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FACTORS AFFECTING PETROLEUM ACCUMULAT:ON BENEATH

THE EASTERN UNITED STATES CONTINENTAL MARGIN

By

W. C. Fallaw
Department of Geology
Furman University
Greenville, South Carolina

ABSTRACT

Evidence published about the geology of the continental margin
of the eastern United States indicates that it is attractive for petroleum
exploration., Thicknesses favorable for oil and gas generation exist be-
neath Georges Bank, the Baltimore Canyon area, the Blake Plateau,
and the continental rise. Mesozoic clastics and carbonates to thenorth
and carbonates to the south are favorable reservoir and source rocks.
Salt domes, basement highs, faults, and other structures could pro-
vide suitable traps. Continental fragmentationallowed evaporite forma-
tion and accumulation of organic matter in basins during Mesozoic sub-
sidence, Reefs and deltas also formed during this time interval.

INTRODUCTION

One of the largest areas on earth with geological conditions
favorable for petroleum accumulation but not yet tested by drilling is
the continental margin of the eastern United States. In contrast to the
situation in the United States eastern offshore, drilling has been pro-
ceeding in offshore Canadian waters since 1966, and a few wells have
been drilled in the Bahamas. Almost all the continental shelf of south-
eastern Canada has been under exploration permit since 1965, and
through 1974 at least 85 wells had been drilled. Areas are now under
permit there up to 650 km offshore.

Several [actors in addition to size make the eastern United States
continental margin attractive for oil exploration: it is underlain by a
large volume of marine sedimentary rocks; its Mesozoic history is
similar to that of the Gulf of Mexico northern continental margin, one
of the major oil producing provinces of the world; petroleum hasalready
been found on the eastern Canadian continental margin, an area whicn
is a northern extension of the region under discussion; and nearby in-
dustrial centers simplify logistics.
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TOPOGRAPHY

The ncrthern part of the continental margin, from North Caro-
lina to Maine, comprises the continental shelf, the continental slope,
and the continental rise (Figure 1). The shelf has an average slope of
less than 1° toward the ocean and is up to 420 km wide off Maine. At
the shelf edge, at depths from about 80 to 160 m, the inclination of the
sea floor increases to about 7°, forming the continental slope. The
depth of the outer edge of the slope varies from about 1400 m off Nova
Scotia to about 2500 m off North Carolina (Figure 2). The continental
rise forms a ramp from the base of the slope out to the abyssal plains,
with an inclination of less than 1°, The rise is up to 500 km wide, and
its outer edge reaches depths of more than 5000 m (Emery, 1966;
Maher and Applin, 1971; Emery and Uchupi, 1972).

The southern part of the continental margin is more complex
and consists of the continental shelf, the Florida-Hatteras Slope, the
Blake Plateau, the Blake Escarpment, the Blake-Bahamas Abyssal
Plain, and the Blake Outer Ridge. The Blake Plateau has depths from
about 500 to 1100 m and averages about 900 m. The Blake Escarpment
attains depths of 5000 m. The entire continental margin is about 2500
km long off the eastern United States and covers a total area of about
1,570,000 km?. That part of the margin shallow enough to be acces-
sible to the present operating procedures of the oil industry, the shelf,
occupies about 420, 000 k_mz, and the Blake Plateau underlies about
180, 000 km? (Emery, 1966; Maher and Applin, 1971; Emeryand Uchupi,
1972). The target is obviously a large one.

SEDIMENT THICKNESS

The North Atlantic Ocean basin appears to have begun develop-
ing during the latter part of the Triassic Period and the early part of
the Jurassic, approximately 190 million years ago. Since that time
sediments have accumulated on the subsiding edge of the continent as
North America separated from Africa and Europe. It is possible that
pre-Jurassic rocks referred to as 'basement', contain oil, but this
discussion will be limited to the younger rocks.

Estimates of post-Triassic sediment thickness in several areas
of the continental margin are encouraging: 8 km in the Georges Bank
area (Schultz and Grover, 1974), 12 km in the Baltimore Canyon area
(Mattick and others, 1974), and 6 km in the Blake Plateau area (Sheridan
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Figure 2. East-west cross-section through the Hatteras well, after
Emery and Uchupi (1972). Vertical exaggeration is 25X,

and others, 1966) (Figure 1). These areas are underlain by basins,

possibly fault controlled, where unusual thicknesses of sediments have
accumulated because of great subsidence, Sedimentary thicknesses
beneath the slope and rise are probably more than 10 km in places
(Drake and others, 1968). "The total volume of Mesozoic and Cenozoic
sediments derived from the continent in the area of the continental mar-
gin has been estimated as 10 million km3, almost as much as the 12
million km3 estimated for the northern Gulf of Mexico province (Gilluly
and others, 1970),

SEDIMENTARY ROCKS

The composition and texture of the sediments beneath the con-
tinental margin cannot be known with certainty until drilling begins, but
there is enough information available from the Atlantic Coastal Plain,
offshore Canada, the Bahamas, and geophysical data from the margin
to make some fairly confident statements aboutthe rocks offshore. The
rocks of the Coastal Plain may be observed in outcrop, and many wild-
cat wells and water wells provide information about subsurface strati-
graphy. The strata of the northern Coastal Plain are mo stly sandstones
and shales, generally dipping atlow angles toward the ocean and extend-
ing beneath the shelf. South of North Carolina carbonates are common,
the proportion of limestone gradually increasing southward to the most-
ly carbonate platform of Florida.

The wells on the shelf off Nova Scotia (Figure 1) penetrated
Mesozoic and Cenozoic rocks more than 4600 m thick, encountering
salt overlying redbeds at the bottoms of some wells. The salt is
thought to be of Jurassic age. One well penetrated more than 760 m of
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salt (McIver, 1972), and evaporites are thought to be much thicker in
the subsurface basins. Jurassic carbonates and evaporites overlie the
salt, and are in turn overlain by Jurassic sandstones, shales, and
limestones. Cretaceous sandstones and shales of a regressive sequence
lie above the Jurassic rocks. Cenozoic shales and sands complete the
section. The entire sequence appears to grade into coarser clastics
updip and become almost entirely shale toward the ocean basin (Mclver,
1972). About 40 percent of the section is Jurassic, about 50 percent
Cretaceous, and about 10 percent Cenozoic.

0il and gas occur in Cretaceous and Jurassic strata in Nova
Scotia offshore wells, and good porosities and permeabilities are in-
dicated. One well tested at the rate of 36 million £t3 of gas per day
from three zones and 300 barrels of oil per day from a fourth (Austin,
1973), Tests between 700 m and 1900 m in another well yielded hydro-
carbons from 17 to 18 zones (Howie and Hill, 1972). Five wells were
good enough to be considered new field discoveries (Crosby, 1974;
Bryant and others, 1975). Shows have also been found in wells on the
Grand Banks shelf,

A well drilled on Cape Hatteras, North Carolina (Figure 1) pro-
vides the nearest thing to a look at continental shelf strata in the central
part of the continental margin, The well penetrated about 870 m of
Cenozoic sediments, mostly sandstones and carbonates, overlying about
1920 m of Cretaceous sediments (with some possible Jurassic in the
lower part) consisting of shales and sandstones with some carbonate
beds. Below the Cretaceous is a section of about 215 m of probably
Jurassic sands and shales (Brown and others, 1972). Porosities of up
to 41 percent and permeabilities of more than 2100 millidarcys were re-
corded in the Cretaceous rocks (Spangler, 1950). Permeabilities on
the order of 10,000 millidarcys, calculated from hydrologic transmis-
sivity tests, have been reported from water wells in the Cretaceous of
Delaware (Kraft and others, 1971).

It is likely that shelf strata are more carbonate richthan equiva-
lent Coastal Plain deposits, because clastic source areas are farther
from the sites of deposition. South of North Carolina the Coastal Plain
sediments are more carbonate rich, and the Blake Plateau is probably
almost entirely carbonate. A well drilled on the island of Andros in
the Bahamas (Figure 1) penetratedabout 2670 m of Cenozoic carbonates
and bottomed in Cretaceous carbonates at 4445 m (Spencer, 1967).
High porosity, in some cases cavernous, ‘was encountered in the Cre-
taceous section., Porous and permeable carbonates are excellent reser-
voir rocks, the greatest oil producing region on earth, the Persian
Gulf area, being largely a carbonate region. Fine-grained limestones
and black shales, which are good petroleum source rocks, are known
to be present along the southern continental margin (Lancelot and others,
1972).

Cretaceous reefs are apparently present along the outer edge of
the Blake Escarpment (Heezen and Sheridan, 1966; Ewing and others,
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1966; Meyerhoff and Hatten, 1974) and could be reservoirs. They could
also have provided appropriate environments for the accumulation of
organic matter in the back-reef environment by restricting circulation,
Reefs of about the same age are highly productive in Mexico. The pos-
sibility of clastic reservoirs in the area also exists (Meyerhoff and
Hatten, 1974), Wells in the south Florida area have penetrated bedded
anhydrite and shales in the Jurassic and Cretaceous section (Meyerhoff
and Hatten, 1974) which could serve as reservoir seals. Several small
fields produce from Cretaceous limestone in southern Florida, and
shows have been reported from other parts of the southern carbonate
area. Oily odors and asphaltic specks have been detected in Tertiary
samples from the shelf off northern Florida (Emery and Zarudski,
1967),

The thick sedimentary section beneath the continental rise ap-
parently consists of seaward-thinning beds of fine-grained pelagic sedi-
ments interbedded with relatively coarse-grained sands deposited by
turbidity currents and slumping (Emery and others, 1970). The tur-
bidites might serve as reservoirs, and the lutites should be good source
beds. The environment of the slope is particularly favorable for or-
ganic accumulation (Rogers and others, 1973), and turbidity currents
cquld bury the material on the rise before oxidation occurs. Harring-
ton (1969) has suggested that the presence of thick turbidite sequences
beneath the rise and abyssal plains implies thatlarge quantities of hydro-
carbons have been generated along the continental margin. Methane
and ethane have been detected in Tertiary sediments on the rise (Lance-
lot and Ewing, 1972). Although the slope lies at depths beyond the
normal range of petroleum operations, it could become an important
region when deep water drilling techniques are more extensively used.

STRUCTURES

The Atlantic margin has not been considered in the past to be a
province of structural complexity. The prevailing concept, that of a
homocline with dip toward the ocean, is generally true but now has to be
modified because of subsurface information which has become available
within the last few years. Recent studies by Brown and others (1972),
Gibson (1970), and Sheridan (1974) have presented geologic interpreta-
tions emphasizing the structural complexity of the region,

Basement Highs

Traps associated with basement highs include anticlines formed
by basement movement and by differential compaction of the overlying
sediments, and terminations of porous sand bodies against the highs.
The rifting which apparently affected much of the continental margin
during the early Mesozoic (and during the Carboniferous along the
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northern continental margin) would tend to produce a horst and graben
pattern with traps developing above the upthrown blocks. Pre-Meso-
zoic erosion of the basement surface could also have formed highs.

