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SUMMARY

The Triassic deposits of the East Coast are continental clastics
of alluvial, lacustrine, and paludal origin preserved in negative, fault-
bounded structures, the exact origin of which is not fully understood.
The basins are preserved in discontinuous strips from Nova Scotia to
Georgia in the blder Appalachians of the Atlantic Coast and extend ocean-
ward beneath younger coastal plain sediments for an unknown distance.

In most cases, the continental clastics were derived locally from
the basin margins, were deposited in alluvial fans at basin scarps and
river mouths, and were redistributed by longitudinal streams and lake
currents. The coarse rocks near the basin edge lens and intertongue
with, and grade basinward rapidly into, finer grained and more tabular
bodies. Evaporites, coal, chert, and tufa record swamps and saline lakes
and indicate deposition in closed or restricted basins for part of
Triassic time.

The percentage of interbedded volcanic recks increase from Virginia
northward and coal is more prominent from Virginia southward. The basins
are extensively blockfaulted, causing most estimates of thickness based
on average dip to be 50 to 100 percent high.

The composition and textural range of the outcropping Triassic
rock suite are probably known, but the stratigraphy of the deeper parts
of the basins is not known because it has not been sampled. The exact
structural model is not known; therefore, the correct depositional model
is in doubt. Conclusions about subsurface geology, pore-water chemistry,
and hydrodynamic relations cannot be made with certainty until the sedi-

mentary model is understood.



Rapid transport of granitic, gneissic, aﬁd sedimentary debris over
short distances has created poorly scerted, dirty, and dense feldspathic
sandstoges; conglomerates, and siltstones -- chiefly arkose and high- and
low-rank graywacke -- with inherent low porosity. Locally, high and sustained
hydraulic energies in the depositional environments of Triassic time were
sufficient to produce better sorted and cleaner sandstones and conglomerates.
In some places, post-depositional overgrowths on detrital minerals and
recrystallizaiion of matrix and cement in the feldspathic Triassic rocks
have produced very dense, tough rock with interlocking crystal texture and
low porosity. For the most part, however, the rocks are less cemented.

There have been few wells drilled deeper than 1,000 feet and there are
practically no aquifer test data. The available data indicate that frac-
tures accﬁunt for most of the secondary pore space, and possibly solutional
openings for some of the porosity. Most hydrologists have found decreasing
yields in the 400- to 600-foot depth range which indicates that most fractures
-at this depth are tightly closed. Thin, saline, artesian aquifers exist
down to at least 2,000 feet. .

Intrusive diabase and basait flows genérally act as hydrologic barriers
near the surface, and will probably also prove to be effective barriers in
the deep subsurface.

Permeabilities of samples of Triassic rock range from 0.06 X 10-5 (um)2
to 2,100 X 10-5 (um)z. Porosities are generally well below 10 percent.
Reported transmissivities range from 0.00005 ft2/day in fine sandstone in

2
the buried Dunbarton basin to 20,300 ft /day for the Brunswick Formationm.



Ground-water yilelds are considerably greater in the basins north of
Culpeper, Va. than to the south. Whether the explanation is one of
difference in recharge, aquifer 1fthology, degree of regional fracturing,
or a combination of causes has not been determined.

Very few chemical data are available for water from deep aquifers.

Most water samples have been taken from a discharge point at the top of
the well and represent a mixture of all contributing aquifers. Data from
3 wells 2,000 to 4,000 feet deep showed a range in TDS (Total dissolved
solids) from 6,000 to 46,000 mg/l (milligrams per liter).

Water from wells 400 to 1,000 feet deep generally had TDS below
1,000 mg/1l. The vertical change in chemical facies with increasing depth
or length of flow path is generally sodium bicarbonate to sodium calcium
magnesium bicarbonate to sodium calcium magnesium sulfate to calcium suf-
fate to sodium chloride. Regionally, the calcium magnesium bicarbonate
sulfate facies dominates in the basins north of Culpeper, Va., except in
Maryland where calcium bicarbonate predominates. In North Carolina and
South Carolina, sulfate is generally absent, and water is mostly of a
sodium calcium magnesium bicarbonate type and a few rare calcium chloride
types. Sodium chloride types apparently predominate at depth in all basins.

The regional change in water chemistry may reflect the regional change
in the mineralogy of the source rocks or the areal variation in depositional
environments. The presence of evaporites, tufa, chert, and coal suggest
closed lakes and playas deposits, the mineralogy of which would be reflected

in the chemistry of the ground-water leachate.
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The intra~basin flow system is presumed to be from the basin margins
toward the major longitudinal and trunk streams, modified by such intra-
basinal barriers as faults, intrusive diabase, basalt flows, and impervious
sedimentary rock layers. The increase of sulfate and TDS near major streams
supports this conclusion. The effective circulation depth is not known.

There is great variation in geographic coverage, type, and quality of
the few geophysical logs available from the Triassic. The few good logs are
limited almost entirely to the buried basins of the Coastal Plain. Even
there, few density logs have been run.

Bulk densities from logs of one well in Maryland and one in Virginia
indicate a range of 2.50 to 2.80 grams per cubic centimeter for the shales
and sandstones penetrated.

