport.
31..... 10 47 28.30 71.13 The characteristic sediment of the deeper part of the bay is
gg ..... 1(2)% 2.42 40.13 56.22 11.0 mud made up of roughly equivalent quantities of silt and clay
34 o 23% zg%g g%gg and locally an appreciable admixture of sand with a trace of
35..... 0.06 40.36 46.03 13.54 19.5 gravel (table 1). This mud is accumulating as stratified deposits
36..... 0 29.26 48.16 29.57 throughout the Yakutat Bay system presently protected from
37..... 0 4.83 52.26 42.90 tidal currents or wave action. In the Disenchantment Bay area,
gg 8(9)‘88 19(2)3 42:22 56'?3 close to the tidal glaciers, the mud grades into silt, but the
40..... .02 1.68 42.74 55.50 material still closely resembles the mud of the main bay.
4. . ... 0 70 35.07 64.23 Heavy-mineral concentrations observed in the sands of the
42..... 65.33 2.75 17.03 14.89 Yakutat Bay area were moderate to low. They included
ﬁ e g% égg gggg 2(5)%2 13 chlorite, amphibole, and pyroxene, with usually minor quanti-
45..... No recovery ties of magnetite and ilmenite. Zircon was found in trace
46. . ... 100.00 0 0 0 amounts. The highest concentrations were in the immediate
..... 0 37.98 47.77 14.26 16.6 vicinity of Yakutat village from Ocean Cape to Khantaak
23 e 98'79 l:gg 33 76 62 35 Island. The survey did not extend into the shallows eastward
50..... 0 4.60 41.78 53.61 of the line between Khantaak and Knight Islands, and sands in
51..... 20.80 24.99 31.22 92,98 this area might also be expected to yield moderate concentra-
..... 0 4.50 39.87 55.63 tions of heavy minerals. Since the Shipek sampler can collect
gz 28'57 2??2 ggg% %ggg 17.1 only relatively small quantities of surficial sediment, this
55..... 0 24.33 55.49 20.18 19.8 sampling technique is not ideal for heavy-mineral studies.
56..... 0 3.44 48.18 48.37 However, the heavy-mineral concentrations summarized in
gg ..... 0 5.63 87.06 7.32 12.0 table 1 may be used for preliminary assessments. Additional
50 .0 82.25 17'75N0 recove(:y 0 data are contained in reports by Tarr and Butler (1909) and
60..... 37 49.31 30.78 19.53 13.0 Thomas and Berryhill (1962).
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No significant deposits of economic minerals have been
found in the study area, although during the gold rush in the
late 1800’ there were sporadic efforts to produce gold from
the black sands of the local beaches, and various prospectors
investigated the neighboring St. Elias Mountains. Beach placers
continue to be of potential interest for exploitation, most
recently for magnetite and ilmenite as well as for gold and
platinum, but no large-scale strikes have been reported in the
study area (Tarr and Butler, 1909; Thomas and Berryhill,
1962). The sources of heavy minerals and metals found in the
beach sands are presumed to be associated with intrusive
bodies of the St. Elias crystalline complex and may well lie
beneath the extensive icefields of the coastal mountains
(Maddren, 1914).

Oil and gas seeps are found in various parts of the coastal
plain centered on Yakutat Bay, and a small oil field of Katalla,
240 km (150 miles) west of Yakutat, was exploited from 1902
to 1933 (Stoneley, 1967). Thirty or more exploratory wells
have been drilled on the coastal plain, including several in the
immediate vicinity of Yakutat Bay, but no commercial
production has been developed (Plafker, 1967).

SUMMARY AND CONCLUSIONS

The marine geology of Yakutat Bay closely reflects the
recent glacial and glacial marine history of the area. There is
only limited direct contact now with the glaciers of the St.
Elias Mountains, but the bay and surrounding coastal plain are
dominated by evidence of glacial activity. The entire present
bay system has formed since A.D. 1400, the approximate date
of the older recession in the region (Plafker and Miller, 1958).
Both subbottom records and sediment distribution show the
bay to be a pattern of morainal material somewhat modified
by contemporary sedimentation and wave and current action.

Sedimentation is very active in the deeper parts of the
Yakutat Bay system., Despite the possibility that coarse debris
was iceberg rafted, most of the minerals are muds, possibly
transported as turbid layers either on the bottom or within the
water column (Moore, 1966). Such muds have been termed
“periglacial muds” and are thought to be the typical marine
sediment associated with active deglaciation (Wright and
Sharma, 1969). Sedimentation rates appear to be very high
within the entire system, presumably because of the availa-
bility of sediments and the activity of the various sedimentary
agents (Jordan, 1962).

Heavy minerals are present in the glacial sediments of the
Yakutat Bay area. The percentages are highest where contem-
porary sorting mechanisms, particularly wave attack, have
winnowed and concentrated the heavy minerals. The lowest
percentages are found toward the head of the bay where
sedimentation is so rapid that the heavy minerals are masked
by other sediments.
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LEIOSPHAERIDIA (ACRITARCHA) IN THE MESOZOIC

OIL SHALES OF NORTHERN ALASKA

By ROGER F. BONEHAM!, and IRVIN L. TAILLEUR,
Kokomo, Ind., Menlo Park, Calif.

Abstract.—Three collection sites in northern Alaska have yielded
Leiosphaeridia borealis n. sp. and L. rugosa n. sp. from a type of oil
shale known as tasmanite. The age of the strata is presumably Jurassic.

A number of reports on the oil shales of northern Alaska
have noted that the alga Tasmanites makes an oil-rich rock
called tasmanite. On microscopic examination, Boneham has
found that tasmanite from three different localities also
contains the Leiosphaeridia genus of Acritarcha, an artificial
group of microfossils with uncertain (but undoubtedly both
animal and plant) affinities (Evitt, 1963). He describes herein
two new species that appear to have contributed to the rich
accumulation of organic remains in the tasmanite. The geology
on which the Jurassic age is based is summarized by Tailleur.

OIL SHALES

The extensive occurrence of oil shale in northern Alaska has
been known for some time (Collier, 1906; Smith and Mertie,
1930). With support from the U.S. Navy through the Office of
Petroleum and Oil Shale Reserves and the Naval Arctic
Research Laboratory (Office of Naval Research), the U.S.
Geological Survey recently began a systematic investigation of
the oil yield and areal extent of the oil shale (Tailleur, 1964;
Duncan and Swanson, 1965; Tourtelot and Tailleur, 1966;
Tourtelot and others, 1967).

Organically rich shales were found in rock units ranging in
age from Mississippian to Late Cretaceous (Donnell and others,
1967). The oil yield of the Paleozoic shales is low, however,
and attention has been focused on the oil shales of probable
Mesozoic age.

Most of the oil shales crop out in terranes of complexly
deformed rocks that have not been mapped in enough detail to
be defined with confidence. Tasmanite and cannel shale are
the richest and most widely distributed types of rock. They
are inferred to be Jurassic in age but can be dated with
assurance only as post-Mississippian and pre-Cretaceous.

!Indiana University.

TASMANITE SAMPLES

The three samples of this report were collected by Robert
Blair in the west-central part of the southern section of the
Arctic Foothills of the Brooks Range (fig. 1). Many of the
rocks that form the southern section of the foothills and the
western Brooks Range to the south have been strongly
dislocated and deformed (Tailleur, 1969a). They appear to
have been foreshortened along broad, flat thrusts during the
Early Cretaceous to about half their original north-south
extent (Snelson and Tailleur, 1968; Tailleur and Snelson,
1969; Tailleur, 1969b).

Tasmanite occurs in two of the several different rock
sequences that have been thrust together. The original spatial
relation between these two sequences is undetermined. The
more widespread sequence (Ipnavik tectonic unit of Snelson
and Tailleur, 1968) is characterized by Devonian and Mississip-
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Figure 1.—Map of northern Alaska,
showing sample localities. Coordinates:
A, 68°44'40" N, 158°25'40" W.;

B, 68°40'10" N., 157°33'40" W.;
C, 68°41'40" N., 157°17'00" W.
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pian carbonates (Baird and Lisburne Groups), numerous
diabase sills, and earliest Cretaceous coarse-grained orogenic
deposits (Okpikruak Formation). The other sequence is
distinguished by an absence of igneous rocks and by earliest
Cretaceous fine-grained orogenic deposits. An unnamed unit of
varicolored chert is conspicuous in both sequences; clay shale
with boudins or thin layers of tasmanite and cannel shale is
interlayered with radiolarian chert in the upper part of this
unit.