Basement highs and anticlines possibly associated with base-
ment irregularity have been reported from several areas in the coastal
plain (Brown and others, 1972; Dietrich, 1960), including Delaware
(Kraft and others, 1971), Virginia (Sabet, 1973), South Carolina (Colqu-
houn and Comer, 1973), and Georgia (Cramer, 1969). On the shelf,
basement irregularities associated with fault basins have been found off
Nova Scotia and Newfoundland (Figure 3), and in the Gulf of Maine and
near Georges Bank area (Ballard and Uchupi, 1972). Highs have also
been found on the shelf off New England (Garrison, 1970) and in the
Baltimore Canyon area (Drake and others, 1959; Minard and others,
1974). Gentle, large amplitude folds, possibly related to basement
structure, also occur on the shelf and in the Blake Plateau offthe Caro-
linas, Georgia, and Florida (Sheridan and others, 1966; Bunce and
others, 1965; Olson, 1974; Uchupi, 1970). Extensions beneath the shelf
of large positive structures such as the Cape Fear archand the Norfolk
high could also provide traps.

A series of arches and ridges near the edge of the shelf and ris-
ing to within 1500 m of the sea floor has been inferred by geophysicists
(Figure 2). It extends from Nova Scotia to the Baltimore Canyon area,
and perhaps connects with a ridge system underlying the outer edge of
the Blake Plateau., Another ridge system appears to underlie the rise
from the Grand Banks to the Blake Plateau (Emery and others, 1970;
Drake and others, 1959; Mayhew, 1974). The origin of the ridges is un-
known, but they may be fault controlled, produced by rifting when the
Atlantic opened in early Mesozoic time, They could also be reef struc-
tures similar to the Blake Escarpment reefs or a combination of reefs
and basement highs. Diapirs have also been suggested as a pos sibility.
Whatever their origin, the structures are favorable for petroleum ac-
cumulation. The ridges could also have inhibited oceanic circulation,
thus allowing organic material to be preserved and retained for petro-
leum generation.

Although not properly falling into the category of basement highs,
igneous intrusions into the continental margin sediments, such as sug-
gested by Mattick and others (1974) and Sheridan (1975) in the Baltimore
Canyon area and by Ballard and Uchupi (1972) in the New England shelf,
might possibly form anticlinal traps. Fractures and weathered zones
in the basement rocks might make the basement itself a potential reser-
voir rock.

Salt Domes
Salt domes of probably Jurassic age have been drilled off Nova

Scotia and on the Grand Banks (Figure 3). Seismic studies have detect-
ed diapiric structures between the Grand Banks and the Scotian shelf
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Figure 3. Southwest-northeast cross-section through the Grand Banks,
after Upshaw and others (1974), showing basement highs,
faults, salt domes, and unconformities, The salt (shaded)
in the central syncline is thought to be Paleozoic. Other
salt bodies are considered Jurassic. Vertical exaggeration
is 38X.

(Keen, 1970) and on the rise and abyssal plain southeast of the Grand
Banks (Watson and Johnson, 1970). Diapiric structures possibly form-
ed by salt movement have been detected seismically in the Bahamas
(Ball and others, 1968; Lidz, 1973), and a possible diapir has been
found near the shelf edge off Delaware (Sheridan, 1975), Bedded salt
has been drilled in several places in Florida.

On the other side of the Atlantic, opposite the United States con-
tinental margin, features detected seismically have been interpreted
as salt diapirs at several places offshore from Spain and down the
western bulge of Africa at least as far south as Cape Verde (Pautot and
others, 1970). This suggests that the Atlantic Ocean with its restrict-
ed circulation of early Mesozoic time might have been bounded by a
series of evaporite basins, and it is possible that the gap in the distri-
bution of known evaporites (Figure 4) along the western border of the
Atlantic between Florida and Nova Scotia will be filled when drilling be-
gins off the United States (Gibson, 1970; Rona, 1970). Anhydrite frag-
ments were found in cuttings from the Hatteras well, and wells on the
Coastal Plain in the Chesapeake Bay area, North Carolina, Georgia,
and Florida have chloride concentrations greater than 100, 000 PPm in
their deeper sections (Manheim and Horn, 1968).

The Triassic fault troughs of the Newark type, exposed on land
from South Carolina to Nova Scotia and known from several places in
the subsurface of the Coastal Plain, also exist beneath the shelf in the
northern parts of the margin and probably extend the entire length of the
shelf (Ballard and Uchupi, 1972; Olson, 1974). These basins would
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Figure 4, Position of continents around the North Atlantic
during the Jurassic, with areas underlain by
evaporites shaded, after Schneider and Johnson
(1970).

form favorable areas for restricted circulation and so become excellent
places for evaporite deposition under the proper climatic conditions.

Faults

Faults have been found in the Coastal Plain, and geophysical
data suggest that faulting could be extensive offshore. Evidence of fault-
ing in the Coastal Plain (Brown and others, 1972) has been reported
from Delaware (Jordan and others, 1974), Maryland (Jacobeen, 1974),
Virginia (Sabet, 1973), South Carolina (Colquhoun and Comer, 1973;
Tarr, 1974), Georgia (Cramer, 1969), and Florida (Pirkle, 1971).
Lidz (1973) has described normal faults in the Bahamas. 5

In the Grand Banks area, well and seismic control indicate that
normal faults cut both the basement and the Mesozoic section (Amoco
and Imperial, 1974) (Figure 3). Faulting has been reported from the
New England shelf (McMaster, 1971). Large-scale faulting has also
been inferred for the Blake Plateau area (Sheridan and others, 1969),
and slickensides have been found on the Blake Escarpment (Sheridan
and others, 1971).

The presence of a major structure discontinuity along the shelf
south of New England, the 40th parallel anomaly, has been suggested
(Drake and others, 1968). The New England seamount chain to the east
is thought to be an extension of this zone, as is the bend in the Ap-
palachian system to the west. Recent hypothesis of extensive strike-slip
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deformation in the continental margin area has suggested other possible
areas of wrench faulting (Sheridan, 1974; Ballard and Uchupi, 1972),
and these areas offer possibilities for petroleum accumulation of the
kinds described by Hardin (1974) and Moody (1973).

Seismic profiles have revealed slump structures at the base of
the slope, apparently formed by material sliding off the slope down onto
the rise (Emery and others, 1970; Hoskins, 1967). These might serve
as hydrocarbon traps, especially those slumps which have an anticlinal
form, ,

Unconformities

Unconformities have long been recognized in the Coastal Plain,
At least some of these might be expected to diminish toward the ocean
basin, but shelf unconformities have been identified. In the Grand
Banks, a distinct angular unconformity separates homoclinal Cretaceous
and Tertiary rocks from underlying deformed strata of Jurassic age
(Figure 3). Other unconformities within the Cretaceous, at the Creta-
ceous-Tertiary boundary, and within the Tertiary have been recognized
here, but these are more disconformable than angular (Upshaw and
others, 1974). Seismic and well data from the Scotian shelf have been
interpreted as indicating angular unconformities between Jurassic and
Cretaceous strata, within the upper Cretaceous section, and in the
Cenozoic sediments (King and others, 1974).

Well data and seismic profiles farther south have revealed
angular unconformities mnear the Cretaceous-Tertiary contact in the
Norfolk area (Minard and others, 1974) and in the Tertiary section near
Charleston, South Carolina (Colquhoun and Comer, 1973), Geophysical
control and shallow cores have revealed numerous unconformities with
the Tertiary section of the shelf (Meisburger and Duane, 1969; Uchupi
and Emery, 1967).

Lateral Permeability Changes

Pinchouts appear to be common in the Coastal Plain subsurface
and are likely to be associated with basement highs and salt domes.
Channel sands and barrier bar sands should be present in those parts of
the sedimentary section which formed in shallow environments (Maher
and Applin, 1971). Pinchouts of turbidite bodies at the base of the shelf
are also prbbably present.

Cretaceous reefs occur in the Bahamas and along the Blake Es-
carpment. They may also extend farther north beneath the edge of the
shelf (Mattick and others, 1974; Kraft and others, 1971). Zones of
dolomitization with high porosity might also form traps in the carbon-
ates,
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COASTAL PLAIN

Many wildcat wells have been drilled in the Atlantic Coastal
Plain and all have been dry holes. Some shows have been found, how-
ever, in several areas, including New Jersey, North Carolina, and
Georgia (Maher and Applin, 1971), Discouraging results in the Coastal
Plain are probably can ged largely by the relatively thin sedimentary
section which averages about 600 s, The thinness is unfavorable be-
cause source beds must be buried deeply enough to encounter tempera-
tures and pressures sufficient for generation and migration of bydro-
carbons. LaPlante (1974) found that depths required for significant
hydrocarbon generation in rocks of late Tertiary age in the Louisiana
Culf coagtal plain are 3000 to 4000 m. It is pos sible, of course, that
migration has brought petroleum into the shallower sediments in some
areas.

GEOLOGIC HISTORY

Petroleum accumulation is influenced not only by thickness,
rock types, and structures, but also by the sequence of geologic events
which occurred during the development of the geologic province and the
environment in which these events occurred. Continental margins ap-
pear to be especially favorable for hydrocarbon accumulation (Hedberg,
1970; Pratt, 1947). Organic productivity is high because of abundant
nutrients being brought from the continents, and the relatively shallow
water on the shelf allows nutrients to be recycled from the sea floor.
The nearby landmass can also provide a large supply of clastics to bury
the organic material, and unstable margins allow thick accumulations
of sediments to build up in areas of rapid subsidence. Instability of a
margin can also generate structures such as faults, unconformities,
and slump structures. Shelf-edge ridges, conducive to preservation of
organic material and evaporite formation, and to development of traps,
seem to be common on margins (Hedberg, 1970).

The history of the east coast continental margin begins with the
formation of the Atlantic Ocean in early Mesozoic time. Tensional
stresses associated with the widening of the Atlantic caused a horst and
graben system to form in the basement. Triassic redbeds and Jurasic
evaporites, carbonates, and clastics were deposited in the basins bet-
ween the upthrown blocks. This sequence of events provided basement
highs, evaporites (found in most of the productive areas of the wourld)
for salt dome formation, source rocks deposited under reducing condi-
tions, and reservoir rocks.