Both regional gravity and magnetic maps show a close, but not unique,
correlation of Triassic sedimentary rocks with areas of low magnetic inten-
sity and negative gravity anomaly. Residual gravity anomaly profiles in
the Deep River basin suggest the basement to be slightly shallower than
estimated and the Triassic wedge to be éxtensively block faulted.

The central East Coast Piedmont experiences 10 to 13 low intensity
earthquakes per decade on the average. A geographic plot of epicenters
shows few if any in or near Triassic basins. Rather, the epicenters have
a pronounced east-west trend transverse to the Triassic basins.

Subsurface data are fragmentary, isolated, and incomplete for any one
basin site, making inter- and intra-basin comparisons questionable on any-

thing other than a qualitiative basis.



INTRODUCTION

Location and Description

Triassic rocks are distributed along the Atlantic Coast for 1,500
miles from about 30° north latitude to 43° north latitude in the United
States and as far north as the Bay of Fundy in Nova Scotia at about 45°
north latitude. They appear as half graben or tilted graben structures
arranged in isolated en echelon fashion (fig. 1) and are confinéd mostly
to a piedmont belt gomposed of Precambrian to early Paleozoic rocks. The
width of the outcrop belt of Triassic rocks is about 100 miles, but known
deposits exist for at least another 100 miles eastward beneath the sedi-
mentary blanket of Coastal Plain and Continental Shelf deposits.

All of the Triassic troughs have been filled with extremely coarse
to fine-grained continental clastics. In some basins they are interbedded
with basalt flows, pyroclastics, coal, and fresh~water limestones. Most
Triassic deposits have been intruded by sheet-like diabasic masses sub-
parallel to bedding and by diabase dikes along post-depositional faults

and cross fractures.
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Fig. l1.--Map showing distribution of Triassic
rocks along the Atlantic Coast.
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Purpose and Scope

The ultimate purpose of this study is to determine the suitability
of Triassic rocks of the eastern United States as loci for the subsurface
emplacement and storage of liquid wastes. The initial or short range object
of this study was to determine the general availability of the stratigraphic,
structural, hydrologic, geophysical, rock mechanical, seismic, and geo-
chemical data for each of the Triassic basins. All these types of data are
necessary for proper and dependable waste disposal evaluation. Most of this
report is devoted to the initial object -- a summary of our present knowledge
of the East Coast Triassic; a tabulation of the data available from files
of the U. S. Geological Survey, state surveys, and industry and all pub-
lished sources; and to mechanical and hydraulic test on a few core samples.
The study was also designed to make recommendations, where sufficient data
are available, concerning the potential of any one or more basins for
waste storage, the advisability of further research, and possible sites for
detailed study.

Acknowledgements and Direction

This study was made under the general supervision of Joseph T. Callahan,
Chief, Branch of Ground Water; Leonard A. Wood, Coordinator of Waste Disposal
Research; and Frank H. Olmsted, Staff Geologist, ACR. P. M. Brown, J. A.
Miller, Research Geologists, U. S. Geological Survey, gave advise on tech-
nical problems. The project is part of a much larger cooperative effort by
the U. S. Geological Survey and.DARPA (Defense Advanced Research Projects
Agency of the Department of Defense) in waste disposal research throughout

the United States.
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Laboratory, U. S. Bureau of Mines; Dr. Arthur Socolow, Pennsylvania Geologi-
cal Survey; and officials of Cities Service, Chevron, and Gulf oil companies
aided the investigation by submitting data, giving technical assistance, or

performing tests.
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Data Needs

The kinds of data needed to evaluate the potential of the East Coast
Triassic for storage of waste liquids are listed below-but not necessarily
in order of priority.
1. Internal and external geometry of the Triassic deposits to determine
the geographic extent and reservoir volume of candidate rocks as well as
their location relative to sensitive man-made structures or useable
mineral and water resources;
2. Porosity and intrinsic permeability of candidate reservoir rocks and
enclosing rock seals to determine possible injection rates and volumes;
3. Chemistry and physical character of host fluids and gases to determine
their compatability with potential injection fluids and gases;
4. Formation resistivity factors of typical Triassic lithologies to
evaluate host water chemistry from geophysical logs;
5. Seismic history of immediate area of Triassic grabens to determine
earthquake risk to reservoir rocks;
6. Rock strength of and local residual stress on representative candidate
rock types to determine safe injection pressures in order to avoid
unintentional hydrofracturing;
7. 1In situ pore pressures at suitable disposal depths to help determine
the volume of waste that can be emplaced;
8. Head distribution of aquifers to first define 3-dimensional flow
patterns and then to identify possible membrane phenomena and such
physical barriers as faults, dikes, and clay-rock seals; and

9. Thickness of the fresh-water part of the ground-water flow system:



Data Availability

Despite the fact that the geology of the Triassic of the East Coast
has been intensively studied -~ at some places in the East Coast since
the early 1800's ~- genuine, measured facts about the subsurface are
practically non-existent below 400 feet. The project literature search
-- U. S. Geological Survey basic data, numerous interviews with state,
federal, and petroleum-industry project officials -~ and current data
analysis reveal that most data types needed for evaluation of the Triassic
rocks are available at one place or another along the East Coast. They
are, however, fragmentary, isolated, and incomplete for any one site making
inter- and intra-basin comparisons questionable on anything greater than
a simple qualitative basis.