Paleozoic as well as Mesozoic time is represented by the
chert unit, but a Jurassic age is inferred for the upper
tasmanite-bearing part. In the Ipnavik tectonic unit, the chert
unit lies between the Lisburne Group, which is here of
Mississippian age, and the earliest Cretaceous Okpikruak
Formation; Late Paleozoic fossils have been collected from the
base of the chert, and a foraminifer from the clay shale in the
upper part has been identified as a Jurassic and Cretaceous
form (H. R. Bergquist, written commun., 1952). Further, the
upper part appears volcanogenic; volcanic episodes in northern
Alaska have been dated as Jurassic from paleontologic data
(Imlay, 1955, p. 77, 86; Patton and Tailleur, 1964, p. 444;
Jones and Grantz, 1964, p. 1468) and radiometrically (Tailleur
and Brosge, 1970, p. ES). The interlayered cannel shale is very
similar to that containing Jurassic fossils (Imlay, 1967, p. 6) in
another of the juxtaposed sequences.

Samples A and B appear to be tasmanite from the Ipnavik
tectonic unit, in which the varicolored radiolarian chert is

PALEONTOLOGY AND STRATIGRAPHY

associated with diabase sills. Sample C likely represents
tasmanite in the other sequence because the outcrop is a few
miles north of the mapped limit of the Ipnavik tectonic unit,
and no igneous rock was exposed in the chaos of rock types in
outcrop (table 1).

SYSTEMATIC PALEONTOLOGY

All specimen numbers refer to the Indiana University,
Bloomington, Department of Geology fossil collection. Indivi-
dual specimens are located on a given slide using an England

Finder Slide.

Group ACRITARCHA Evitt, 1963
Subgroup SPHAEROMORPHITAE Downie,
Evitt, and Sarjeant, 1963
Genus LEIOSPHAERIDIA Eisenack, 1958
Leiosphaeridia borealis n. sp.

Figure 2, a

Description.—Diameter 180u—450u; 70 specimens meas-
ured, 93 percent are in the size range 200u—360u. Wall about
1u thick. Lunate folds on most of the specimens. None of the
specimens has a pylome.

Remarks.—This species resembles Leiosphaeridia voigti
Eisenack 1958 from the Ordovician of the U.S.S.R. in that they
both have lunate folds and thin walls. L. voigti has a somewhat
smaller size range (190u—310u), and many specimens have a

Figure 2.—Two new species of Acritarcha from northern Alaska. Both specimens X 260.
a, Leiosphaeridia borealis n. sp. Holotype, TU12132K34/1, locality B.
b, Leiosphaeridia rugosa n. sp. Holotype, [U12134H39/4, locality A.
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Table 1.—Relative proportions of Leiosphaeridia species at the collec-
ting sites

Number of specimens

Site L. rugosa L. borealis L. rugosa/L. borealis
Aol 75 9 83

B ......... 89 11 8.1

C ... 88 12 7.3

pylome. The taxonomic value of the pylome in Leiosphaeridia
has yet to be decided upon. Apparently in some species it is
always present and in others it is rarely, if ever, present; in still
other species it may or may not be present on a given
individual. Since L. voigti usually has a pylome (Eisenack,
1958, p. 392) and since no specimens of L. borealis have been
found with a pylome (hundreds of individuals were examined
in this study), we believe L. borealis is distinct from L. voigti.
L. plicata Felix 1965 from the Neogene of southern Louisiana
resembles L. borealis in the wall folding. However L. plicata is
smaller (120u—200u) and has a thicker wall (3u—7u) than L.
borealis.

Leiosphaeridia rugosa n. sp.

Figure 2, b

Description.—Diameter 180u—400u; 25 specimens meas-
ured, 91 percent in the size range 200u—380u. Wall thickness
Su—7u. Wall folded in sinuous curves or not folded. No
pylome or puncta.

Remarks.—This species bears a remarkable resemblance to
Tasmanites sinuosus Winslow 1962 from the Upper Devonian
and Lower Mississippian of Ohio. They both have the sinuous
wall folds, approximately the same diameter (T. sinuosus
commonly 150u—325u), and similar wall thickness (7. sinu-
osus commonly 3u—10u). However, as T. sinuosus has
numerous puncta (a generic character of Tasmanites),
Leiosphaeridia rugosa is easily distinguished from it. The walls
of many specimens of L. rugosa are somewhat pitted. Because
the pitting is irregular on a given specimen and most
individuals have rugose walls, we do not believe it is a specific
character. The pitting is probably caused by corrosion either
from the chemicals used to macerate the rock or by the
ground water in the rock. There are some specimens which are
gradational between L. borealis and L. rugosa. They have walls
which are 3u—4u thick and have lunate folds. There are few
such individuals; apparently populations of Leiosphaeridia
species contain a few gradational forms which defy exact
classification. Winslow (1962, p. 82) noted the presence of
such forms in populations of Tasmanites species as well.

R
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QUARTZ-SAND-BEARING ZONE AND EARLY SILURIAN AGE
OF UPPER PART OF THE HANSON CREEK FORMATION
IN EUREKA COUNTY, NEVADA

By THOMAS E. MULLENS and FORREST G. POOLE, Denver, Colo.

Abstract.—The upper part of the Hanson Creek Formation in Eureka
County, Nev., contains a widespread quartz-sand-bearing zone. Hereto-
fore the entire Hanson Creek has been assigned to the Ordovician, but
conodonts indicate an Early Silurian age for that part of the Hanson
Creek above the base of the sand-bearing zone, although the system
boundary cannot be precisely placed.

This report has three purposes: (1) to report a quartz-sand-
bearing zone in the upper part of the Hanson Creek Formation
at seven localities in Eureka County, Nev.; (2) to report that at
two of these localities the upper part of the Hanson Creek
contains Early Silurian conodonts; and (3) to change the age
of the Hanson Creek to include Early Silurian. We do not
change the currently accepted mapping contacts of the Hanson
Creek. Nor do we try to place the boundary of the Ordovician
and Silurian within the Hanson Creek any more precisely than
at or below the base of the sandy zone.

STRATIGRAPHY

The Hanson Creek Formation was defined by Merriam
(1940, p. 10-11) to include those rocks between the
Ordovician Eureka Quartzite and the Silurian Roberts Moun-
tains Formation. The type locality consists of about 500 feet
of dolomite and limestone exposed along Pete Hanson Creek
in the Roberts Mountains, in central Eureka County, Nev. (fig.
1). Merriam considered the Hanson Creek to be Middle and
Late Ordovician in age. The contacts of the Hanson Creek with
the underlying and overlying formations at the type locality
and throughout Eureka County are conspicuous. The basal
contact is at the top of light-colored quartzite, and the upper
contact is at the base of dark-gray chert and cherty limestone
or dolomite. Since being defined by Merriam, the name
Hanson Creek has been applied to all strata between the
Eureka Quartzite and Roberts Mountains Formation in Eureka
County, and a Middle(?) and Late Ordovician age of these
strata has been assigned (Roberts and others, 1967). The
Hanson Creek is dominantly medium- to dark-gray, medium-
to thin-bedded limestone, dolomitic limestone, and dolomite

and ranges in thickness from 300 to 800 feet (Roberts and
others, 1967, p. 20). The upper part contains a persistent but
locally inconspicuous quartz-sand-bearing zone a few inches to
30 feet thick. The base of this sandy zone is 15 to 68 feet
below the top of the Hanson Creek in Eureka County. A
similar quartz-sand-bearing-zone has been recognized by Poole
in units that correlate with the upper part of the Hanson Creek
over a large part of the Great Basin.