In late Jurassic time, normal marine conditions began to pre-
vail over most of the area, and carbonates and clastics succeeded the
evaporites in the basinal area. A long, narrow seaway apparently ex-
tended from the Gulf of Mexico, along the eastern United States con-
tinental margin, and into the Persian Gulf area, forming a continuous
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marine area with similar environmental conditions, and bounded by
North America to the northwest, Europe to the north, Asia to the north-
east, and Africa to the south (Irving and others, 1974). The probability
of high heat flow at the continental margins during the Mesozoic, due to
the nearness of the Mid-Atlantic ridge, is favorable, high heat flow be-
ing an aid to migration (Tarling, 1973).

The sequence of Triassic redbeds, overlain by Jurassic salt, in
turn overlain by shallow water carbonates, found beneath the Scotian
shelf, if very similar to that of the Gulf Coast province. It is also in-
teresting that in the Persian Gulf area, Triassic redbeds underlie the
prolific Jurassic carbonate reservoirs, many of which occur above
basement uplifts. There are also similarities between the Atlantic
margin and the Tampico province in the Gulf of Mexico, production
there being from reservoirs above uplifted basement blocks and plat-
forms (Olson, 1974),

Thick sediments accumulated on the Atlantic margin during
Mesozoic time. Timing of subsidence makes the area attractive, be-
cause more than 70 percent of the world's reserves occur in rocks of
late Mesozoic age (Irving and others, 1974). It is also intriguing that
the time of maximum rate of subsidence, the Cretaceous, was also a
time of widespread reducing conditions in the western North Atlantic
(Ewing and Hollister, 1972). Streams flowing down from the Appalachian
area to the west built up thick sequences of deltaic clastics during Cre-
taceous time in the north. The oil-bearing Jurassic and Cretaceous
section beneath the Scotian shelf contains deltaic deposits (Mclver,
1973). A major Cretaceous deltaic sequence probably extends all the
way across the shelf in the Baltimore Canyon area and may attain a
thickness of 5000 m, and Miocene deltaic deposits also appear to be
present there (Minard and others, 1974). Deltaic sediments have been
reported in the Cretaceous and Tertiary of the New England shelf
(Garrison, 1970; Minard and others, 1974),

During the Cretaceous, reefs grew around the perimeter of the
Gulf of Mexico and are prolific oil producers in Mexico. The Creta-
ceous reefs in the Bahamas, the Blake Plateau, and perhaps farther
north along the shelf edge, may be an extension of this trend. During
Mesozoic time, the Atlantic margin was in tropical latitudes where
most of the world's oil has been generated. The geographic situation
with respect to latitude and ocean currents was remarkably similar,
apparently, to that of the Gulf of Mexico (Irving and others, 1974). The
petroleum generated in the area has had a good chance of being pre-
served by being on the trailing edge of a continent rather than on a plate
margin,

Yarborough (1971) listed four environments most favorable for
hydrocarbon accumulation: deltaic, rapidly subsiding carbonate shelf
or lagoon, reef complex associated with a carbonate shelf, and turhidite
ervironments. All four occur on the east coast continental m=rgin, the
iirst in the northern part, and the second and third in the southern part
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and perhaps in the deeper part of the section in the north, and the
fourth on the continental rise.

Of the factors emphasized by Hedberg (1864) as being important
in petroleum accumulation, the Atlantic continental margin has marine
sediments of favorable age (Mesozoic), suitable thickness, a history of
subsidence, with a barrier to open circulation seaward during part of
its history, high organic productivity, evaporites, a nearby source of
clastics, unconformities, deltas, reducing environments, fine~-grained
sediments, and reservoir bodies.

Estimating petroleum resources in undrilled areas is a hazard-
ous business. The United States Geological Survey has recently esti-
mated that the outer continental shelf, in depths up to 200 m, contains
2 to 4 billion undiscovered recoverable barrels of oil and 5 to 14 tril-
lion ft3 of gas at 75 percent and 25 percent probability levels (Miller
and others, 1975), The Atlantic margin probably will not be as produc-
tive as the Guli Coast, but could be a major producing area. Factors
which may prevent the Aflantic margin from being as productive as the
Gulf margin are: .

1) The Atlantic lacks a thick Tertiary section, Most of the sub-
sidence here was during the Mesozoic, and most of the subsidence in
the northern Gulf margin occurred during the Cenozoic (Gibson, 1970).
Tertiary reservoirs are particularly good because the sediments have
not had their porosities and permeabilities reduced by compaction and
cementation as much as older rocks.

2) The smoothness of the outer shelf and slope as revealed by
seismic profiles suggests that salt domes are not as numerous as in
the Gulf Coast.

3) There may be a lack of sealing evaporites in some areas of
the southern carbonate province (Meyerhoff and Hatten, 1974).

4) The smaller drainage area per foot of shoreline aleng the
Atlantic has probably caused the numbers and sizes of deltas to be
small as compared to the Gulf of Mexico province.

CONCLUSIONS

Geophysical data from the continental margin indicate that thick-
nesses favorable for petroleum accumulation exist beneath Georges
Bank, the Baltimore Canyon area, the Blake Plateau, and the continental
rise. Jurassic and Cretaceous clastics and carbonates to the north
and carbonates in the south, as indicated by wells on the Grand Banks
and the Scotian shelf, the Atlantic Coastal Plain, and in the Bahamas,
are favorable reservoir and source rocks. Structures for trapping
petroleum are present and include salt domes, traps associated with
basement highs, normal faults, wrench faults, unconformities, pinck-
outs, reefs, and slump structures.

The geologic history of the margin makes the area attractive.
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Continental fragmentation provided basins for evaporites and organic
accumulation and caused basement highs to develop. Maximum subsi-
dence occurred during the Mesozoic under conditions suitable for petro-
leum generation, Reef growth and deltaic sedimentation also occurred
during this time.

The east coast continental margin will probably not be as pro-
lific as that of the Gulf of Mexico margin, but known geologic factors
make it an attractive area for exploration.
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POST-CRETACEOUS FAULTING IN THE HEAD OF THE

MISSISSIPPI EMBAYMENT
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and
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7901 Stallion Drive
Nashville, Tennessee

ABSTRACT

Mapping to date has shown less than 25 faults that offset Cre-
taceous and younger strata in the northern part of the Mississippi Em-
bayment (north of 36° latitude). However, in this seismically active
area other methods in addition to strict field data can be used to deline-
ate possible faults. In this study about 70 hypothetical faults were
interpreted from topographic lineations and well data. This number
may be even larger if known faults that cut the Cretaceous along the
northern perimeter of the Embayment per sist southward.

A pattern of dominant northeast-trending and subordinate north-
and northwest-trending faults is presented. The validity of this pattern
can be tested under the hypothesis that seismically active faults extend
from focal depth to land surface. Twenty-two earthquakes in the study
area were analyzed by Street, Hermann, and Nuttli (1974). Fourteen
of the seismic solutions nearly coincide in location and strike with
geologically inferred faults. The other eight agree in strike with the
nearest geologically inferred fault,

INTRODUCTION
General Location
The Mississippi Embayment is the portion of the Gulf Coastal
Plain that extends northward up the Mississippi Valley to southern

Nlinois (Figure 1), This area, in which few faults have been mapped,
has been the site of violent (up to MM X-XII) earthquakes. This paper
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Figure 1. Location of the area of this report in relation
to physiographic provinces.

is concerned with the structure of the area and particularly the fault
pattern.

As used in this paper, the "head'' of the Mississippi Embayment
is the region north of 36° latitude. In this area the trough ofthe embay-
ment syncline changes from "V -shaped'' to ""spoon-shaped'.

This study has both theoretical and practical interest--it can
increase knowledge of the general geology and tectonic history of the
region, indicate possible faults that may be related to oil or ore de-
posits, and provide criteria for evaluating earthquake hazard.

Statement of the Problem

Geologists are trained to present conservative interpretations
for limited field data. When geologists compile data in preparing a
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geologic map, faults are commonly shown only if they have been de-

monstrated by direct observation, repetition or omission of strata or

fault gouge or breccia. Many faults are not recorded on geologic maps
prepared from limited field data; these may be clearly demonstrated
later by more detailed studies involving excavation, drilling or geo-

physics. In view of the problem of earthquake hazard, however, the
conservative concept demands that any suspected fault be shown, be-
cause earthquakes are commonly considered to be associated with faults.
This is particularly applicable to siting critical structures such as

dams, bridges and power plants. Even faults that are inferred from a

minimum of evidence should be shown on a "hazard'" map, although
they may not actually be pre sent.

The northern part of the Mississippi Embayment is an earth-
quake-prone area. However, because outcrops of the unconsolidated
Cenozoic and Mesozoic formations are relatively rare and temporary
and generally masked by a blanket of alluvium and loess, the Embay-
ment is an area where faults are difficult to discover and to trace by
conventional field methods. Even so, some faults are known in the
Embayment, and in adjacent Paleozoic rocks to the north and east,
where exposures are better, faults are known to be abundant. Figure
2 shows the surface faults that have been delineated on published maps
of the area. ''he purpose of this paper is to suggest a pattern of addi-
tional faults in the Embayment, and then to attempt to test the validity
of these inferred faults.
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Basic Data For This Study

Basic data for the study consist primarily of previously mapped
faults (Figure 2), elevations of contacts in drill holes and on geologic
maps, and lineation from topography and streams on quadrangle maps.
Most of the data have been obtained from drill hole records of State and
Federal geological organizations, and from their published and unpub-
lished detailed geologic maps. Organizations that provided information
were the United States Geological Survey, State geological surveys of
Arkansas, Illinois, Kentucky, Missouri, and Tennes:zee, the United
States Army Corps of Engineers, and the Tennessee Valley Authority.
Most lineations were derived from alignment of contours and stream
patterns on topographic quadrangle maps, principally the 1:24,000 ser-
jes. Other lineations were observed on oue ERTS image of an area
including western Tennessee and Southeast Missouri.

Previous Investigations of Faulting

Since 1944 three studies have been made of the relationship of
faulting to lineations in this region. H. N. Fisk (1944) drew a fault
pattern for the entire lower Mississippi Valley (Figure 3). His work
was primarily based on lineations visible on air photos, together with
trends of river valleys. Krinitzsky (1950) continued this study using
photo lineations and tests of particular areas by drilling. Krinitzsky
considered the faulting to be related to earthquakes. Later, Stearns
and Wilson (1972) drew fault patterns based on lineations in Tennessee
and Kentucky near the Mississippi River where maxirmnum bending ia
the fmbayment trough bas occurred. The bending zone had been sug-
gested in 1962 by Stearns and Marcher (Figure 4), and Stearns asq
Wilson's map is shown in Figure 5. Many of the '"faults' inferred from
lineations by these workers likely are joints rather than faults, be-
cause many lineations in adjacent areas of excellent outcrops are joints
or joint swarms., The maps of Fisk and of Wilson and Stearns are
reproduced here because they were presented in limited edition reports
of the Corps of Engineers and Tennessee Valley Authority and there-
fore may be difficult for some readers to obtain,

Several detailed studies in particular areas have been based on
drilling and outcrop data rather than lineations. For example, studies
were made by Caplan (1954) in Arkansas; Ross (1964) for part of
southern Illinois; Schwalb (1969) in Kentucky; Grokskopf (1955) and
McCracken (1971) in Missouri. A regional map of faults was made by
Heyl and others (1965) for the faulted fluorspar district partly in, but
mainly outside, the northern part of the Embayment; Schwalb and
Stearns (1971) drew regional maps of the northern part of the Embay-
ment showing faulting.