Data concerning the internal and external geometry of the Triassic
basins come mostly from a multitude of geologic reports containing two—
dimensional surface bedrock maps and hypothetical cross sections based
on attitudes and displacement of known faults and dikes, various author's
personal stratigraphic interpretations, and projection of measured strikes
and dips. Records of wells which have penetrated the complete Triassic
section do give point data on the subsurface floor, but geologists' logs,
geophysical logs, cores, etc., are rare.

Porosity and permeability data from Triassic rocks below 1,000 feet
are available for wells at only three sites. All are from different basins
—- the Savannah River Plant wells in the Dunbarton basin of South Carolina
and Georgia, U. S. Bureau of Mines core holes in the Deep River basin of

North Carolina, and two exploratory wells in the Brandywine, Maryland basin.
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Chemical analyses of water from more than 400 wells deeper than 400
feet were available for this study: However, all these samples were
taken at the top of the well and.are, therefore, composite sample§ of all
producing zones in the well. Only four analyses of ground water are avail-
able from specific.zones below 1,000 feet in wells drilled in Triassic
rocks.

Some geophysical logs are available (Patten and Bennett, 1963), but
many of the logs needed to determine porosity and pore-fluid chemistry are
‘unavailable.

Seismic events occur frequently on the East Coast but are mostly of
low magnitude and go unnoticed without sensitive detection equipment. .
The East Coast Piedmont has experienced hisﬁoric earthquakes with magni-
tudes between 4 and 5 Meus, howevér; (Meus~or’M8:5 is the magnitude. of
P body waves having velocities in the 8.3 to 8.7 Km/sec range typical of
eastern United States.) The availability of data to evaluate the earth-
quake risk to stored wastes in individual Triassic basins has not yet been
determined.

Rock strength tests have been made recently on a core from the Deep
River, North Carolina basin for the purpose of estimating the fracture
point of reservoir rock. These are the only such tests kncwn for Triassic
rocks. No regional or local in-situ residual-stress measurements are
availabi;.

Deep subsurface circulation patterns for Triassic water are unknown.
Heazd measurements for the deeper aquifers are available for only a few

widely isolated wells.
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GEOLOGY OF THE EAST COAST TRIASSIC BASINS

The Triassic basins along the inner edge of the Atlantic Coastal Plain
from Nova Scotia to Georgia are a series of tilted, elongated, sediment-filled
troughs of Triassic (Newark) age. Everywhere the continental clastics are
tilted toward a major border fault and are greatly similar, especially in
their prevailing maroon color. The Triassic rocks are block faulted and
gently folded in all the troughs. Locally, reversals of dip are s;metimes
noted near border faults or large intrusives. ﬁsually the Triassic sediments
are intruded by diabase (Dolerite) dikes and sills and are interbedded with
egtensive basalt flows in some places.

The exposed troughs are confined to the Precambrian crystalline and
early Paleozoic meta-sedimentary rocks of the Piedmont and New England Up-
land, except where they are in juxtaposition with the Cambro-Ordovician
carbonates of the Great Valley in western Maryland and south central Penn-
sylvania. The Newark-Gettysburg, Richmond, and Deep River basins (fig. 2)
are overstepped by younger Coastal Plain sediments. Eastward other basins
extend beneath the Coastal Plain and the Continental Shelf sediments for

an unknown distance.

Summary of Literature

The presence of Triassic rocks in the eastern United States has been
recognized since the early 1800's. The geographic extent of the exposed
basins was fairly well delineated by the 1850's. They have been studied
extensively since that time -- especially the Triassic of the Connecticut
Valley. Krynine (1950) reported that there were well over 1,200 papers in

existence about East Coast Triassic.
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Fig. 2.--Map showing general geology and regional
structure along the Atlantic Coast.
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Despite all this geologic study, most of the papers contain data only from
the easily accessible surface outcrops and much speculation about the sub-
surface geology. The deepest subsurface data were obtained from coal explora-
tory holes in the Deep River, Dan River, and Richﬁond basins and wildcat oil
wells in Connectigut, New Jersey, Maryland, Pennsylvagia, and Virginia.

This investigation has depended heavily on those works listed in the
selectgd references at the end of this report, especially the early works
of Russell (18?2), Hobbs (1901), and Emmons (1852) and the more recent work
of Reinemund (1955), Krynine (1950), Klein (1962, 1963, 1968, 1969), de Boer
(1967), Thayer and others (1970), Sanders (1960, 1962, 1?63, 1968, 1971),
Glaeser (1966), and McKee and others (1959). .The last named is a paleo-
tectonic treatment of the Triassic of the United States and comes closest
to being a similar investigation. It contains‘maps of the then known extent
of Triassic basins, locations of subsurface data points, and an extensive
bibliography.