A generalized outcrop pattern of the Hanson Creek in
Eureka County is shown on figure 1. The formation crops out
in eight major areas, and we have found the sandy zone at
seven localities indicated by numbers (fig. 1) within the eight
areas. The sandy zone was not seen in a brief examination of
outcrops in the Sulphur Spring Range, and we have not
examined the outcrops in the Mahogany Hills. The sand
content ranges from a few grains to about 75 percent. In most
places, the zone is inconspicuous and consists of sand grains
disseminated in carbonate rock that is similar to other
carbonate rock in the upper part of the Hanson Creek. The
grains are mostly frosted and clear quartz but include minor
amounts of unidentified dark-gray to black mineral or min-
erals. The grains are mainly subrounded to rounded and range
in size from fine to medium coarse. The thickness, distance
below the top, and general character of the zone at each of the
seven localities are shown in table 1. The localities are places
where we examined the upper part of the Hanson Creek
Formation as part of our primary interest in studying the
overlying Roberts Mountains Formation. The extent, thick-
ness, and character of the zone away from the localities are
not known except in the vicinity of the Carlin mine (loc. 7,
fig. 1), where its thickness and character are extremely
variable. The zone is assumed to be as variable elsewhere.

FOSSILS AND AGE

Eight samples of the Hanson Creek from or above the sandy
zone were collected and sent to John W. Huddle, U.S.
Geological Survey, for recovery of conodonts. Huddle re-
covered and identified Early Silurian conodonts from three of

B21

U.S. GEOL. SURVEY PROF. PAPER 800-B, PAGES B21-B24



B22

PALEONTOLOGY AND STRATIGRAPHY

—_—
r I
28 CARLIN !
> MINE |
noeX
| 04D ,
>
| EUREKA
| | ; COUNTY
| 1
| ‘\ NEVADA
I \\
| \
I 2 \
S \
Aa
e
| OO \
¢ \
& Y
L o Z\
[9) x \},ie"
Q - hY
e : (
I w
5+® 9 (
Q@Q*'o: / 3
l_\é\q?'é\ &o‘, gn: “(
@ < nI. \
)
£
| % g )
F D @ \
Q.
. [
(
| /
\
| l
LONE {
MTN
I 2 (
Eureka
| (
MAHOGANY [
i \ HiLLS i
| @« |
af' L |
zZz,
! og\cf@ i
LS 1
10 20 30 MILES

the eight samples; the other five samples contained no
conodonts. Two of the conodont-bearing samples (USGS
8488-SD and 8489-SD) are from Copenhagen Canyon (loc. 3,
fig. 1). One of these (8488-SD) is a composite sample of 3 feet
of strata that includes the sandy zone; the other (8489-SD) is a
composite sample of nonsandy dolomite that forms the top 3
feet of the Hanson Creek. The third conodont-bearing sample
(USGS 8823-SD) was collected about 1 mile south of the
Carlin Mine (loc. 7, fig. 1). It is a grab sample of nonsandy
dolomite 5 feet below the top of the Hanson Creek and 15
feet above a 4-foot-thick sandy dolomite that forms the sandy
zone. More exact collection localities for the samples and the
conodonts that they contained are listed below.

Number of

specimens

USGS 8488-SD. 15—18 feet below top of Hanson Creek
Formation, Copenhagen Canyon about 1 mile northeast of
Rabbit Hill, Monitor Range, EY%2 SW% sec. 36, T. 16 N., R.
49 E., Horse Heaven Mountain 15-minute quadrangle,
Eureka County, Nev.

Icriodina cf. I, stenolopata Rexroad ............... 1

USGS 8489-SD. 0—3 feet below top of Hanson Creek
Formation, same locality as USGS 8488-SD.

Acodus unicostatus Branson ... ................. 2
Drepanodus aduncus Nicoll and Rexroad ............ 1
Panderodussp. . .........cciiiiiiianiint iennn 2
Paltodus cf. P. dyscritus Rexroad ................. 2

USGS 8823-SD. 5 feet below top of Hanson Creek Formation,
SEY4 NEY sec. 23, T. 35 N., R. 50 E., Tuscarora Mountains,
Rodeo Creek NE 7%-minute quadrangle, Eureka County,
Nev.

Drepanodus aduncus Nicoll and Rexroad ............ 2
Hindeodellasp. . ..........c.c.0uiiiiiinenaannn 1
Icriodina irregularis Branson and Branson . . ..... ..... 1
Ligonodina kentuckyensis Branson and Branson .. ..... 9
Neoprioniodus SP. . .. oo ene i iiareonnnen onnns 3
Ozarkodinasp. ...........cciiuiiinnnesonnnn 2
Paltodus dyscritus Rexroad . ................... 17
Panderodus sp. . ......cieiiini i nan 60
Synprioniodinasp. .......... 0. it 1
Trichonodella aff. T. papilo Nicoll and Rexroad ....... 2

The following discussion concerning the age of the cono-
donts is based on information provided by Huddle (written
commun., 1971). All three collections are Early Silurian in

Figure 1.—Map of Eureka County, Nev., showing outcrops of
Hanson Creek Formation. Outcrop pattern modified from
Roberts, Montgomery, and Lehner (1967, pl. 3). Numbers indicate
localities where sandy zone was seen in the upper part of the
Hanson Creek Formation,

1. Pete Hanson Creek. 5. Coal Canyon.
2. Southwest side of Lone 6. Unnamed canyon 1.5 miles
Mountain. southeast of Cortez.

3. Copenhagen Canyon. 7. South and west of the Car-
4. Brock Canyon. lin mine,
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Table 1.—Thickness, distance below top, and character of quartz-sand-bearing zone in upper part of Hanson Creek Formation,
Eureka County, Nev.
Distance between base of zone and
Locality Thickness top of Hanson(?ree)k Formation Character of zone
eet

1. Pete Hanson, Creek, Roberts 0.5-3.5 30 Fine to medium quartz grains sparsely
Mountains (type locality disseminated in mottled light-gray
of H)anson Creek Forma- fine- to medium-grained dolomite.
tion).

2. Southwest side of Lone 17 68 Conspicuous dark-gray unidentified
Mountain. mineral grains and frosted clear

medium quartz grains common in
light-gray fine-grained dolomite.

3. Copenhagen Canyon, Monitor 1 18 Rounded fine- to medium-coarse
Range. quartz grains sparsely disseminated

in medium-, to medium-dark-gray
fine-grained dolomite.

4. Brock Canyon, Monitor d 15 Well-rounded very fine to medium
Range. quartz grains in thin-bedded

medium-dark-gray limestone ma-
trix. Sand grains form about 75
percent of rock. Scattered coarse
phosphatic grains.

5. Coal Canyon, Simpson 15 22 Subrounded to rounded fine to med-
Park Mountains. ium quartz sand forms about 50

percent of rock in medium-bedded
gray dolomitic limestone matrix.

6. Unnamed canyon, Cortez 16 60 Subrounded to rounded fine to med-
Mountains, 1.5 miles ium quartz sand and unidentified
southeast of Cortez, dark-gray mineral sparsely dissemi-
Nev. nated in medium-dark-gray thick-

bedded fine-grained limy dolomite
that weathers light gray.

7. South and west of Carlin 2-30 18-30 Zone extremely variable. Locally as

mine, Tuscarora
Mountains.

much as 30 feet thick where fine-
to medium-coarse quartz grains
form as much as 75 percent of rock
in dolomite matrix and extend to
the upper contact. These places
commonly weather light brown.
Other places have a 2- to 4-foot
zone of disseminated quartz grains
in dolomite about 25 feet below
top and no quartz grains above,

age. The critical species are Icriodina irregularis and Icriodina
stenolopata, which are confined to the I. irregularis Assem-
blage Zone of Rexroad (1967). The other species and genera
listed are common in the Lower Silurian Brassfield Limestone
and in the Silurian Salamonie Dolomite of Pinsak and Shaver
(1964) along the Cincinnati arch in the Eastern United States,
according to Nicoll and Rexroad (1968). They also occur in
the Early Silurian in northern Michigan and Ontario, according
to Pollock, Rexroad, and Nicoll (1970). The I. irregularis Zone
is not the lowest Silurian conodont assemblage zone, inasmuch
as it lies above the Panderodus simplex Assemblage Zone
(Pollock and others, 1970) which occurs in the base of the
Early Silurian in the Michigan basin area.