Detailed information on faulting in specific areas is published
on numerous geologic quadrangle maps in Tennessee, Kentucky and
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merts and cover
Herrs struciurs js known only from grilling records.
A-rand the head of the embayment from the Missour

Ilinois.
ment in Kentucky (Finch,
eastern margin of the embaymen
1969), the Calvert City quadrang
Kentucky (Amos and Finch, 1968),

i-1linois

L™
[
w



0 20 miles - 4 . /‘

‘i‘::l:;—;_-l

/ N S
K_ R —— e limfss_'v‘f L&
" |

1
Figure 5. Faults in the Northern Mississippi Embay-
ment and vicinity as mapped by Stearns and
Wilson (1972, modified from Fig., 45). Most
faults in the embayment (dashed lines)are based
only on lineations. Stearns and Wilson only drew

faults east of the Mississippi River.

border, across Illinois and Kentucky, faults are mapped from Paleo-
zoic rocks into Cretaceous and Paleocene where they have been drawn
as terminating (Figure 2). We will show that by using lineations,
together with data from geologic maps and drill holes, that faults can
be interpreted as extending across the embayment, cutting through
Cretaceous, Paleocene and younger strata, and many may still be
active,
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Figure 6. Configuration of the top of Paleozoic-base of Cretaceous
unconformity; contoured, smoothly so as to ignore all
faults except those mapped at the surface.

SIMPLE STRUCTURE CONTOUR MAPS

Figure 6 is a contour map of the contact between the base of the
Cretaceous and the top of the Paleozoic, based upon all available sur-
face and subsurface data. It is contoured as smocthly as the data pre-
mit. Faults are shown only where they are mapped at the surface
(shown on Figure 2). Figure 7 is a similar map for yocunger datum (top
of the Paleocene Porters Creek Clay). This pair of smoothly contoured
structure maps together with the faults shown on Figure 2 could be con-
sidered as a complete and correct presentation of the structural geology
of the area in a conventional conservative manner. However, the
writers here advance the hypothesis that such maps greatly underesti-
mate faulting, and believe that the likely fault pattern in the northern
Embayment should be explored, particularly because it is a region of
frequent earthquakes, and has experienced faulting in geologically re-
cent and even historical time (Fuller, 1912; Krinitzsky, 1950).

INTERPRETIVE STRUCTURE CONTOUR MAPS

The simple structure contour maps can be redrawn to show addi-
tional faults. The same data are used along with lineations from
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Figure 7. Configuration of the top of the Porters Creek Clay
(Paleocene); contoured smoothly so as to ignore all faults
except those mapped at the surface.

topographic maps (Figure 8).

Drill hole data can be contoured either simply without faults (as
on Figure 6 and 7) or interpretively with faults (Low, 1951). Low's
method can be refined by use of lineations. A summary statement of
this method follows. A convolution or irregular spacing of structure
contour lines may be either a fold or a concealed fault between control
points. The working hypothesis is that a fault is present, but the pre-
cise location and trend of the fault cannot be deciphered from drill holes
alone. Topographic lineations may suggest a precise trend (azimuth)
but not the actual location; also closely spaced lineations suggest an
actual location, as a fault may be at, or very close to, such a swarm
of lineations. Once the fault is drawn, contours are reshaped to con-
form with more evenly curved and more evenly spaced configuration,

Figure 9 shows the structure of the base Cretaceous-top Paleo-
zoic unconformity with interpretive faults. Figure 10is a similar map
of the top of the Porters Creek. These maps were derived by the pro-
cess outlined above, and the writers believe that they present a more
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Figure 8. Lineations in the northern Mississippi Embayment, Nearly
all are from topographic maps (7 1/2-minute quadrangles
(scale 1:24,000)or 1 x 2 degree A.M.S. maps (scale 1:250,060)).
Longer ERTS lineations are shown in the Missouri "bootheel'.
'hese lineations are one of the main bases for location and
trend of the hypothetical faults that are drawn on Figures 9 and

i0,

realiistic general portrayal than Figures 2, 6and 7.

The fault pattern shown on these maps is generally consistent
with the southward projection of the northeast-trending faults of the
fluorspar district, which are the northernmost faults on Figure 2.

The dominant northeast trend is also parallel to that of the "Big
Creek Fault Zone' of Fisk (1944). The northwest set is also parallel
to faulting suggested by Fisk. This is not surprising since the writers
and Fisk both used lineations. Though consistent with the work of
others and resulting from a rational process, these faults are hypothe-

tical and remain to be proven.

CROSS SECTIONS

Another way to extend faulting from the known, at the edge of
the embayment, to the unknown, in the interior, is to '‘view the structurc
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Figure 9. Structure of the Top Paleozoic-Base Cretaceous uncon-
formity showing fault interpretation, Faults on Figure
2 which cut Cretaceous and younger formations are as-
sumed to also cut this datum. Down dip where Porters
Creek Clay is exposed, this datum is buried, and few
drill holes exist; the detailed trends of Porters Creek
Clay contours were used to shape contours and interpret
faults on this datum. Well control points are shown on
Figure 6.

down the plunge' just as one can project a cross section in a plunging
fold belt by viewing a geologic map in a down plunge direction. Figure
11 shows the location of four cross section lines. Two of these extend
around the northeast perimeter of the Embayment, where detailed sur-
face mapping and shallow drilling have provided closely spaced control.
The other two cross the Embayment where less faulting is known be-
cause control is widely spaced. Control for these sections is the inter-
pretive maps, Figures 9 and 10; they will be described first.

The trough section (Figure 12) is drawn to show the characteris-
tic shape and likely fault relationships across most of Tennessee, and
northern Arkansas and Mississippi. Here the embayment has a distinct
"V-shaped'" cross section, and faulting appears to be concentrated in
the zone of sharp bending at the bottom of the trough. From here
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Figure 10. Structure of the Top of Porters Creek Clay (Paleocene)
chowing iault interpretation. Fewer faults are shown for
this datvro than fhe oider base Cretaceous. It is likely
that some faults shopped moving before the Paleocene.
Also, fewer faults are shown because there are fewer
weall contrcl points, and oil test well records less fre-
quently indicate the top of Porters Creek Clay than the
deever top of Daleomoic rock surface.

northwars the embayment tas a "'spoon'' shape and the syncline is more
rounded in cross section, and faults appear to be more widely distri-
buted.

The section in Figure 13 crosses the Embayment through
southernmost Kentucky. This section will be referred to again, and
for convenience it is named the "transverse'' section. The "transverse'
section has a U-shape and faults occur all the way across the Embay-
ment. Most of these faults are the hypothetical faults drawn on Figures
9 and 10, The actual nurmber of faults across this section may be
greater or less than those shown.

It is necessary to draw two sections around the perimeter, be-
cause the base of the Cretaceous and top of the Porters Creek Clay do
fot crep out in the same place. Figures 14a and 14b are structure
cross sections of the Cretaceous base and the top of Porters Creek
Clay, respectively. They are drawn sround the northeast perimeter of
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Figure 12. The trough section. This is the southernmost
Cross section line, It is drawn near the northern limit
of the area where the embayment has a distinct "V~
shaped''trough, and faulting is concentrated in the bend-
ing zone at the bottom of the trough. Faults are vertical
on this and subsequent sections because of the large ver-
tical exaggeration (about 300),

220



0ZARK = =HIGHLAND
HIGHLANF - =|Z £ RIM
[+suu\r,r o s = g
o = e Y
.|l 2
] - }Wﬁ/——’
51
Y N
-SEA LEV NN ar
1 N Y ]
i J o
(N
- l\i d{é’
| H v%\\\g& i :
Tab lf.@
i L%"
- -1000 7T . -
0 10 20 MILES
R I

SECTION FROM CONTOUR MAPS

Figure 13. The "Transverse Section'. This section extends -
cross the Mississippi Embayment from the Ozark Hich-
land, through Kentucky and Tennessee. This section is
drawn from the contours and faults on Figures 9 and 10.
This section will be compared with structure at the p+-i-
meter of the embayment by projection., Faults are ver-
tical because of the large vertical exaggeration.

the Embayment where many faults are known from surface mapping and
closely spaced drilling. These cross sections are much more detail.d
than Figure 13 because oi the large amount of surface control, but thev
are distorted because they curve around the perimeter rather than ex-
tend across the Embayment symmetrically, They will be referred to
as ''perimeter sections. "

In order to compare the sections, the 'perimeter sections are
projected into the line of the 'transverse'' section. Figure 15 shows
the base of the Cretaceous structure so projected into tLe 'transverse'
section. The top section is viewed horizontally. Itis foreshortened
for comparison with the shorter transverse section, but the trough
shape is not shown. The bottom section shows the same structure as
a trough because it is projected down the plunge to the position of the
“transverse' section. On either side, where the sections intersect, ‘27
elevation is the same. Parts of the perimeter section farther awzy
from the "transverse' section are projected downward over a greater
distance, and are therefore lower. Figure 16 is a similar illustration
for the Porters Creek Clay. Figure 17 shows both perimeter sections
projected into the position of the 'transver se" section. Figure 18
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Figure 14, Structure sections of the northeast perimeter of the
Mississippi Embayment showing the configuration of the
Base Cretaceous-Top Paleozoic surface and the top
(Paleocene) Porters Creek Clay at and near its outcrop,
from Missouri, through southern Illinois and Kentucky
to Tennessee. A (top) is Top Paleozoic; B (below) is
Top Porters Creek. These are the datums of the
structure contour maps, and are also lines on the cross
sections (Figs. 12 and 13). These sections will be pro-

jected southward on subsequent illustrations (Figures
15 to 18).

shows the '"transverse' section revised to include all the projected
faults from the two perimeter sections. It mightbe consideredthat this
drawing carries the hypothesis of abundant faulting too far; it is, after
all, really only a view of faulting at the Embayment head, However,
it serves to illustrate the hypothesis that such faulting may be common,

perhaps at least as common as the faults on the interpretive maps
(Figures 9 and 10),

ALTERNATIVE ABUNDANCE OF FAULTS
There have been three alternative fault abundances illustrated
herein. Present field and drill data demand only a few faults (Figures

2, 6, 7) with an average length of about 10 miles or less, and 30 to 40
miles of unfaulted territory between faults, Interpretive contouring
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Figure 15. Foreshortened "Perimeter of the Embayment'' Base
Cretaceous-top Paleozoic rocks section and its pro-
jection into the position of the "transverse'' section,
The top section is as viewed horizontally, and is only
foreshortened. The bottom section is projected down
the plunge of the embayment axis. The section is
drawn this way so it can be compared with the "trans-
verse'' section (Figure 13).

suggests many faults 20 miles long or longer with an average distance
of about 20 miles between faults. Projection from the faulted embay-
ment head results in an estimate of a fault about every 5 miles. Future
drilling and field work in the vicinity of the "transverse'' section may
determine which of the three is the best approximation.