Geologists still vigorously disagree on the exact tectonic origin and
depositional environment of the Triassic. According to Krynine (1950),
Benjamin Silliman recognized the intrusive origin of the traprock and des-
cribed the sandstones and "traps" of the Connecticut Valley between 1806 and
1837. 1I. C; Russell, who began his studies in New Jersey, is largely respon-
sible for first bringing together the then current knowledge of the Triassic
of the East Coast. Russell (1892) also proposed the "broad-terrang hypothesis"
to explain the geographic extent and the Qbserved structural attitude of

the Triassic basins.
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According to this hypothesis the separate basins were erosional remnants

of a once much larger estuarine depression along the East Coast having a
warm humid climate. Dana (1883), a contemporary of Russell, objected to
the single estuary theory, - citing the presence of conglomerates along the
borders of the individual basins as evidence of their separate origin.
Although he did not fully reject the estuarine origin of separate basins,
he noted the fluvial nature of the Triassic sediments. However, he feit
that isolated cobbles and pebbles in finer sadiments were good evidence for
ice rafting, therefore adopting a glacial climate for the Triassic.

William Davis's 1898 report on the Triassic of Connecticut was the
culmination of 20 years of detailed study. He proved the extrusive char-
acter of most of the trap bodies And used them to unravel the stratigraphy
of that basin. In so doing, he discovered that the Triassic basin was
faulted into blocks of variable length and width which were then rotated to
the east. He recognized only one period of faulting, and attributed the
estimated sediment thickness of 10,000 feet for the Connecticut Triassic to
continued synclinal subsidence. He agreed with Russell that the climate
during deposition was mild. Hobbs (1901) did a very detailed study of the
Pomeraug Valley and differed with Davis on the method by which the Triassic
had been faulted and fractured. Hobbs attempted to show how such compli-
cated faulting and fracturing could be produced by a shear couple caused
by recurrent compression from a N 80° W direction.

Barrell (1908) apparently was the first to postulate a relationship
between semi-arid climate and the origin of the red pigment in the sediments.
He is also credited with proposing that Triassic sedimentation had been
controlled by the depression of a wedge-shaped block along an eastern border

fault.
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Longwell (1922 and 1928) further refined the complicated structural

picture of the Connecticut Triassic. He was also a proponent of the Broad-
terrane hypothesis (fig. 3). W. L..Russell (1922) confirmed Barrell's
proposition that there was recurrent movement along an eastern normal border
fault during deposition. G. W. Bain (1932),'however, proposed overthrusting
rather than normal faulting along the eastern border.

It is to Krynine (1950) that we are indebtgd for a detailed considera-
tion of the petrology, depositional environment, paleoclimate, and paleo-
geography of Triassic alluvial fans. After an exhaustive treatment of the
many climatic indicators preserved in the sedimentary record, he concluded
that a savannah-type climate h#vipg a uniform temperature of approximately
802 F, a marked dry season lasting at least one fourth of the year, and an
annual rainfall exceeding 50 inches in the valley and 60 or more inches in
the highlands best explained the character of the observed sediments. Thus,
desiccation marks, and crystal casts of halite, glauberite, and gypsum found
in the sediments are not incompatible with the associated arkose-deposits,
red soils, and lakebeds if high temperature, steep fault scarps, and high
rainfall interrupted by a pronounced dry season occurred. Krynine demon-
strated by heavy mineral distribution that distinct alluvial fans extended
at least 2,000 feet westward from the eastern fault scarp and that their
source was within 3 to 10 miles east of that fault. Krynine postulated
that all sedimentary material came from the acid granitic rocks east of
the eastern border fault and that all petrographic types found in Connecti-
cut could be explained by various admixtures of arkose, clay, and cement
which in turn were controlled by three structural factors: (1) The type of
source rock available, (2) the type of detritus locally deposited, and
3) thg ;ype of chemical matter introduced.

16



Fig. 3.--Idealized cross section illustrating the
broad-terrane hypothesis for the origin
of Triassic basinms.
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Idealized section supgesting the probable structural relations of the Triassic
basin of Connecticut and that of Pennsylvania and New Jersey. The western part of
the section follows the line of latitude 10° 50’ and is about 30 miles south oi the line of the
sectinn in Connecticut. Moreover, a section about 33 miles long is omitted in the center.
In Connecticut the Triasvic strata dip eastward toward a great fault, and in New Jersey
and Penusyivania they dip westward against another great fault. As here interpreted,
these basins were on opposite sides of a great low arch. It is not certain that the Triassic
sediments ever extended entirely across the arch. Triissic sandstone, dotted; trap rock,
black; old metamorphic rocks, wavy lines or crosses. After C. R. Longwell.