These conodonts are the only fossils so far reported from
this part of the Hanson Creek. Because of this, the conodonts
cannot be correlated directly with graptolite, coral, or brachio-

pod zones that would give a more precise position in the Early
Silurian. In Eureka County the upper limits of the age of the
conodont faunas can be determined from graptolites found in
the overlying Roberts Mountains Formation. The standard
British graptolite zones (Elles and Wood, 1901-18) for Lower
Silurian and the lower part of Middle Silurian are listed in
table 2.

W. B. N. Berry has identified Climacograptus cf C. rectang-
ularis (McCoy), Dimorphograptus confertus cf. var. Swanstoni
(Lapworth), and Glyptographus from 102 feet above the base
of the Roberts Mountains Formation at the Copenhagen
Canyon section. According to Berry (written commun., 1970)
these graptolites are indicative of zone 18 of the Great Britain
section, although this position in the Great Basin is not firmly
established. The conodonts at Copenhagen Canyon, therefore,
are possibly no younger than zone 18.
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Table 2.—Graptolite zones for Lower Silurian and lower
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part of Middle Silurian Series in Great Britain.
[From Elles and Wood (1901—-18)]

SILURIAN

w 5 Monograptus
a‘ c oY 27 riccartonensis
K]
Q g 5 e Cyrtograpt
s ~ v raptus
2 26 murchisoni
25 Monograptus
crenulatus
Monograptus
24 griestoniensts
5 23 Monograptus
& crispus
o
22 Monograptus
turriculatus
% M
@ 21 omgrqptus
x ;1 sedgwicki
S o)
S| 2 |u
i Monograptus
-
j (= 20 convolutus
- a
= 19 Monograptus
gregarius
18 Monograptus
cyphus
o
w
2 17 Orthograptus
g vesiculosus
16 Alkidograptus
acuminatus

UPPER ORDOVICIAN

The conodont fauna from near the Carlin mine area
probably is the same age; there, however, the first graptolite
found above the Hanson Creek is Monograptus spiralis, which
is indicative of uppermost Lower Silurian (zone 25 according
to W. B. N. Berry, written commun., 1970). M. spiralis is only
35 feet above the conodont collection.

The sandy zone is a good stratigraphic marker in the upper
part of the Hanson Creek Formation and has been found from
the southern to the northern parts of Eureka County. The
Early Silurian age of the conodonts from above the sandy zone
indicates that the age of the Hanson Creek Formation should
be changed to include Early Silurian as well as Ordovician. The
boundary between Silurian and Ordovician rocks likely is at or
below the sandy zone, and within the upper part of the
Hanson Creek.
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TREND-SURFACE ANALYSIS OF THE THICKNESS OF
THE HIGH BRIDGE GROUP (MIDDLE ORDOVICIAN)
OF CENTRAL KENTUCKY AND ITS BEARING ON
THE NATURE OF THE POST-KNOX UNCONFORMITY

By D. E. WOLCOTT, E. R. CRESSMAN, and J. J. CONNOR,
Bandung, Indonesia, Lexington, Ky., Denver, Colo.

Work done in cooperation with the Kentucky Geological Survey

Abstract.—The High Bridge Group (Middle Ordovician) of central
Kentucky rests disconformably on the Knox Group. Trend-surface
analysis of the thickness of the High Bridge demonstrates that the
Cincinnati arch was not present in Middle Ordovician time and that the
erosion surface at the top of the Knox Group had a regional slope to the
southeast of less than 1 to about 4 feet per mile. Local relief on the
erosion surface attains a maximum of about 200 feet but averages
about 50 feet. Those fault zones that were active in the Cambrian
occupy topographic lows. Petroleum accumulation in the topographic
highs and zinc accumulation in paleokarst features in the Knox Group
in neighboring areas suggest that trend-surface analysis may aid in
exploration.

The unconformity at the top of the Kaox Group of Late
Cambrian and FEarly Ordovician age is one of the most
conspicuous discontinuities in the stratigraphic section of the
continental interior of the Eastern United States and is part of
the craton-wide unconformity that separates the Sauk and
Tippecanoe sequences of Sloss (1963). The unconformity is of
economic as well as scientific interest. In Tennessee, zinc
deposits occur in solution-collapse features that formed during
development of this unconformity, and oil and gas have been
produced from the Knox in topographic highs on the old
erosion surface in Indiana (Patton and Dawson, 1969), Ohio
(Schmidt and Warner, 1964), and southern Kentucky
(McGuire and Howell, 1963, p. 6-—8).

The Knox Group in Kentucky is entirely within the
subsurface, but it has been reached by many wells. This paper
is based on data from 107 wells within and eight wells
marginal to the study area (figs. 1 and 3). Data for 57 holes are
from McGuire and Howell (1963, appendix A), and data for
31 wells are from Freeman (1953). In addition, cores from 16
holes and cuttings from 11 holes were examined; the cores and
samples are on file with the Kentucky Geological Survey.

Thickness data from one deep water well were taken from a
gamma-ray log on file with the Kentucky Geological Survey.

STRATIGRAPHY

The erosion surface at the top of the Knox Group is overlain
in the southeastern part of the area by quartz sandstone as
much as 70 feet thick, which has been generally referred to the
St. Peter Sandstone (Freeman, 1953, pl. 6); elsewhere, rocks
immediately above the unconformity are brownish-gray very
finely crystalline argillaceous dolomite and dolomitic micrite
which have been assigned to the Wells Creek Dolomite by most
workers (McGuire and Howell, 1963). In many cores, dolomite
of the Wells Creek grades upward into micrite and micrite
containing dolomite-filled burrows which typify the overlying
Camp Nelson Limestone. The contact between the Wells Creek
and Camp Nelson is poorly defined and has been placed at
widely different positions by different workers. The upper 320
feet of the Camp Nelson is exposed at the surface near the
village of Camp Nelson in Jessamine County, Ky., but the
basal part of the formation and its contact with the Wells
Creek Dolomite are present only in the subsurface.

The Camp Nelson Limestone is overlain by the Oregon
Formation, which is as much as 60 feet thick in parts of
Fayette County, Ky., but pinches out near the northern and
southern margins of the area. The Oregon is lithologically
similar to the Wells Creek Dolomite but is less argillaceous,
slightly coarser in crystal size, and lighter in color.

The Tyrone Limestone, which overlies the Oregon Forma-
tion and ranges from about 60 to 120 feet in thickness,
consists of micrite and micrite with dolomite-filled burrows; it
resembles much of the Camp Nelson Limestone. The Tyrone
contains several bentonite beds; the most extensive, the pencil
cave bentonite of drillers, is from as little as 15 to as much as
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Figure 1.—Map showing area of outcrop of High Bridge Group (shaded) in central Kentucky. Dashed line is
approximate axis of Cincinnati arch; A-—A' is line of sections on figure 2, B—B' is line of sections on figure 7;
solid lines are faults: 1, Brumfield fault; 2, Kentucky River fault zone; 3, Irvine—Paint Creek fault zone; 4, West
Hickman—Bryan Station fault zone; 5, Rough Creek fault zone. Dots are wells used in the study but located

outside the report area of figures 3—6.

30 feet below the top of the formation. The Tyrone is overlain
by calcarenite and fossiliferous limestone of the Lexington
Limestone; the contact is at least locally disconformable.

The Tyrone Limestone, the Oregon Formation, and the
Camp Nelson Limestone are generally considered to make up
the High Bridge Group. As originally defined (Campbell,
1898), the High Bridge included all the strata in central
Kentucky exposed beneath the Lexington Limestone—that is,
from the base of the Lexington to 320 feet below the top of
the Camp Nelson—and the base of the High Bridge Group was

the base of surface exposures. In the subsurface, however,
there is no distinct widespread horizon that could serve as a
basal contact of the High Bridge anywhere above the top of
the Knox Group, and the Wells Creek is lithologically similar
to the Oregon Formation. Therefore, the High Bridge Group,
as used in this paper, includes the Wells Creek as well as the
Camp Nelson, Oregon, and Tyrone.