SEISMIC SOLUTIONS COM PARED WITH INTERPRETIVE FAULTS

The seismic analyses of Street, Herrmann and Nuttli (1974) per-
mit an independent test. It is however necessary to entertain the hy-
pothesis that the faults along which earthquakes occur extend from focal
depth to the earth's surface. It is of course logically possible fox the
inferred near-surface faults of this paper to be correct, but not agree
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Figure 17. Both pPerimeter sections projected to position oftrans-
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Figure i8. Revised 'transverse'' section including all faults pro-
jected from 'the two perimeter sections; as though all
the faults at the embayment head also occur this far
south. This illustrates the hypothesis that even more
faults occur in the embayment than can be inferred from
sparse drill data.

with seismically active deep faults; however, if they do agree, both the
reality and the hypothetical extension of the faults to focal depth should
be concluded to be possible.

Seismic data permit estimates of the orientation of fault planes
at depth. TWenty-—twol earthquakes in the area of this report between
1962 and 1974 have been analyzed by Street, Herrmann, and Nuttli
(1974). For each earthquake two pos sible fault planes satisfy the data.
If the calculated fault plane having the closest fit to our nearest inferred
fault is indeed the correct one, then there is considerable agreement
(Figure 19). Table 1 gives the comparative data for the ''seismic fault
planes' having closest fit to the interpreted faults of this report.

Correlation between earthquakes and faults is a problem be-
cause of the uncertainty in locating both. The first factor is an un-
certainty of about 5 km in the location of epicenters (Nuttli, personal
communication). The second factor is uncertainty in positioning faults

lThese investigators studied 38 earthquakes, but 16 of these are not in
the head of the Embayment area of this report.
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Figure 19. Fault plane solutions from seismic data compared
with the inferred fault pattern of this paper. The steep-
er-dipping fault of the two possible solutions for each
earthquake is shown by a dip and strike symbol at the
epicenter location. Dashed lines are hypothetical faults.
Solid lines are faults mapped on the surface by previous
workers.

between wells and in lineation swarms; this is estimated by the writers
to be about 3 km. A third factor is the inclination of faults that have
one position near the surface and another at focal depth; for example,
in a fault with 720 dip and 6 km focal depth, the offset would be about 2
fm. In the preceding example, if all of these uncertainties were addi-
tive, a 10 km difference would result.

Table 1. Footnotes.

(1) A ngeismic' fault is a location and orientation of a possible earth-
quake producing fault determined by pressure and tension data from
seismograph records. Here it is the one of two pos sible faults that
most closely correspond with "geological'' fault.

(2) A ngeological'' fault is one inferred from interpretive contour map-
ping using lineations and well data, as shown on Figures 9 and 10,

(3) Assigned by Street, Herrmann and Nuttli (1974).
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Fourteen of the 22 seismic events agree in location and strike
with geologically inferred faults. The other 8 agree in strike (14° dif-
ference) with the nearest geologically inferred fault,

Because selection of one of the two alternate fault planes intro-
duces a bias, we will also use the contrary hypothesis that seismic
fault plane solutions are random with respect to inferred faults. Then

A random series of the smallest angles between seismically and geo-
logically inferred faults should average 459, The actual average is
339, Thus it appears that even unselected seismic calculations relate
earthquakes to geologically inferred faults. However, it may be that
chance has resulted in a difference averaging 12° less than the expect-
ed 45° average,

CONCLUSIONS

A northeast and a lesser northwest series of faults appear to
cut Cretaceous and younger strata in the northern Mississippi Embay-
ment. This conclusion ig from outcropping faults, manipulation of con-
tour maps based on formational elevations in wells, and on topographic
lineations, An agreement in location and strike between these geo-
logically inferred faults and seismically inferred fault planes at depth
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PARTICLE SIZE-VELOCITY RELATIONSHIPS FOR SWASH SAND

TRANSPORT AT CAPE HATTERAS, NORTH CAROLINA

By

Allan T, Williams¥*
Stephen P. Leatherman
John S. Fisher

Department of Environmental Sciences
University of Virginia
Charlottesville, Virginia 22903

ABSTRACT

A fluorescent tracer study was conducted at Cape Hatteras,
North Carolina in order to quantify the relationship between particle
velocity and grain size in swash sediment movement. Experimental
gites were established on either side of the Cape at a 1.5 km digtance
from the Point. Samples were collected at a 1 minute interval for 30
minutes at a position 20 m downdrift from the point of tracer release.
The sampling line consisted of a 10 m tramsverse section of the beach
foreshore, stretching from the uppermost swash penetration to the zone
of breaking waves.

Four size classes of 100, 600 grains each were dyed differcat
colors and introdnced into the mid- swash zone. The rate of transport
for each sire fraction was determined by plotting particle recovery
versus time. Results indicated an inverse gize-velocity relationship
with larger particle velocities being obtained for the northern portion
of the cuspate foreland. Some swa sh surges were recorded in the
particle-recovery distribution as well-marked peaks.

INTRODUCTION

Fluorescent tracer particle studies have proven to be an inex-
pensive and quick means of investigating sand transport in the nearshore
marine circulation zone. The present study utilized tracers in order
to quantify swash zone size-velocity relationships on either side of Cape
Hatteras, North Carolina (Figure 1). This giant cuspate foreland is
located on some 2,500 meters of marine sediments. Its shape has been

—
*On leave of absence from The Polytechnic of Wales, Pontypridd, U. K.
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Figure 1. Location map of the investigated area,

attributed to many factors, viz, nodal points of Gulf Stream eddies,
wave refraction, an accumulation zone where two curved spits meet,
etc. In essence it appears to require for its formation: (a) high rate of
sediment input in the littoral dwrift areas, (b) high energy conditions
and (c) stabilizing or shielding points aroundwhich sand can accumulate
(Swift and all, 1972, p. 525),

Yasso (1965) showed that an inverse size-velocity relationship
Wwas normal for sandy beach foreshores. Therefore smallest sized
grain particles should arrive before the larger ones. If this is true,
there should be a time differential between the arrivals of differently
sized sediments.
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Two experimental areas were marked off 1.5 km in a northward
and southward direction from the "Point'' of the Cape (Figure 1). These
were designated northern and southern beaches, respectively, and a
time-integration sampling program (Crickmore and Lean, 1962) was
atilized in order to quantify the relationships between sand size and
velocity., In this sampling procedure, samples are taken at a specified
time interval along a section transverse to the direction of flow.
Quantification of the fluorescent tracers recovered enabled the time

distribution of peak particle concentration to be calculated.
If a quantity of marked sand grains is infected into the swash,

the grains will be recovered at the rate dA4(t)/at proportional to the
amount of tracer Ag(t) remaining at the site. If A is in initial amount
of tracer and r is the erosion rate, then Aglt) = Ae~T!, indicating an
exponential removal of tracer with time. Crickmore and Lean (1962)
have indicated that this is not always true because frequently:

1. Tracers are released at a higher rate than predicted during

the later stages of recovery.

2. It is difficult to define the extent of the zone of motion.

3. Depositional processes occur as well as erosional.

4. The tracer motion depth is difficult to determine.

The dominant longshore beach drift off the northern beach is
southeast, while on the southern beach it is northeast, hence the zone
of accumulation, Estimates of the total amount of littoral drift differ,
put Langfelder, and all (1968) have postulated southward values of 2.20
million cu yds/yr and northward values of 0. 26 million cu yds/ys. In
the past two years, sand has been dredged from a borrow pit located in
the Cape and pumped some 5 km northwards. This beach nourishment
program has resulted in the average mid-tidal sediment size decreasing
slightly from 1.15% to 1. 254, TFor this project, mid-~tide modal grain
size values for the northern and southern experimental areas were
found to be 0. 68% and 1. 059, respectively.

Two main mechanisms produce littoral drift. The first is by
waves striking a coastline at an obligue angle which generates a long-
shore current in the surf zone. The second is swash drifting via the
action of a wedge of water spilled onto a beach by an obliquely breaking
wave. This pushes sediment obliquely up a beach face. Gravily moves
the water and sediment downslope in a divection normal to the beach
face giving the well-known ''saw-toothed" pattern of swash sediment
movement. However, an oblique backwash can also contribute to some
longshore transport. Sediment could be removed from the swash zone
and deposited seaward, but it ''does not contribute much to the long-
shore sediment transport' (Komar, 1971).
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FIELD PROCEDURE

Sediment samples obtained from the Hatteras foreshore were
laboratory dried and sieved using a Ro-Tap machine. The sieve inter-
val used was 0, 5 % and sieving carried on for 20 minutes per sample
(Griffiths, 1967). Sediment particles in the size range -1.0%,0.5%,1.03,
1. 5% were then selected for color coding, i. e, particles with a grain
size of 1.0 § pagsed through the 0,5 § sieve but were trapped on the

and weighed so that the weight of 100,000 grains of each size range could
be determined., The four grain size distributions obtained were then
coated with different colors of fluorescent dye (Table 1).