Figure 3.--Idealized cross section illustrating the broad-terrane hypothesis
for the origin of the Triassic basins.
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Reinemund (1955) found the Deep River coal field of North Carolina
to be part of a southeast tilted and downfaulted trough-shaped block of
Triassic rocks similar to the Coﬁnecticut basin. According to Reinemund,
the source of the basal conglomerate in this basin was a short distance
to the northwest, but most of the overlying sediments were derived from
the southeast, beyond the eastern boundary fault. After deposition ceased,
these sediments were broken by tensional cross fractures, were later cut

by longitudinal faults, and were then intruded by basic magma along bedding

planes and open cross fractures. However, he did not recognize a graben

structure southwest of the Colon cross structures (Conley, 1962).
McLaughlin (1959) found that the basal conglomerate in Bucks County,
Pa., also came from the side opposite the major fault, in this instance

to the south, with much of the succeeding detritus coming from the north

-and northwest. In particular, he not only recognized the stratigraphic

units as contemporaneous, but also noted that the coarse-grained fan depo-
sits graded outward toward the center of the trough into finer and finer
deposits. He proposed that after intrusion and solidification of diabasic
dikes and sheets, the accumulated rocks were then broken into several great
fault blocks aﬁd tilted to the northwest. He further reasoned that block-
faulted mountains with considerable relief could have been formed at this
time if the dislocations were very rapid.
Glaeser (1966) studied source, dispersal, depositional environment,

and diagenesis of the Triassic sedimentary rocks of Pennsylvania, much of

which is very pertinent to this investigation.
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He also found deposition was from both margins of the basin and concluded
that poor sorting and high feldspar‘and rock mixtures near the southern
edge both indicated short transportation and a southern limit of sedimenta-
tion near the present southern outcrop edge. He postulated that some of
the pod-shaped conglomerates are of mudflow origin and suggested that there
were areas in the depositional environment where highly efficient sorting
took place as evidenced by some of the exceptionally clean, matrix-free
sandstones and conglomerates in the Stockton and New Oxford Formations (fig. 4).
Sanders (1960, 1962, and 1963) has written extensively on the tectonic
history, structure, and paleogeography of the Triassic of the northeastern
states. Sanders favored the broad-terrane concept with deposition of 30,000
feet of continental sediment in a rift valley 50 to 70 miles wide created
by tensional collapse of the Appalachians. Longitudinal arching of the
rift valley explained to him the present day outcrop belts and the oppositely
dipping symmetry. He recognized four discrete episodes of tectonic activity.
All sedimentation and igneous activity occurred in the first; the graben
floor was arched by longitudinal folding, drainage was reversed, and basins
were separated in the second; second-generation subsidence and development
of transverse folds took place in the third; and transverse folds were off-
set by faulting and dolerite dikes injected in the fourth and final episode.
Reinemund (1955) believed transverse faulting occurred after intrusion of
diabase because these dikes are offset by the transverse faults.
The Triassic rocks of the maritime provinces of Canada were closely
scrutinized by Klein (1962) who found the continental clastics there to have
a greater range of compositional variety than Krynine (1950) listed for those

in Connecticut.
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Fig. 4.--Generalized stratigraphic correlation
chart of the East Coast Triassic.
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Klein found a close correlation between type of sediment and source area
of the parent rock. Pre—Mississ%ppian sedimentary rocks generated low-
rank graywacke; Paleozoic granites generated arkose, impure arkose, and
high-rank graywacke; and Pennsylvanian sedimentary rocks generated ortho-
quartzites. He concluded that provenance ;ontrol of sediment type is more
important than the diastrophic or tectonic control favored by Krynine.
Klein also found abrupt lateral changes in thickness of strata, stratifica-
tion, and composition in the continental sediments. The Maritime basin is
fault-bounded on the northwest, but sediments were demonstrated to have
been derived locally from all sides of the basin. In a later paper, Klein
(1969) summarized recent stu&ies of paleocurrent and inclination 6f thermal-
remanent-magnetism (TRM) data that shed further light on the paleogeography
of the Triassic of the East Coast. One plank of the broad-terrane hypo-
thesis advanced by Russell (1878, 1880), accepted by Longwell (1922, 1928),
and expanded by Sanders (1963) has been the lateral equivalency of three
basalt flows in the Connecticut basin with three in the New Jersey portion
of the Newark-Gettysburg basin. Studies by de Boer (1967) of thermal rema-
nent magnetism in the basalt flows in these two basins show that three dis-
tinct volcanic events, the Talcott, Holyoke, and Hamden, occurred in
Connecticut (fig. 4) and all lava flows in New Jersey are of the same age
as the middle or Holyoke outpouring.

Further, recent work in New Jersey by Abdel-Monem and Kulp (1968),
who have developed some refined paleocurrent tracing techniques in New Jer-
sey, and the previously cited work of Glaeser (1966), demonstrate that the

Newark-Gettysburg basin received sediment from the north, west, and south.
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Further literature search by Klein (1969) revealed that the works of
McLaughlin (1959), Johnson and McLaughlin (1957), McLaughlin and Gerhard
(1953), and Glaeser (1966) in the Newark-Gettysburg basin; Fritts (1963),
Van Houten (1962, 1964), Lehmann (1958), Sanders (1968), and Klein (1968)
in the Connecticut Valley; Prouty (3931), Reinemund (1955), and Leith and
Custer (1968) in North Carolina; and Stose and Stose (1946) in Maryland
all contained data which indicatg by directiona; paleocurrent surveys or
other evidence that the sediments were locally derived and the basins were
geographically separatg (fig. 5). However, the over-all tectonic pattern
of Sanders and previous workers may be generally correct.