Stratigraphic relations within the High Bridge Group from
south to north are shown in figure 2. The top of the group is
nearly parallel with the pencil cave bentonite of drillers, and
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Figure 2,—Generalized columnar sections of High Bridge Group. Location of line of section A—A' is shown on figure 1.

the post-Tyrone disconformity has little relief. There are no
obvious time markers in the lower part of the section, but the
Wells Creek Dolomite seems to be a transgressive unit
deposited as the sea encroached northward on the eroded
surface of the Knox Group.

TREND ANALYSIS

The observed thickness of the High Bridge Group in central
Kentucky ranges from 434 to 786 feet; the thicker values
generally occur in the southeastern part of the area (fig. 3).
This variable thickness reflects both a regional thickening to
the southeast and a considerable local variation. Inasmuch as
Schmidt and Warner (1964, p. 179) reported an erosional
relief of 200 feet on the post-Knox unconformity in northern
Kentucky, many of the local variations in thickness probably
result from deposition on the irregular surface of the Knox.

In an attempt to distinguish the regional and local com-
ponents of the variation in thickness, the High Bridge isopach
data were subjected to stepwise trend-surface analysis, using
procedures described by Miesch and Connor (1968). Functions
used as potential predictors of thickness are those listed in
Miesch and Connor (1968, table 1) and include polynomials,
roots, exponents, logarithms, and reciprocals of the geographic
coordinate values. Stepwise selection at the 0.01 probability
level resulted in the prediction equation:

T =512.9 + 0.4864XY?. @
This trend surface is contoured in figure 4; T is the predicted

thickness in feet, and X and Y are the coordinates shown on
the map. The trend indicates a rapid increase in thickness of
the High Bridge to the southeast and accounts for 76.8 percent
of the total variation (sums of squares) in the observed
thickness.

The most striking feature of the trend map is the lack of any
obvious relation between the regional thickness of the High
Bridge Group, as defined by the trend surface, and the
location of the Cincinnati arch, thus confirming Woodward’s
(1961, p. 1654) conclusion that the arch was not present in
pre-Trenton time. The line of sections (fig. 2) suggests that
most of the regional thinning of the High Bridge is a result of
transgression, and we conclude from the trend-surface map
that the sea transgressed across the eroded surface of the Knox
from southeast to northwest. The post-Knox surface had a
gradient of about 4 feet per mile in the southeast and less than
1 foot per mile in the northwest.

Figure 5 is the residual map showing differences between the
observed thicknesses and thicknesses predicted by the trend-
surface equation; positive values indicate observed thicknesses
greater than predicted, and negative values indicate observed
thicknesses less than predicted.

Interpretation of the residual map is not so straightforward
as that of the trend map. Some of the positive and negative
areas, particularly where based on data from single holes, may
reflect misidentification of the contact between the Knox and
High Bridge Groups, but the general pattern must have
geologic significance.
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Relief on the disconformity at the top of the High Bridge
Group is no more than about 15 feet, less than the contour
interval of the residual map, and gross lithologic units within
the group, exclusive of the Wells Creek Dolomite, have
considerable continuity and regularity. On the other hand, the
unconformity at the top of the Knox Group is known to have
much relief, so most of the local thickness variations shown by
the residual map result from thickness variations of the basal
High Bridge. Thus, the residual map may be viewed as a
contour map showing irregularities on the post-Knox erosion
surface, the positive values representing local topographic lows
and negative values representing local topographic highs. The
maximum local relief shown by the residual map is about 200
feet. This value compares favorably with the maximum relief
of 200 feet reported by Schmidt and Warner (1964, p. 179) in
northern Kentucky and a relief of 125 feet reported by Gilbert
and Hoagland (1970) in middle Tennessee. Average local relief
shown by the residual map is about 50 feet.

An interesting feature of the residual map is the general
correspondence of positive values with the Kentucky River,
Irvine—Paint Creek, and Brumfield fault zones. The Kentucky
River and Irvine—Paint Creek fault zones were active in the
Cambrian, and Middle Cambrian rocks in particular are much
thicker on the southeast side of the Kentucky River fault zone
than on the northwest side (Webb, 1969). The general
correspondence in figure 5 of positive values with the fault
zones suggests that the faults may also have been active during
deposition of the High Bridge Group.

In order to assess any such fault-related variation, the area of
study was arbitrarily divided into two parts along the line of the
Kentucky River fault zone, and trend surfaces were fitted to
the data on either side independently, using the same
functions as before. Stepwise selection at the 0.01 probability
level resulted in two prediction equations, one for the area
northwest of the zone (I'Nw) and one for the area to the
southeast (Tgg):

Tnw = 532.1 + 0.05166XY3
Tsg = 570.9 + 0.006861X2 Y3

@
)

These equations give the predicted thicknesses in feet of the
High Bridge Group in the two areas; their configurations are
shown in figure 6. The trends collectively account for 78.7
percent of the total variation, an increase of only 1.9 percent
over that accounted for by the single equation in equation 1.

In general, the predicted thickness of the High Bridge on
either side of the fault zone is similar, and permissible

Figure 5.—Residual thickness map of the High Bridge Group. Contours
show differences between observed thicknesses, in feet, and thick-
nesses predicted by the trend-surface equation. Areas of positive
residuals are shaded. Heavy lines are faults; dashed line is approximate
axis of Cincinnati arch. Fault pattern modified from unpublished
compilation by D. F. B. Black.
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contemporaneous movement is small—less than about 40 feet.
The standard deviation of the residuals about Tnw is 42 feet,
suggesting that about two-thirds of the time an observed
thickness northwest of the zones should fall within a range of
42 feet less than and 42 feet more than the estimated
thickness. Similarly, the standard deviation of the residuals
about T'sg is nearly 27 feet, and about two-thirds of the time
an observed thickness to the southeast should fall within the
range of 27 feet less than to 27 feet more than the estimated
thickness. In the light of such a large expected variation about
the predicted values (the trends), the apparent differences in
thickness across the zones in figure 6 are probably meaning-
less.

Furthermore, the difference in predicted thickness indicates
scissors movement; in southern Jessamine County the pre-
dicted thickness southeast of the fault zone is greater than to
the northwest, whereas in Lincoln and Casey Counties it is less
on the southeast than on the northwest. This apparent
movement contrasts both with Cambrian movement, which
was everywhere down on the southeast side of the zones, and
with post-Ordovician movement, which was also down to the
southeast. It is unlikely that movement along the Kentucky
River fault zone would have been of a different type in the
Middle Ordovician than before or since. We conclude from
these considerations that faulting along these surfaces contem-
poraneous with High Bridge deposition was nil.

Figure 7 illustrates the stratigraphic relations within the
High Bridge Group across the Kentucky River fault zone from
Madison County on the south to Jessamine and Fayette
Counties on the north. The sections indicate that the local
variations in thickness near the fault zone, as elsewhere in the
study area, result from differences in thickness of the basal
part of the section and that the differences are not the direct
result of concurrent faulting. We suspect, then, that the
positive residuals near the fault zones were valleys on the
post-Knox surface and that the Knox Group was more
susceptible to erosion, and particularly to karst solution, along
the faults than elsewhere.

This analysis is based on too little data to serve as much of a
guide to exploration for gas, oil, or zinc in central Kentucky.
However, exploratory holes to and through the Knox Group
are being drilled nearly weekly in Kentucky, and with more
isopach data, trend analyses like that presented here may help
to delineate highs on the post-Knox unconformity that could
serve as targets for petroleum exploration and show general
trends of paleokarst drainage that might aid in zinc explora-
tion.
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THE INGRAHAM ESKER, CHAZY, NEW YORK

By CHARLES S. DENNY, Beltsville, Md.