On October 26, 1974, a pilot surveyof tracer Yecovery was con-
ducted at the southern beach, Fluorescine dye was Placed in the water
and its direction and time taken to travel 20 m noted (northeast at 0, 28
m/sec). At 1130 hours, 30 minutes before low tide, 100, 000 yvellow
and green coated grains were introduced into the swash as a single in-
jection. Movement of these coarse grains was easily seen with the un-
aided eye, Sampling was staged at 1 minute intervals. The first
coarse-grained sediment (vellow) traveled the 20 m distance downdrift

was accordingly set at 1 minute intervals for a 30 minute duration,

However, when the main experiment commenced at 1715 hours,
the current direction had reversed and now flowed southwest at a velo-
city of 0.24 m/sec (Table 2). This current reversal was attributed to
a 20° change in the overall wave incidence angle. This meanta reversal
of injection and sampling points for this particular beach. For the
northern area, the current direction was southeast all day. Current
reversals south of the Cape are not unusual and are one of the reasons
that Langfelder, and all (1968) found much lower values of net littoral
drift in this area,

At 1715 hours, 15 minutes before high tide (the time was chosen
in order to eliminate tidal influence), 100,000 grains of each of the four
size ranges were introduced at mid-swash level prior to the uprush of
a breaking wave at both beaches. Sea state conditions during the test
were as shown in Table 2. Standard field techniques were used in ob-
taining these sea state parameters. Ata 20 m distance downdrift from
the point of tracer release, a sampling line was established by placing
three stakes in the foreshore transverse to the beach. This 10 m gec-
tion extended from the uppermost swash penetration to the zone of
breaking waves which roughly coincided with the step. Ingle (1966) has
shown that 90 percent of sand drifting occurs within this zene, The
step zone is a marked break of slope normally located under the wave
crest or just shoreward of it., It is formed by the returning backwash
colliding with the base of the incoming breaker. Each of three samplers
was then assigned a 3 to 4 m length of section from which to collect
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Table 1, Fluorescent Color Coding and Grain Size.

Wt/100, 000

Color grains
Code $ Size !gms!
Red 2.0- 1.5 15,0
Blue 1.5- 1.0 41,0
Green 1.0 - 0.5 128. 0
Yellow -0.5 - -1,0 616.0

Table 2. Sea State Parameters, October 26, 1974.

Southern Northern
Beach Parameters Beach
SSW Wave direction ENE
9 Period, T (secs) 10
415 Wavelength, (m) 512
11 Beach Slope (°) 11
50 Breaker Height (cm) _ 75
sSwW Longshore Current Direction SE
.24 Longshore Current Velocity (m/sec) .38

approximately a 1 kg sample. Large plastic bags weighted down with
big stones were dragged along the surface to a depth of around 3 cm.
These samples were laid out on the beach and marked by a fourth per-
son who also acted as 2 time keeper. At the end of the experiment, the
three samples taken during each time increment were combined. It
would have been betiter to examine the individually-collected samples
from the three stretches of beach face, but logistics necessitated this
amalgamation. Therefore, the sampling technique yielded a 'echannel '
or composite sample along the 10 m beach instead of a sample specific
to any definable portion of the beach face.

Plugs of dyed sand, extending from the surface down to 30 cm
in the mid-tide position, wexre used to determine the depth of sediment
disturbance by waves (Williams 1971), After a complete tidal cycle,
the plug was sectioned so that the amount of truncation could be deter-
mined, the depth of disturbance being equal to the amount of undyed
gand deposited on top of the sand plug. As a small proportion of grains
aye lost by burial (Ingle, 1966), and the thickness of the moving sedi-
ment layer was unknown, this experiment was andertaken to determine
the total amount of sediment disturbance over a tidal cycle at the two
jocations. This value determined the plastic hags sample depth.

The sample size for the 60 composite samples collected in the
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Figure 2. Fluorescent tracer recovery at the northern beach,

field varied considerably, In order to standardize this parameter,

larger samples were split down to the smallest obtained sample gize by
means of a sample splitter. The particles were then spread out on a
table toa depth of 2 to 3millimetres for examination, An ultraviolet light
in a darkened room was used to identify and count the individual tracer

particles. Figures 2 and 3 show the Particle-recovery distribution for

the northern and southern sites, respectively. A mechanical analysis
was made for all samples from which cumulative frequency curveswere
drawn, Figure 4 represents the '"sweepzone! envelopes for cumulative
frequency curves obtained for the north and south beaches. This wasg
carried out in order to determine any significant statistical difference
between the sediment populations, In order to give clarity to Figure 4,
the curves were not drawn separately.
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Table 3. Maximum Particle Transport Velocity (cm/sec). (All num-
bers rounded to nearest whole number).

Southern Color Northern
Beach Code Beach
11 Red 33
8 Blue 17
7 Green 17
8 Yellow 17
RESULTS

Data from both beaches, based on the 1 minute sampling inter-
val, showed that the smallest sized grains (2.0%- 1.5%) did move
through the designated distance with the highest velocity, but each suc-
ceeding class did not follow in order (Figure 3 and Table 3). The fast-
est moving grains on both beaches were colored red (2. 0%- 1. 5%8), sup-
porting Yasso's (1965) views of the inverse relationship that exists bet-
ween grain size and velocity (Figures 2 and 3, Table 3). Maximum
particle transport velocity is defined by the time of recovery of the
first particle for each grain size range.

Pealk number of particles obtained have been graphed in Figures
2 and 3, and the peak particle recovery velocities given in Table 4. In
each case the proportion of coarser-sized grains to finer-sized grains
increased as time elapsed during the experiment. This is in accord’
with theories first developed for undiTectional stream flow, and later
applied to beach studies involving grain movement in. all directions from
the release point (see Ingle, 1966). This suggests an immediate dif-
ferential movement of grains of varying character. Smaller grains are
usually carried in suspension whereas larger grains will be moved
along a beach by saltation processes. Grains in suspensionhave a much
greater chance of being moved beyond the breaker zone than particles
moving by saltation or traction transport (Grant, 1943).

Data from mechanical analyses showed strong similarities bet-
ween sediment samples (Figure 4). For the northern beach, median
grain size ranged from 0.1% to 1.2 & whereas, for the southern beach
it was -0.8% to 1.3%, Sorting values ranged from 0,21 % to 1. 32 & and
0.34 % to 1,21 & for the porthern and southern beaches, respectively.
These values represented the extremes of the population distribution
and a much tighter distribution was found for 85 percent of the sediment
cumulative curves indicating little difference between samples.

For the northern beach, the largest number of all grain size
were recovered during the third minute. In terms of the total number
of tracers found, more of the smallest grain size (red) were recovered
while the yellows and greens (coarsest material) were retrieved in the
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Table 4. Peak Particle Recovery Velocity (ecm/sec).

Southern Color Northern

Beach Code Beach
2.7 Red 11.1
1.3 Blue 11.1
1.5 Green 11.1
1.4 Yellow 11.1

smallest numbers. Velocities obtained were greater than those record-
ed on the southern beach due to higher energy conditions, and the
smallest-sized graing (red) moved twice as fast as the others (Table 3).
This finding agrees with Ingle's (1966) work in California. Peak tracer
recovery corresponds to an apparent transport velocity of 11 cm/sec
for all grain sizes (Table 4). With the high energy conditions encounter-
ed at this beach, it was possgible that the coarser grain sized materials
were moving offshore contrary to the usual sorting concepts character-
istic of beach sediments (Grant, 1943). Krumbein (1944) was the first
fo report selective offshore transport of coarse-grained sediments.
However, movement of some grains along on and offshore vectors was
probably related to the fact that they were not in equilibrium with the
slope and fluid regime at the dump point,

At the southern beach, the coarsest sized material (yellow) was
recovered in significantly larger quantities than any other size range,
This corroborated the usual beach sediment transport concept that
coarse sized grains move on shore, fine sized grains offshore (Grant,
1943, Zenkovitch, 1967). The fastest moving grains (red) had an ap-
parent transport velocity of 2. 7 cm/sec (Table 4), A comparison of the
graphs for the two beaches indicated an exponential decay rate for the
northern beach (Figure 2) while the southern beach exhibited wide varia-
tions (Figure 3). The large fluctuations in tracer recovery for the
southern beach can be explained by the reasons stated earlier (higher
tracer recovery rate during the latter stages, deposition difficulty in
determining tracer motion depth and extent of zone of motion). The
long-shore current velocity at this beach was 24 cm/sec (Table 2).
Rapid increases in the strength of alongshore vectors of grain motion
occur anly at higher velocities than this (Ingle, 1966), In addition, it
Wwas noted that the coincidence of two swash surges resulted in a non-
linear interaction where one surge rides over the swash of the preced-
ing surge with an attendant increase in energy conditions. The coars-
est material, that is, the yellow colored grains, were transported in
greatest quantities during these periods of high influxes of wave energy
with minimal transport between times, Orlava (1964) working in a
similar wave regime in Europe showed that sediments of grain sizes
2 3and -1% moved with velocities of 0.6 and 0. 3 respectively of the
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longshore current's velocity. There is close accord with these figures
and the results presented in Table 3 (15 cm/sec 2nd 7 cm/sec res-
pectively for the fine and coarse-grained sediments at the southern
beach; 25 cm/sec and 12 em/eec respectively for the same sediments
at the northern beach).

CONCLUSIONS

The time history of a tracer's position ag it moves along a beach
face can be used to deduce the sand advection rate. The thickness of
the moving sediment layer was unknown but over a 30 minute increment
during sea level stillstand little material would be buried beyond the 3
cin sampled level. This assumption was verified by the depth of dis-
turbance experiment. The depth of sediment disturbance over the tidal
cycles corresponding to the tracer study was only 7 em and 6 cm net
deposition at the northern and southern beaches, respectively. There-
fore, scraping the top 3 em of sediment took in approximately 50 per-
cent of the beach tidal cycles's sediment deposition, Any buried ixacer
grains would be included within the sample. Average maximum velo-
cities of 33 cm/sec for red grains (2.0%t0o1.58%) and 17 cm/fsec for
others were recorded at the northern beach; 11 em/sec of red (2. 0% to
1.5¢), and 8 cm/sec for blue {(1.58to 1. 08 ) and green (1. Dato 0.52),
and 7 em/sec for yellow (-0.53 to-1.0 8) at the southern beach (Table
3). Several large swash surges gave well-marked peaks of fluorescent
tracer recovery at the southern beach. With respect to transport welo-
citier, much higher values were recorded for the northern beach. Re-
gults indicated a consistency in the inverse size-velocity sand grain
relationships for medium-coarse sand, However, more results are
needed from experiments conducted under a variety of sea state con-
ditions since many complex factors are involved in the transport of
sediment along natural beaches.
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ABSTRACT

A geochemica.l and mineralogical study of the partially serpen-
tinized Holcombe Beach dunite of Madison County, N. C. indicates that
the serpentinization process randomly altered the ultramafite. The
degree of gerpentinization differed randomly throughout the body, in-
dicating that the serpentinization did not progress from exterior to in-
tevior. Chemical studies indicate that the MgO/SiOz, FeO/Si0, and
MgO + FeO/Si0O; ratios bear no apparent relation to the degree of ser-
pentinization, ruling out a constant volume chemical model for the ser-
pentinization process. Lack of gtructural deformation in the country
rocks likewise argues against a constant composition model, It is con-
cluded that the alteration was a product of several chemical processes
acting on the body, yielding constant volume and essentially constant
composition serpent‘mized dunite.