Klein (1969) further pointed out ihat, if we accept a sedimentary model
which received sediment from all sources ﬁarginal to the basin, the
accepted distribution of sedimentary facies of basin-marginal alluvial-fan
deposits into flood-plain deposits and then into basin-center lacustrine
deposits may be wrong. If the structural margins are different, he stated,
then the facies distribution will be different. Identificatian of the cor-
rect sedimentary modgl for the Triassic is critical to this investigation,

and the problem is further discussed in a subsequent section.

Teqtonic Origin

The red continental clastics of the eastern United States Triassic have
traditionally been accepted as a post-orogenic suite deposited in fractures

in the earth’s crust formed during tensional collapse of the Appalachians.
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Fig. 5.--Map showing regional dispersal patterns,
eastern North America.
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Recent oceanographic research has upset previous popular notions of
~the character of the ocean floor by documenting the existence of a rugged
Atlantic medial ridge along which basaltic mantle is upwelling (fig. 6)
and creating new crust. See Bullard, et. al. (1965), Heezen (1960), LePichon
and Fox (1971), Phillips and Forsythe (1972), and many others. The "rift"
discovery has raised some very fundamental questions about the earth and
has caused reevaluation of many time-honored concepts. One result has been
rebirth of continental-drift theory to explain several observed phénomema ——
in particular, the absence of sediment older than Jurassic on the Atlantic
Ocean floor, the decreasing age of the oceanic crust as the medial ridge is
approached, and the discordaﬁt locations for the earth's poles as shown by
Paleomagnetic data from rocks of the same age on different continents.

The onset of rifting along the medial Atlantic Ridge is calculated to
have taken place approximately 200 million years ago, and 190 and 202
milijon-year-old (Phillips and Forsyth, 1972) volcanic rocks along the pre-
sent-day Atlantic seaboard, i. e. Triassic, are believed to be associated
with the initial rifting. Indeed, some of the Triassic volcanic rocks of
the East Coast are tholeiitic basalts of the type now being extruded along
the mid-Atlantic Ridge. Note the similarity of tectonic models being drawn
for the mid-Atlantic rift (fig. 6) and the structural models drawn by some
for the East Coast outcrop zone of Triassic rocks (fig. 3).

Cook (1961) has postulated rising convection currents in the mantle as
a cause of graben subsidence at the crustal surface. When convection ceases,
the resulting isostatic adjustment may cause linear arching of the type

postulated by Sanders (1963) in his "broad-terrane" explanation.
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Fig. 6.--Tectonic model of mid-Atlantic ridge rift
zone.
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Taphrogeny, which is the transcurrent faulting caused by compressional
forces generated by the normal rotation and precession of the earth, is
gaining increasing attention as a tectonic force capable of fracturing the
crust and forming grabens and half grabens of large magnitude (Brown,
Miller and Swain, in press).

Whatever the tectonic cause of the Triassic rents in the Precambrian
crystalline and early Paleozoic metasedimentary rock floor along the Atlan-
tic seaboard, it is tempting to believe that continental drift is involved.
» Paleomagnetic measurements of volcanic rock in North America (Phillips and
Forsyth, 1972; LePichon and Fox, 1971; and Tanner, 1963) indicate that the
equator was nearly parallel with and located just east of the present-day
coast during Triassic time (fig. 7) and that the North American continent
shifted counterclockwise and to the north during this period. Such an
equatorial position during the Triassic is quite tenable with the savannah-
type climate and lateritic weathering proposed by Krynine (1950). 1In
addition, Tanner (1968) notes a reversal in strike-slip fault motion in
the Appalachians during Mesozoic time. He also finds (Tanner, 1963) that
paleoclimatic and paleomagnetic data indicate the hypothetical Appalachian
Island Arc, during much of Paleozoic time, lay close to and parallel to
the equator.

King (1961) and May (1971) have noted that the Late Triassic (?)
diabasic dikes intruded world wide may indicate an early—Atlanﬁic-opening
stress pattern (figs. 8 and 9). If the pre-drift arrangements of the
major continents are as shown, the other half of the eastern United States
belt of Triassic rocks should be found in the Spanish Sahara along the

northwest coast of Africa.
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Fig. 7.--Paleomap of Lauraia and Gondwanaland
at 200 M.Y. before present.
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Figure 7.--Paleogeographic map of Laurasia and Gondwanaland at 200 M.Y.
before present. After Phillips and Forsyth, 1972.
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Fig. 8.--Map showing Triassic~Jurassic diabase dikes
in eastern North America, West Africa, and
northeastern South America.
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Fig. 9.--Map showing trajectories of principal stress
indicated by the pattern of Triassic-
Jurassic dikes.