Abstract.—The Ingraham esker near Chazy, Clinton County, N.Y., is
composed of ice-contact gravel and sand that are overlain discordantly
by deposits of glacial Lake Vermont and the Champlain Sea. The
ice-contact deposits were laid down by a subglacial stream that flowed
south into Lake Vermont. The overlapping and abutting glacial lake and
marine deposits are reworked esker gravel and sand. Erosion and
deposition in these water bodies transformed a narrow steep-sided esker
into a low broad ridge. In places, more than half of the Ingraham esker
is material reworked in these late-glacial water bodies.

In the lowlands west of Lake Champlain near the Canadian
border, Woodworth (1905a, pl. 4, p. 13—14) mapped the
Ingraham esker, a low broad north-trending ridge about 9 miles
long (fig. 1). Excellent longitudinal and transverse exposures,
opened in the esker in 1961 during the construction of
Interstate Highway 87 which crosses the esker near the town
of Ingraham, showed that only about half the ridge-forming
material is ice-contact gravel and sand; the rest is deposits of
glacial Lake Vermont or the Champlain Sea. Presumably the
esker-building stream flowed south under the ice sheet and
discharged into Lake Vermont (Woodworth, 1905b, p.
190--206). This ice-dammed lake occupied the Champlain
Valley during late-glacial time and overflowed to the south
into the Hudson River drainage. Since Woodworth’s day, the
only descriptions of the lake as a whole have been by
Chapman (1937) and by Stewart and MacClintock (1969).
Chapman recognized two lake stages; the older he named the
Coveville and the younger Fort Ann. When the glacial lake was
at the highest stand of the Fort Ann stage, the top of the
Ingraham esker was about 475 feet below the surface of the
lake. The Champlain Sea (Karrow, 1961; Elson, 1969) invaded
the Champlain Valley when the ice front retreated to the
northwest from the St. Lawrence Valley near Quebec City
(Prest, 1970). During the maximum stand of the sea, the esker
was buried by more than 250 feet of water. The marine
invasion ended when differential uplift closed the connection
to the ocean, and Lake Champlain came into existence.

TOPOGRAPHY

The lowlands surrounding the Ingraham esker range in alti-
tude from 95 feet at the shore of Lake Champlain to about

5 MILES

EXPLANATION

INGRAHAM ESKER

Gravel, sand, silt
clay, and till

BEACHES AND NEAR-SHORE DEPOSITS

Silt and
clay

Ground moraine

LAKE VERMONT CHAMPLAIN SEA

Inferred highest stand
of Fort Ann stage

Inferred highest stand

Contact

Figure 1.—Surficial geologic map of the Ingraham esker and surround-
ing area near Chazy, N.Y. (Denny, 1970). Numbered localities are
referred to in text.

300 feet. The bedrock is largely sandstone, dolostone, and
limestone (Fisher, 1968). The esker is 300 to 800 feet wide
and 10 to 30 feet high. The crest is 100 to 300 feet wide. The
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maximum angle of slope of the sides of the ridge ranges from
about 2° to 15°. Most eskers in the Adirondack region are
higher, narrower, and steeper sided than the Ingraham esker

(fig. 2).

STRATIGRAPHY

The Ingraham esker is composed of gravel, sand, silt, clay,
and till. The abundant pebbles, cobbles, and boulders are
chiefly coarse sandstone (Potsdam Sandstone) plus dolostone
and limestone, and a few metamorphic and igneous rocks from
Precambrian terrane. The finer fraction is largely slightly
calcareous sand and silt with subordinate clay. Three strati-
graphic units are recognized in the esker: (1) a core of
ice-contact stratified drift overlain discordantly by (2) unfos-
siliferous deposits of Lake Vermont, and (3) fossiliferous
deposits of the Champlain Sea.

lce-contact stratified drift

The ice-contact stratified drift (fig. 3) ranges from boulder
gravel to sand within horizontal and vertical distances of only
a few feet. The maximum exposed thickness is about 30 feet.
There is no uniform change in texture from north to south.
Boulder gravel is exposed at many places along the entire
length of the esker. Lenses of till were seen at two localities
(fig. 4). High-angle faults are common, and vertically dipping
beds occur next to mostly undeformed strata, suggesting
deposition adjacent to glacial ice and subsequent collapse.

Lake Vermont deposits

These sediments are chiefly well-bedded sand and gravel (fig.
5). The umit includes all material between the typical
ice-contact deposits below and the fossiliferous beds above.
Masses of clay are present in a few places.

Sediments of the Champlain Sea

The Champlain Sea deposits form the crest and sides of the
ridge. They are generally well stratified and contain abundant
marine fossils. In many places the crest of the ridge is
underlain by a massive pebble to boulder gravel (figs. 4 and 5)
that is finer grained and well stratified below. The material on
the sides of the ridge is bouldery or is a massive silty clay
containing pebbles, boulders, and fragments of marine shells
(fig. 6). The silty clay may be a subaqueous mudflow deposit.
If the silty clay was laid down when sea level was more than
200 feet above the crest of the ridge, then the mixing with the
shells and coarse clastic materials could be the result of
subaqueous flowage down the side of the ridge, perhaps when
sea level had dropped to a position not far above the crest of
the ridge.

GLACIAL GEOLOGY

PALEONTOLOGY

Macrofossils and microfossils are found in Champlain Sea
deposits. They are most abundant in crosshedded sand near
the base of the marine unit. Most of the bivalves are
represented by disarticulated valves which probably were
transported to their present position by currents. However, in
some places, whole specimens are present and appear to be in
growth position. The pebbly clay and silt on the sides of the
esker also contain fossils (fig. 6). Some of the shells are in
clusters surrounded by a layer of clay, as if they had been
folded into the clay during transport down the submerged
slope of the ridge.

A barnacle, three bivalve species, eight species of Foramini-
fera, and nine species of ostracodes have been identified from
four localities (table 1; fig. 1). The identified taxa are listed in

Table 1.—Fossil collection localities, Rouses Point 15-minute quad-
rangle area, New York

Fossil

- Approximate
locality Location gltitude Zones
No. (feet) sampled
(fig. 1) e

1. ... Borrow pit about 0.5 200 4-foot bed of sand
mile north of containing abun-
Miner Agricultural dant shells, Sam-
Research Institute led strata over-
(loc. 1, fig. 1), in by 4 feet of

fossiliferous
pebble and cobble
gravel.

2. ... Borrow pit, east side 215 Coarse-grained
of ridge, about 1 crossbedded
mile southwest of pebbly sand con-
Miner Agricultural taining abun-
Research Institute dant shells,

(loc. 2, fig. 1).

3. ... Borrow pit, west 200 5-foot bed of pebble
side of ridge, gravel containing
about 1 mile abundant shells in
southwest of lower 6 inches.
Miner Agricultural
Research Institute
(loc. 2, fig. 1).

4. ... Borrow pit about 150 Pebbly clay at depth
1.2 miles south of 5 feet below
of Ingraham stripped west slope
(loc. 4, fig. 1). of ri(s’e e. Shells

abundant in places.

table 2. The barnacle and the bivalves were identified by
Joseph Rosewater, of the U.S. National Museum; the Foramin-
ifera were studied by M. Ruth Todd, of the U.S. Geological
Survey; and the ostracodes were studied initially by L. G. Sohn
and later by J. E. Hazel, of the U.S. Geological Survey.