INTRODUCTION
Statement of the Problem

The purpose of this study is to attempt to under stand the serpen-
tinization process that has affected the ultramafic rocks of the southern
Appalachians. These bodies vary in their degree of gerpentinization
from less than 10 to 100 percent.

The Holcombe Branch dunite of Madison County, North Carolina
(Figure 1), is a partially serpentinized ultramafic mass. Preliminary
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Figure 1. Map of Holcombe Branch dunite showing sample locali-
ties and approximate boundary of the dunite body (modified

from Hunter, 1941). Inset shows index map of western
North Carolina,

studies indicated that the degree of serpentinization of this ultramafic
body is variable, which makes it a good example on which to test vari-
ous hypotheses of serpentinization. Thirty specimens of serpentinized
dunite were collected along Holcombe Branch and its largest tributary
to detect systematic variations between the degree of serpentinization

and both the bulk rock chemistry and proximity to the country rock con-
tact.

Previous Wark

The only previous work on the Holcombe Branch dunite was done
by Hunter (1941) as part of a study of the economic potentials of olivine
deposits in North Carolina and Georgia. He presented a sketch map
and a brief petrographic description of the dunite, but did not discuss
the serpentinization, Previous studies on the serpentinization process
affecting any of the southern Appalachian ultramafic rocks include
works by Miller (1953) and Condie and Madison (1969), who studied the
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Webster-Addie complex, and Neuhauser and Carpenter (1971), who
studied the Bank's Creek serpentinite body of Yancey County, North
Carolina.
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DESCRIPTION OF THE DUNITE
Tield Relations

The dunite body i8 roughly 2500 feet long and up to about 1,000
feet wide. It is elongated in a NE-SW direction, roughly parallel to the
local and regional structural trend. Qutcrops are generally quite fresh;
however, almost everywhere the rock is jointed in three approximately
orthogonal directions, and these fractures and the outcrop surfaces are
moderately to severely weathered, to a depth of up to 2 half-inch. The
least weathered samples are found in stream exposures, particularly
along Holcombe Branch, which transects the length of the dunite mass.

Relatively unaltered dunite is ye].lowish to yellowish-green, granular,

and sornewhat friable. The more serpentinized dunite is dark to very
darlk blue-green, quite smooth, and compact. The olivine grain size

is small in these rocks, with discrete grains usually not visible to the
naked eye.

Chromian gpinel occurs throughout the dunite, from disseminat-
ed very fine- grained octahedra to massive bands as much as a foot wide
in outcrop. Talc is present in several outcrops asamassive alteration
product at the edges of the dunite. It also occurs throughout the dunite
as veinlet fillings in fractures. TwoO small abandoned feldspar and
corundum prospects are located near the edge of the dunite. The re-
lations of these deposits to the dunite are not known, and were not
studied in this investigation.

Petrography

The Holcombe Branch deposit is a partially serpentinized dunite,
consisting of the primary minerals olivine, chromian spinel, clinopPy-
roxenc, and orthopyroxene. Serpentine; and to a lesser extent, talc
and magnesite occur 28 alteration products. Prior to serpentinizatic.n
the rock was obviously a dunite which contained about 95 percent
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olivine, 1.2 percent chromian spinel and minor pyroxene, The degree
of alteration of the Primary olivine to serpentine varies from 25 to 70
percent throughout the deposit, The digtr ibution of Primary minerals
and serpentine appears to be random, except for Dccasional layering of
chromian spinel,

Primary Minerals

The observed olivine grain gize ranges from less than 0, § I
to about 1. 5 mm, with rare individualg ag large as 2. 6 mm, Olivine
Composition, ag reported by Carpenter and Phyfer (1975), is Fogp, 2.
Olivine-olivine grain boundariesg (disregarding the serpentinization Pro-
ducts) are straight, and the grain boundarieg generally meet at high
angles., Thig characteristic ig @specially obvious in the coarse-grained,
least altered samples, and is reminiscent of the textures of annealed
metals., In the fine-grained samples this texture ig less obvious and ig
commonly obscured by alteration Products. The olivine in this rock ig
generally remarkably free of strain effects, Thig is consistent with
textures observed in other ultramafic rocks in  this general area
(Astwood, Carpenter, and Sharp, 1972, Carpenter and Phyfer, 1975),
and dissimilar to most alpine-type ultramafites from other parts of the
world (Raleigh, 1965; Ave'Lallement, 1967, Loney, et al, 1971),

Other Primary minerals are present as accessories in varying
‘amount, Chromite, the most common accessory, occurs in all of the
samples as euhedra up to about 0, 5 mm, usually finely disseminated,
but sometimes in "masgsive" layers up to a few millimeters thick.,
Orthopyroxene and clinopyroxene are Present ag rape accessories,
generally in the fine-grained Specimens. Their grain size is small,
around 0.1 mm, except for a few rare orthopyroxenes ag large as 1, §
mm.  In some places both Pyroxenes occuras small grains at the junc-
tion of three olivine grain boundaries, In other instances they appeay
less interstitial and are sometimes as large ag the asgociated olivine

All samples show Sea-and-island serpentinization texture in

largely of the platy serpentine lizardite, X-ray diffraction analysis of
the light mineral fraction (p a2, 8) of ten samples yielded the serpentine
mineral assemblage chrysotile + lizardite in eévery sample. No anti-
gorite was detected,

The amount of serpentine contained in each sample wag
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determined by measuring the bulle density of the rock. Modal analyses
were attempted and considered to yield less reliable results, due to the
fact that the gerpentine Was distributed almost entirely along olivine
grain houndaries and fractures. Water—loss—upon-heatingwaa also con-
sidered to be 2 less reliable method due t0 the presence of other hydrous
phases in the samples. Cylinders were cut from the samples and their
densities calculated from the measured volumes and masses, after the
method of Burch (1965) and Page (1966). Since in most of the gamples
olivine plus the serpentinization products composed at least 98 per cent
of the sample, the densities of the samples were ¢aken to indicate the
relative proportions of forsterite (o =3 3) and gerpentine (prs 2. 55).
Fven a maximum of 2 percent chromian spine (p= 4. 5) would not gignif-
jcantly alter the bulk rock density. Therefore the degree of gerpentini-
zation can be axpresaed as the percentage of serpentine in a serpentine
+ olivine rock required to yield a given density. Porosity of the dunite
can be considered negligible (D. T. Seco¥, per gonal com:muni.cation}.
values thus obtained indicate that the amount of serpentine in the Hol-
combe Branch dunite ranges from 23 to 67 percent by weight.

Very ¢ine-grained magnetite is discernible in fransmitted and
cbligue reflected light in the moxre extensively serpentinized areas.
Brucite is present in trace amounts in most gamples 28 flakes up to
0. 1 mm long. It was detectable by ¥RD in some of the 1ight--m'm'era1
geparates, put technical shortcomings and brucite's chara.cteristically
poor gcattering of X-rays made non-detection inconclusive.

Talc is present as large flakes and flake aggregates in small
veinsg cutting across all textural features, and is in most cases associat-
ed with gerpentine and a carhonate. Loecally talc appears to replace
partially individual olivine grains. The carbonate, probably magnesite,
ig present in some gamples a8 veinlets along olivine grain boundaries,
alone or side-by-side with the serpentine veinlets.

THE SERPENTINIZATION PRO CESS

The serpemtlnizaticn process ig esgentially the response of high~-
temperature, ganara.lly Mg-rich minerals toa lower termpe rature re-
gime in the presence of water. The upper stability limits of gerpentine
resulting from the hydration of olivine and the hydration of the assem-
blage olivine + talc are known from extensive experimental and thermo-
dynamic work in the system MgO-5i02 - Hp O (Bowen and Tuttle, 1949;
Johannes, 1968; King .ea_t__a_,l__. 1967; Kitahara and Kennedy, 1967; Kitahara
et al, 1968). Relations encountered in the hydration of olivine are sum=
marized in Figure 2. There is still some doubt as to the lower tempera-
ture limit at which serpentine can form. Recent work by Wenner and
Taylor (1971), based on oxygen isotope fractionation between coexisgting
gerpentine and magnetite, guggests that serpentinization can take place
in the range of 350 to 116° C. Barnes et al (1969, 1972) believe that in
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cations in aqueous solution from the system without any volume change
across the reaction, Another "end-membey !t family involves addition
of water, the removal of agueous cations, a large Positive volume
change, and hydration of liberated cations to form another phase be-
sides serpentine, A third "end-membey 't Process requires the addition
of gilica in aqueous solution, g large positive volume change, but neither
Yemaoval of cations nor formation of new hydrated cation phases. The
case of bure-Mg components ig considered first:
(1) Constant volume, cation removal;:
2Mg28i04 t2H0 Mg3Si205 (OH)4 + Mgan
forsterite serpentine removed
(2) Constant composition, volume increase:
ZMg, Si0, + 3H0 o Mg38i;05(0m), + Mg(OH);
forsterite serpentine brucite
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(3) Silica addition, volume jincrease:
3MgpSi0y + 2Hp O + 5102 - ZMg3Sizo5(OH)4

1f reaction(1) describes the process of serpenti.nizationin agiven
instance, changes in the whole—rock MgO/SiOZ ratio are encountered
because of the removal of Mg in the agueous solution. In the case of a
pure magnesium olivine the MgO/8i0Op, ratio (weight percent) is 1. 34;
the completely serpentinized version of that rock, according to reaction
(1), would have a MgO/5i02 ratio of 1. 01,

If the serpentinization process occurs according to reaction (2),
no changes in the whole-rock MgO/5i02 ratio occur, because MgO is
retained and hydrated as brucite. One would expect 2 constant MgO/5102
ratio (weight percent} of 1. 34, independent of the degree of serpentiniza-
tion.

1f reaction (3) describes a given serpentinization process, then
changes in the whole-rock MgO/siOz ratio (weight percent) from 1. 34
to 1. 01 would occur, depending on the degree of serpentinization. in
this case, however, the change 1is due to silica addition rather than
MgO removal.

One can probably infer that in nature any combination of the
three reactions could occur, and one or more might dominate in agiven
gituation, on any gcale. Most workers now agree on this idea.

Addition of iron to the forsterite in reactions (1) through (3)
complicates matters gomewhat, but more closely approximates the
natural situation. Reactions (1) through (3) can again be considered,
pbut now the products are slightly jron-bearing gerpentine and brucite,
and magnetite. The situation is complicated by the fact that magnetite
production requires oxidation of some Fe' to Fet3, and therefore Op
must be considered as an additional reactant. Further, there ig evi-
dence that magnetite production increases with increasing foy during
the later stages of serpentinization (Page; 1966). The general reactions
considered here are: :

(4) olivine + water + Oy 7 gerpentine + magnetite + MgOQaq

(5) olivine + water + O2 7 gerpentine + brucite magnetite

(6) olivine water + silica gerpentine + magnetite
These are the iron-bear ing equivalents of reactions (1) through (2).