29



Figure 9,--Trajectories of principal stress indicated by the pattern
of Triassic-Jurassic dikes. Lines normal to tensional
stress are convex to the south. Lines normal to compres-
sional stress are convex to the north. Heavy dashed
lines are possible shear faults. After May, 1971.
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Whatever the tectonic origin of the East Coast Triassic basins, it
is quite evident from casual inspection of figure 1 or 2 that even the ex-
posed basins are not a simple paired row of oppositely dipping half grabens.
The known location of buried basins indicgtes that the subcrop area extends
seaward at least as far as the eastward limit of the emerged coastal plain,
and their extension onto the continental shelf is Inferred from offshore
seismic data. Vertical-magnetic-intensity maps of the East Coast show that
the Triassic of the eastern United Stgtes occurs in a broad belt of low
magnetic intensity. South of the Baltimore dome, this belt appears to swing
eastward. It parallels but lies south of the Newark-Gettysburg basin in
Pennsylvania, and passes beneath the buried Triassic basin at the Delaware-
Maryland border on the Delmarva Peninsula. If Triassic rocks are related
to this band of lower magnetic intensities, buried Triassic basins should
show up as negative gravity anomalies. The expected area of subcrop of
Triassic basins includes the continental shelf well east of Cape May, New
Jersey, and northward on the continental shelf toward Nova Scotia. The
small scale Bouguer gravity map (fig. 24) shows negative anamolies in

this area.

Basin Fillin

Geologic Character of Basin Margin Terrane
As stated previously, the East Coast Triassic basins are confined,
for the most part, to the Piedmont complex and its geologic equivalents
in New England and eastward beneath the Coastal plain. The presence of
conglomerates, fanglomerates, and sandstones of high feldspar content and

the immaturity of the Triassic sediments in general indicate short and

rapid transport.
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Krynine (1950) and almost all other workers found the composition of rock
types presently exposed at or ﬁear the basin margins sufficient to explain
all observed Triassic textural and mineralogic variations. The East Coast
has been relatively quiet tectonically since Late Triassic time; therefore,
the source rocks or modern basin-margin geélogy should be little changed.
Exceptions occur where shallow-rooted structural and/or lithologic elements
have been removed by erosion and deeper structures (such as granitic
plutons) have been exhumed. The Piedmont and New England Upland complex
from Georgia to Nova Scotia (Bayley and Muehlberger, 1968 and fig. 2) con-
sists of Precambrian and lower Paleozoic metasedimentary and metavolcanic
rocks which have been locall§ metamorphosed to schists and gneisses where
intruded by felsic and subordinately mafic plutonic rocks. In addition,
the northwestward salient of the Newark-Gettysburg basin is adjacent to
and, in some instances, overlies the early Paleozoic carbonate section of
the Great Valley.

If observations of previous workers concerning short transport dis-
tances are correct, it is reasonable to expect that the gross composi-
tional varieties of any basin or part of a basin can be predicted from the
basin-margin geology and the paleodrainage. Meyerhoff (1972) cites the
presence of major Triassic alluvial fan deposits where Peekskill Creek,
Susquehanna, Schuylkill, Lehigh, and Hudson Rivers‘cross the Newark-
Gettysburg trough as evidence that Triassic drainage was not far different
from modern. Glaeser (1971) regarded the Colorado River delta in the Gulf
of California as a modern analogue of the Hammer Creek deposit of Pennsyl-

vania.
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Paleodrainage

The nature of the Triassic drainage patterns, both within and across
the basins, seems an especially uséful tool to unravel the distribution of
the textural and compositional types and, ;hus, ultimately to identify the
spatial distribution of possible reservoir rock.

Carlston (1946) found no evidence to indicate that modern major trunk
streams previously crossed the Newark-Gettysburg basin. Instead, he post-
ulated that all former drainage was interrupted and sedimentation was by
short consequent streams of steep declivity along the northwest margin.

He pointed out that all lithologic types definitely identified as Silurian
and Devonian crop out today not more than 20 miles from the basin's edge

and were most surely closer in Triassic time. Meyerhoff and Olmsted (1936)
and Meyerhoff (1972) postulated that pre-Triassic streams which originated
on a Permian cover, continued to flow southeastward in Triassic time because
the association of conglomerate deposits in the Newark-Gettysburg basin with
the present-day courses of the transverse streams is too close to be
fortuitous. From extensive study of seéimentary properties, Glaeser (1966)
found that basal sediments were derived dominantly from the south side of
the basin followed by sedimentation from the north side mostly through a
restricted (single?) opening between the Susquehanna and the Schuylkill Rivers.
The evidence of possible sedimentation by short consequent streams from the
north during the early history of the basin must surely be buried beneath

several thousand feet of rock.
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It is interesting to note that the Hammer Creek Formation, which is
the coarse deltaic deposit occurring in the narrowest part of the Newark-
Gettysburg basin, has an apparent counterpart with the Colon cross structure
of the Deep River basin of North Carolina. The Colon is a2 5 by 8 mile res-
triction between the Durham and Sanford basins. Two possible explanations
come to mind: (1) the narrow outcrop width and probable shallow basement
depth indicate greatest uplift and erosion in post-Triassic time along a
basement positive structural element at these points. (The elevated coarse
clastic sequences thus exposed are examples of the basal sediments in the
remainder of these basins.) or (2) the crustal element along which these
narrow sections are now elevated was alternately a negative or positive
structural axis (Brown, Miller and Swain, in press) and, when expressed as
a ﬁegative feature, determined the location of major transverse drainage in
the Triassic. Conley (personal communication) believes that it is possible
that there has been little movement in the Colon cross structure and that

it has remained a shallow positive area.