The fossil assemblage (table 2) indicates shallow cold marine
water. Hazel (written commun., 1971) feels that the ostracode
assemblage indicates subfrigid or frigid climatic conditions
(that is, averaging about 10°C or colder in shallow water
during the warmest month). Hazel also states (oral commun.,
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Figure 2.—Topographic maps and profiles showing part of the broad low Ingraham esker (left), and part of a narrow steep-sided esker along
Osgood River (right). Eskers patterned. The esker along Osgood River is part of the esker system first described by Chadwick (1928; see also
Buddington and Leonard, 1962, fig. 2).
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Table 2.—Fossils from Ingraham esker
Fossil locality No.
Species
P 1 2 3 4
Mollusca
Yoldiasp. .......cvovvvenvnnannn. . X X . B
Macoma balthica (Llnne) D X X X
Hiatella arctica (Linne) . ............. X X X X
Foraminifera
Buccella frigida (Cushman) ........... " X $i% %
Cassidulina teretis Tappan ............ X X R .
Elphidium aff. E, advena (Cushman) .... ... X .. S
E. clavatum Cushman ............... X X ce X
E. incertum (Williamson) ............. X see warw X
E. subarcticum Cushman ............. X
Protelphidium orbiculare (Brady) ...... X X SPPREN
Pseudopolymorphina novangliae
(Cus man) ........ e X o twem ..
Cl!‘l‘l{pe
Balanus”sp. ....... g w3 & 8 X X X g
Ostracoda
Cytheropteron inflatum Brady,

Crosskey and Robertson . X $ ie
Cytheropteronsp. ......... X e e e
Eucytheridea punctillata (Brady) D 4 e e e
E. macrolaminata (Elofson) ........... X cwd mEw e
E. bradii(Norman) .................. X
Finmarchinella barenzovoensis

(Mandelstam): s vm a0 5w s s s s o s X saa  wem  swe
Heterocyprideis sorbyana (Jones). . . . . .. X X cee s
Leptocythere macchesneyi Brady

and Crosskey ...... DS e ... X
Palmanella limicola (Norman). veeenee.. X e e e

Figure 3.—Ice-contact pebble gravel and sand overlain discordantly by
fossiliferous boulder gravel of the Champlain Sea. View looking
northwest in borrow pit west of Chazy (loc. 2, fig. 1).

GLACIAL GEOLOGY

Figure 4.—Fossiliferous pebble and cobble gravel of the Champlain Sea
rests on a lens of till(?), a pale-brown massive bouldery fine sand and
silt, that has thin wavy clay laminae (not visible in photograph).
Pebble gravel and sand below the till(?) are probably ice-contact
deposits. View looking west in borrow pit west of Chazy (loc. 2, fig.

1).

1971) that the mean length of the Hiatella collected from the
Ingraham esker was 20.3 mm for 55 specimens, with an
observed range of 14.5—27.1 mm, and that this is very similar
to the mean and range of variation observed by Strauch (1968)
for Hiatella arctica collected from northern Iceland, which is
in the subfrigid climatic zone.

STRUCTURE

The internal structure of the Ingraham esker was well
exposed in intersecting longitudinal and transverse sections in
a borrow pit near the Miner Agricultural Research Institute
(fig. 7). Two east-west cross sections (D—D' and A—A") show
that more than half the ridge is composed of material
deposited in the Champlain Sea. West-dipping beds of sand and
gravel are highly fossiliferous near the base where they rest
unconformably on gravelly ice-contact deposits. The north-
south section (B—B') near the road is entirely in well-stratified
fossiliferous marine sand and gravel. The section to the east
(C-C') is entirely in bouldery ice-contact deposits. Lake
Vermont deposits were not recognized in these sections.
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Figure 5.—Fossiliferous gravel and sand of the Champlain Sea form west-dipping beds that overlie massive beds of fine-grained silty sand deposited
in Lake Vermont. The sand grades to the right into a pebble and cobble gravel that lies against bouldery ice-contact gravel and till. Large
boulder (arrow) lies in till near top of bank at right-hand edge of photograph. View north in borrow pit about 1.1 miles north of Ingraham (loc.

3, fig. 1).

.

Figure 6.—Mudflow deposit on flanks of ridge. A massive pebbly silty
clay containing abundant marine shells rests on a massive cobbly silty
clay containing a few shell fragments (not visible in photograph). The
materials were probably mixed by subaqueous slumping as a mudflow
down the sides of the ridge. Exposure in borrow pit about 0.5 mile
south of Ingraham on east side of U.S. Route 9.

AGE

The ice-contact stratified gravel and sand and the till that
form the core of the esker were deposited in a tube at or near
the bottom of the last (Woodfordian) ice sheet. The tube is
presumed to have opened at the ice edge into Lake Vermont
some time about 12,400 to 12,200 years B.P.

The marine invasion of the Champlain Sea began about
12,000 years B.P. and lasted to about 10,500 years B.P.
(McDonald, 1968; Mott, 1968; Elson, 1969; Prest, 1970). A
sample of shells from the borrow pit north of Miner
Agricultural Research Institute (loc. 1, fig. 1) gave a radiocar-
bon age of 10,560+350 years B.P. (W-1109, Ives and others,
1964). This date suggests that deposition and reworking of the
marine sediments on the ridge took place late in the marine
episode, probably as sea level was falling.

ORIGIN

I do not know whether the esker was built during one stand
of the ice front or whether, as the front retreated, the ice
tunnel also migrated northward. If the entire esker formed at
one time, then the “frontal outwash plain or esker fan”
(Woodworth 1905a, p. 14) at its south end may have been
buried by Champlain Sea and Lake Verncont deposits (fig. 1).
Borrow pits just south of the southern end of the esker expose
ice-contact gravel beneath sand, silt, and clay of the Champlain
Sea (Denny, 1970).

On the other hand, if the esker was built in several episodes,
then the ice-contact deposits are progressively younger from
south to north. The Lake Vermont deposits were spread over
the ice-contact deposits as the mouth of the ice-tunnel
migrated northward with the retreating ice front. According to
this hypothesis, the Lake Vermont deposits form a subaqueous
delta whose apex, the mouth of the ice tunnel, was several
hundred feet below the surface of the glacial lake. I favor this
alternative. There is no indication of a decrease in grain size of
the ice-contact deposits from north to south, as might be
expected if they were all deposited during one stand of the
ice-front.
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Figure 7.—Map and cross sections of the Ingraham esker exposed in borrow pit about 0.5 mile north of Miner Agricultural Research Institute
(loc. 1, fig. 1). Vertical exaggeration X 2; scale given in feet above pit floor.

The Ingraham esker has been greatly modified by wave
action. It is lower and broader than most other eskers in the
Adirondack region (fig. 2). Initially, the esker was probably a
steep-sided ridge, perhaps two or three times higher than the
present one. The map and cross sections on figure 7 show that
the ice-contact deposits form the eastern part of the esker and
the Champlain Sea deposits form the center and western parts.
This distribution suggests that the tunnel in which the
ice-contact deposits were formed was centered over the eastern
part of the modern ridge. The gravel and sand of the
Champlain Sea were deposited largely on the west side of a
ridge of ice-contact deposits that was considerably reduced in
height by erosion in the sea. Cross sections D—D’ and A—A' of
figure 7 show the inferred initial profile of the ridge of
ice-contact deposits prior to modification in the late-glacial
water bodies. The crestline of the ancestral ridge was east of
the summit of the modern ridge. Erosion and deposition
caused the crest to migrate westward a few hundred feet. The
existing ridge is, in part, the eroded remnant of an older one
and, in part, material derived from the older ridge and
deposited on its western slope. In contrast to the conclusion of

Stephens and Synge (1966, fig. 12), the side slopes of the

Ingraham esker appear to have been greatly reduced by wave
action.
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HIGH-PURITY VEINS OF SODA-NITER, NaNO;,
AND ASSOCIATED SALINE MINERALS IN
THE CHILEAN NITRATE DEPOSITS

By GEORGE E. ERICKSEN and MARY E. MROSE,
Washington, D.C.

Abstract.—White veins of soda-niter, NaNO3, and other water-soluble
saline minerals are abundant and widespread in the Chilean nitrate
deposits. They occur as secondary veins in the typical nitrate caliche,
which is a saline-cemented regolith, and as primary near-surface veins in
bedrock. Soda-niter and halite, NaCl, are the principal saline com-
ponents. Veins commonly contain more than 50 percent NaNOj. Also
present, generally in minor amounts, are a wide variety of other saline
minerals, some of which are unique to these deposits. Among the most
abundant of these minor minerals are niter, KNOj3; darapskite,
Na3(NO3)(SO4)H,0; glauberite, Na;Ca(SO4);; and bloedite,
Na;Mg(S04),-4H,0. The veins are well exposed in old underground
workings where they were mined during the 19th century and early
part of the 20th century.