According to Coleman and Keith (1971), 2 dunite with an plivine
compaosition of Fogq (close to the composition of the Holcombe Branch
olivine) reacting with water would yield 83 percent serpentine, 17 per-
cent brucite, and less than 1 percent magnetite. It is agsumed in this
study that little or no iron Was removed from the dunite in aqueous
golution, becauseé of the presence of magnetite in all the samplés.

The greatest {(MgO + FeO)/Si0p ratio (weight percent, total Fe
as FeQ) that would be encountered in the i gochemical' serpentini:c-a.tion
of Fogg-olivine (reaction 5) 18 1. 45. The lowest possible (MgO + FeO)/
SiOy ratio would be approxima.tely 1,21, the gituation in which Fog0
—olivine is changed to gerpentine and magnetite, with removal of ex-
cess MgO (reaction 4) or addition of SiOz (reaction 6). Inasmuch as
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Table 1, Comparison of the data wugeq in the least Squares regression
analyses, Oxide ratigg which exceed the theoretical maxima

flect the Presence of minerals, such ag brucite, tale, or cay-
bonate, in largey amounts than weye apparent bythin-—section
eXamination (see text),

Caleul'q
Measured [ g Serp'n ¥e0/5i0p Fe0/siop
Density | (see text) (wt pet) (wt pet)

HB-1 2.97 1.31 0.196 1,506
HB-2 3.03 1.26 0.198 1.458
HB-3 3.02 1.19 0.214 1.404
HB-4 2.91 1.07 0.207 1.277
HB-5 3.06 1.22 0.206 1.426
HB-6 3.13 1.26 0.201 1.461
HB-p 3.11 1.19 0.200 1.390
HB-8 3.12 1.23 0.203 1.433
HB-13 3.00 1.16 0.186 1.346
HB-114 3.13 1.12 0.194 1.314
HB-15 2.96 1.07 0,180 1.250
HB-16 2.83 1.04 0.179 1.219
HB-21 2.96 1.16 0.193 1.353
HB-22 3.00 1.31 0.189 1.499
3.00 0.95 0.190 1.140
2.97 1.07 0,194 1.264
2.86 1.04 0.189 1.229
2.89 0.97 0.185 1.155
2.95 1.32 0.207 1.527
2.95 1.30 0.176 1.476
2.97 1.28 0.192 1.472
2.84 1.12 0.192 1.312
2.97 1.28 0.188 1.468
2.99 1.28 0.187 1,467
3.00 1.42 0.195 1.615
3.09 1.35 0.198 1,548
3.07 1.38 0.19y 1.577
2.83 1.30 0.187 1.487
2.80 1.24 0,208 1,448
2.87 1.24 0,200 1.4840

*Samples fron larges
not measureq,

t tributa.ry of Holcombe Branch; distance fron HB-1

fo, increageg as Serpentinizaiioy Progresses, Producing increasingly
more magnetite, a direct relationship between the amount of Fet3 and
degree of Serpentinization would be expected, However, ne determina -



o
|.40-!
o
o
° o o
1.30 ° o
w ©
o o
[ o
o
[
1,20 A ° =
™~
o [ o
3
- ° °
o 110
o
z o oo
o o
1.00
o
[
T T T T ——
280 290 3.00 a.lo

SAMPLE DENSITY (gm/cm’)

Figure 3. Plot of MgO/Si02 in weight percent versus sample
density, showing the lack of 2 recognizable trend between
variation of MgO with respect to Si0, and extent of ser-
pentiniz.ation of the rocks.

FeO/Si0Op, and (MgO + Te0)/Si0 (weight percent, total Fe as FeO)
for each of the thirty samples (Table 1). Each sample was run in tri-
plicate o¥ quadruplicate and the results averaged. These oxide ratios
were plotted as 2 function of density, OT degree of serpentinizatio-n, in
an attempt to deduce which of reactions (1) through (6) predominated
during serpenti'nization of the Holcombe Branch dunite (Figures 3-5).
The plots show no obvious trend. Least squares regression analyses
of the three ratios as functions of dens ity were run for the five general
equations below:

(2) vy =2ax +b

(b) y=¢ + dlogx

(c) v = eft

(@) v = =" )

(e) v = i+ jx+ kx
Correlations were low enough that the relationships between rock
chemistry and degree of serpentinization must be considered random
(Table 2)-

In order to test whether degree of serpenti'nizn.tion is related to
the proximity of the dunite-couniry rock contact, bull rock densities
were plotted against distance from one edge along Holcombe Branch
(Figure 6). No systematic relationships between degree of serpentiniza-
tion and proximity to the edges of the dunite were noted. Regression

1l
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Table 2. Correlation coefficients of data comparisons calculated from
least squares regression analyses for five modal equations.
Note uniformly jow values. Symbols: » = density of sample:

4 = distance along Holcombe Branch from first sample (HB-1);
MgO/5i02, etc., are ratios of certain oxides in each sample.
See text for further explanation.

no. of
samples

=
Hgo ..0102
Fel/5102T
{ﬁgpé?eﬁ)/%iﬂg:‘f(/’)

agercelation coeff {olents not paloulzated for y=i+jx+kx2. However, visual
inspection of plotied regression equations suggests PeoOr correlation
with data.

analyses were done for the same five general equations referred fo a-
bove, and all correlations Wwere poor (Table 2). It must be concluded
that, based on the methods employed, the pattern of aerpantinization in
the dunite is yandom. The presence of several percent of talc and car-
bonate in a few of the samples moderated the measured density, which
yields an artificially high percentage of olivine on calculation, but these
foew inaccuracies tended to reduce rather than exapggerate the scatter of
the data.

CONCLUSIONS

pifferences in the oxide ratios reported in Table 1 seem toargue
clearly against a simple congtant composition model for the gerpentiniza-
tion process in the Holcombe pranch dunite. The lack of correlation
between oxide ratios and degree of serpentiniza.tion, moreovelr, tends
to negate the simple constant-volume model of reaction (1) and, especial-
ly, reaction (4). Three conclusions might be drawn from this:

(1) the data are not valid.

(2) the simple models presented in reactions (1) through (6)are

inadequate and must be either discarded or modified.

(3) more than one chemical process has acted on the parent

ultramafic mass,

Conclusion (1), we pelieve, must be rejected. The duplication
in the chemical analyses in this study argues that both the accuracyand
the precision of the spectroscopy data are better than the scatter re-
ported here.

Conclusion (2) also has to be rejected on the grounds that these
models seem t0 work for other serpentinized ultramafic rocks (see, for
example, Coleman and Keith, 1971, and their study of the Burro
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dunite, We cannot ascertain if the different Processes were acting on
different parts of the body at the same time, or on the entire body at
different times, or on different parts of the body at different times,
Other structural, mineralogical and chemical support the con-
clusion that multiple processes Were acting on the body. A detailed ex-
amination of the foliations of the county rock immediately adjacent to
the dunite wag not possible due to Poor exposure quality, however no
obvioug major distortions in the foliations were observed. If the simple
constant compogition (equation 2) or silica addition models had pre-
dominated during the serpentinization process, one might expect a large
volume increase in the serpentinized dunite ang & concomitant distortion
of the county rocks, Fop the '"pure Mg" system, either of the models
mentioned above would have resulted in 50-70 percent volume increase



and proximity to the edges of the dunite body argues against a simple
model of incomplete hydration working its way in toward the center of
an ultramafic body from the edges in contact with the enclosing country
rocks., It seems reasonable to suspect that the serpemtinizaticn pro-
cess might have been governed by some pre- gerpentine fracture pattern
in the dunite, although this pos sibility can not be demonstrated conclu-
sively. Farlier it was mentioned that on a thin section scale, serpen-
tinization occurred along olivine grain boundaries and along fractures.
Perhaps this might serve as evidence to support a nfracture controlled
aerpenti.nization” model on an outcrop gcale,

The conclusions thus drawn differ from those made concerning
the serpentinization of the Burro Mountain peridotite (Coleman and
Keith, 1971). We believe, however, that the conclusions presented
here are valid and that the differences between the processes that af-
fected Holcombe Branch and Burro Mountain are real. This simply,
once again, points up the observation made by many workers that the
serpentinization processes are many and complex and differ from body
to body, depending on prevailing local conditions.
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U. S. NATIONAL COMMITTEE FOR INQUA ANNOUNCES
TRAVEL SUPPORT PROGRAM
FOR TENTH INQUA CONGRESS IN ENGLAND

The U, S. National Committee of the Internation Union for Qua-
ternary Research (INQUA) is seeking funding for a travel support pro-
gram to ensure that the United States will be represented by an ade-
quate number of qualified scientists at the X International Congress of
INQUA, to meet in Birmingham, England, August 16-24, 1977. Funds
for this purpose, now being golicited from a number of government
agencies and private institutions, will be coordinated by the U. S.

Applicants for travel grant support should request application
forms from Mr. w. L. Petrie, USNC/INQUA, National Academy of
Sciences, 2101 Constitution Avenue, N. W., Washington, D. C. 20418.
Four completed application forms, together with four copies of the ab-
stract of the paper submitted to INQUA must be received by the Aca-
demy Office no later than December 1, 1976. Grant awards may be
made as late as August 1, 1977, depending on funds received. If pos-
sible, some advance jndication of tentative selections will be communi-
cated by April 1, 1977.

The purpose of the international Union for Quaternary Research
(INQUA) is to bring together on 2 world-wide basis scientists in all
disciplines concerned with the history of man's environment, and with
the processes by which environment and man's relation to it have
evolved. Included among these disciplines are: archaeology, hotany,
climatology, ecology, geochemistry, geographys g-eomorphology, geo-
physics, hydrology, paleonto].ogy, limnology. oceanography, palynol-
ogY physical anthropology, soil science, tectonophysics and zoology-

The National Academy of Sciences is the adhering body to
INQUA on behalf of American gcientists. The U.S5. National Committee,
under the chairmanship of Dr. R. Goldthwait, Ohio State University,
plans U. S. participation in INQUA activities. One of the functions of
the Committee is to arrange for travel support of U. S.scientists
attending the inte rnational congresses of INQUA held at four-year
intervals. Further information about the X Congress may be obtained
by writing to pr. W. G. Jardine, Gecretary-General ¥ INQUA Con-
gress, Department of Geology, University of Glasgow, Glasgow Gl2z
800, United Kingdom.
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