The unique nitrate deposits of northern Chile are part of the
saline complex of the Atacama Desert, which is probably one
of the most arid deserts of the world. Similar deposits are not
known to exist elsewhere. They are caliche deposits consisting
of saline-cemented regolith, which locally contains veins of
high-purity soda-niter, NaNO3, and of bedrock impregnated
with saline materials or laced with veins of soda-niter and
other saline minerals. These veins, commonly containing 50
percent or more NalNOj, constitute the richest ore of the
nitrate fields and were the chief source of nitrate during the
early days of the nitrate industry. They are now of interest to
the mineral collector but of little value to the nitrate industry,
which concentrates on exploitation of large quantities of
low-grade nitrate ore.

The deposits that have been exploited are in the northern
provinces of Tarapaca and Antofagasta. They are in the area
extending from near the latitude of Pisagua in the north to Taltal
in the south, a distance of nearly 700 km (fig. 1). Most of the
deposits are along the eastern side of the coastal range but
deposits are also found in or near depressions within the coastal
range, near or around hills in the central valley, and along the
lower slopes of the Andes. Although deposits are found through-
out this region, most are grouped into five districts, which from
north to south are: Tarapacd, Tocopilla, Baquedano, Aguas
Blancas, and Taltal (fig. 1). Known deposits that have not been

worked extend at least 50 km north and south of those shown in
figure 1. Other deposits that have not been exploited are found
in the coastal desert of southern Peru, near Arequipa, about 300
km north of the border with Chile.

The Chilean nitrate deposits furnished most of the world’s
nitrate for fertilizers, explosives, and other chemicals from the
early 19th century until World War I, when synthetic nitrate
was first produced on a large scale. They also have been a
major source of iodine since the mid-19th century. Total
nitrate production recorded from 1830 through 1970 was
about 135 million metric tons of NaNO;. Early in the 20th
century more than 100 nitrate plants (called oficinas) were in
operation simultaneously in northern Chile, and annual pro-
duction was 2 to 3 million metric tons of NaNO3. After World
War I, synthetic nitrate took an ever-increasing share of the
market and by 1970 only four Chilean plants were in
operation, and annual production had dropped to less than a
million metric tons of NaNOj. In 1970, this represented less
than two-thirds of a percent of the world demand for fixed
nitrogen. On the other hand, byproduct iodine from these four
plants supplied more than 50 percent of the world’s needs in
1970.

During the early days (early 1800’s) of the nitrate industry
and until the early 1900’s, the high-purity soda-niter veins
were mined underground by shafts and tunnels. Figure 2
shows a typical mine area. Starting in the mid 19th century
and continuing until the present, lower grade ore was mined in
surface openings such as those shown in figure 3.

Because of their unusual nature, the Chilean nitrate deposits
have attracted the attention of scientists for more than 100
years. The mode of formation of the deposits has been
particularly preplexing, and dozens of published reports
describe them and speculate about their origin. To date,
however, there is neither a complete and accurate description
of the deposits nor an acceptable theory for their origin.

Our information about the high-purity soda-niter veins in
the Chilean nitrate deposits is based on field and laboratory
studies undertaken during the 1960’s. Some of the informa-
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Figure 1.—Index map of northern Chile, showing location of the
nitrate fields and of selected nitrate plants.

tion is to be found in reports by Ericksen (1963), Ericksen and
Mrose (1970), and Mrose, Fahey, and Ericksen (1970). Among
earlier reports that give information about geology and
mineralogy of the deposits are those of Briggen (1938) and
Wetzel (1932).
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OCCURRENCE AND DISTRIBUTION
OF VEINS

High-purity white soda-niter veins occur in the two major
types of nitrate ore, one in which saline minerals cement
regolith (unconsolidated clastic sediments) and the other in
which they occur as impregnations, veins, and irregular masses
in bedrock. The first type generally rests on poorly cemented
or uncemented rock debris similar in character to that of the
ore layer, or on finer material consisting chiefly of sand- and
silt-sized particles. The second type gives way downward to
less fractured rock relatively free of saline minerals.

The nitrate deposit consisting of saline-cemented regolith is
considered to be made up of several layers: the chuca and
costra (overburden with little or no NaNQ3), caliche or the
nitrate ore (generally averaging 8—15 percent NaNOj), and
coba and conjelo (material below the caliche, also containing
little or no NaNO3). These layers are shown diagrammatically
in figure 4. Exploitable caliche is generally 1—3 m thick.

The veins in saline-cemented regolith are secondary in origin,
having formed in fractures that opened in the preexisting
lower grade nitrate ore, and therefore are younger than this
ore. The fractures formed in many ways, including desiccation
of the newly formed caliche layer, later fracturing of the dry
brittle caliche layer owing to fault movement and accompany-
ing earthquake shock, and fracturing due to thermal expansion
and contraction of the layer. Some of these fractures contain a
simple filling of saline minerals; others were first filled and
then widened by force of the crystallizing salines. Figure 5
shows typical fracture-filling veinlets of white soda-niter and
halite in a caliche consisting largely of saline-cemented silt and
sand.

Near-horizontal layers of high-purity salines are found
locally at the base of the caliche consisting of saline-cemented
regolith, as is shown in figure 4. More rarely they occur within
this type of caliche. The layer at the base of the caliche is
generally at the contact between the firmly cemented caliche
and the underlying poorly cemented or uncemented coba (fig.
4). This basal layer is highly irregular in thickness, ranging
from a few centimeters to about 50 c¢m, and is discontinuous.
In a few nitrate fields such layers are widespread, but in most
they are relatively sparse. These layers may be of primary
origin, having been formed as part of the original nitrate
complex, rather than being secondary veins, which were
deposited after the enclosing caliche had become dry and hard.
Therefore, the layers may represent concentrations of salines
at the maximum depth that capillary evaporation of soil
moisture (or saline ground water) took place. Capillary
evaporation is the probable process by which the salines were
deposited to form caliche.
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Figure 2.—Area of extensive underground nitrate workings (cuevas) near Oficina Compania, Tarapaca district. Near-horizontal discontinuous layers
of high-grade soda-niter occur in limestone and interbedded shale, 3—6 m below the surface. Opencut in foregound exploited shallow veins;
tunnels from face connect shafts marked by isolated waste piles.

Nitrate-bearing bedrock shows a zoning similar to the
layering in the saline-cemented regolith. The surface generally
has a layer of uncemented slope debris or windblown sand and
dust, commonly ranging from a few centimeters to about 30
cm in thickness, corresponding to chuca. Nitrate-bearing veins
and impregnations in the underlying bedrock generally show
evidence of leaching to depths of 3—6 m. The leached parts of
the veins, corresponding to the above-mentioned costra, now
consist chiefly of powdery to compact calcium sulfate and
saline-cemented sand and rock fragments. The underlying
caliche zone containing layers, veins, and impregnations of
soda-niter and other salines is as much as 2 m thick.

Veins and layers of high-purity salines, typical of the
bedrock-type caliche, were formed by crystallization of salines
along fractures and bedding planes which, as a consequence,
were gradually forced open. Such veins are well shown in
figure 6. Lenticular, discontinuous, nearly horizontal layers are
extensive in bedrock in certain areas, particularly in Tarapaca.

They range from a few centimeters to about 50 cm in
thickness (rarely as much as a meter thick). Generally only one
massive layer is found in the caliche zone, but one or more
thinner layers may be present, and the fractured rock above
and below the main layer may be impregnated by and contain
many veinlets of salines through a thickness of several tens of
centimeters. In any one nitrate field this type of caliche
generally is found at a more or less uniform depth, most
commonly 3—6 m below the surface. In hilly or hummocky
areas it tends to be parallel or subparallel to the land surface.

High-purity veins are widespread in the nitrate fields as a
whole, but are relatively sparse in some fields and very
abundant in others. They can best be observed in the
underground workings where they were mined during the last
century and early part of the present century (fig. 2). Many
shafts and tunnels are still open, in spite <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>