Paleoclimate

Most investigators agree that the climatic indicators observed in the
sedimentary record of the Triassic can be explained by climatic conditions
proposed by Krynine (1950). Krynine visualized a savannah-like climate
where the-temperature was a constant 80° F or more, with rainfall of 50
inches or greater distributed into very distinct arid and wet seasons.
These conditions, to him, satisfactorily explained the red lateritic soil
debris, the fresh feldspar, the poor sorting, the rapid transport and quick
burial, the evaporites and mud cracks, and, presumably, the black shale

deposits and associated coal. However, no coal has been found in the

Connecticut basin.
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The association of coal with evaporites is difficult to understand.
The evaporite bearing red shale sequence indicates warm temperature,
oxdizing conditions in.a closed basin system. Coal requires a source of
plant debris, reducing conditions, and a long period of little or no tec-
tonic activity for its quiet, sediment freé accumulation and perhaps a
complete change in climate on the basin floor. Perhaps the presence of
coal is the one compelling argument for the vertical stratigraphic rather
than lateral facies separation of the black shale from underlying or over-
lying oxidized red sediments. This writer found no sedimentary model
described which accounts for the deposition of these two facies at the
same time in the same basin.‘

Walker (1967a and 1967b), however, found that hematite-rich red color
in red beds, particularly those associated with evaporites and aeolian
sandstones, currently forms from the in situ weathering of iron-rich
minerals in a hot dry climate. A later inspection of the savannah-type
areas of the western Gulf of Mexico, which Krynine cited as an area where
red hematitic color was being derived from erosion of red lateritic soils,
revealed that the red lateritic soils were being transported and deposited
by the rivers as a grayish brown alluvium. The occurrence of coal in a
hot arid environment seems hardly tenable without a complete change in
climate. Oxidation, if it occurred, took place after deposition.

The probable equatorial position of the East Coast Triassic has been’
previously cited from the paleomagnetic evidence; thus, the consistently

warm temperature seems not to be a problem.
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Triassic Sedimentary Suites

The Triassic basins contain intertonguing continental rocks of fluvial
(river), lacustrine (lake), and paiudal (swamp) origin. Although closed
basin lakes must have become periodically quite saline, no rocks deposited
in a brackish, estuarine or marine environment have been documented to date.
Fluvial deposits consist mostly of the alluvial fans developed along trough
margins and flood-plain and channel deposits that accumulated along trans-
verse and longitudinal streams. Krynine (1950), Klein (1969), Thayer and
others (1970), and Glaeser (1966) found that alluvial fans consisting of
conglomerates and fanglomerates were distributed along the basin margins
and graded outward toward the basin's center into progressively finer deposits
to a point where they were apparently redistributed by longitudinal streams
and/or wave action. Coarse conglomerates and fanglomerates are distributed
along the modern basin margins, especially on the more downthrown side.
Their presence records a local source area and contemporaneous movement along
the major faults during sedimentation.

These alluvial fans are characteristically heterogeneous deposits
which result from dumping the bed load of a high gradient, high energy,
permanent or ephemeral stream at the base of a steep scarp or at the point
where a major transverse stream entered the trough and began aggrading.‘
Rapid lateral changes in grain size, thickness, texture, sorting, and strati-~
fication are commonplace. Sediment composition depends considerably upon
the geology of the drainage area, and sorting is generally poor because the

opportunity for reworking the alluvial fan sediment is also poor.
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However, Glaeser (1966) found extensive areas of 'clean' sandstones and
conglomerates in the Stockton and New Oxford Formations which lack clay-

size matrix. This he ascribes to '"high mechanical activity" at the deposit-
ional sites. Additional investigation may show that these sandstones and
conglomerates have accumulated along the entrance channels of the major
transverse trunk streams; whereas, the conglomerates and sandstones exhibiting
poor sorting and high matrix content have accumulated along and are

confined to the intra-stream parts of the basin margins.

Lacustrine deposits are the finer grained fraction of the basin sedi-
ment that have collected below wave base. Such deposits characteristically
have thin and rhythmic bedding, uniformly even stratification, oscillation
ripple marks, and graded bedding: They are frequently dark colored because
of reducing conditions in the depositional environment. Intertonguing with
the alluvial-fan and lacustrine deposits, are the red, fine-grained, thin-
bedded siltstones, shales, and mudstones that have accumulated on broad
alluvial oxidizing mudflats, flood plains, and delta surfaces adjacent to
river distributaries and lakes. .They characteristically show desiccation
marks, burrow casts, raindrop prints, current lineation, and ripple marks.

Conditions favorable for tbe formation of swamps and the accumulation
of organic debris existed from time to time in most, if not all, of the
basins as is shown by the thin coaly seams in the black-shale facies.
Conditions particularly favorable for the formation of coal occurred in the
Richmond, Danville, and Deep River basins where coal is thick enough to have
been of commercial imporgance and was mined from colonial times until the
middle part of this century. The black-shale facies of the Deep River basin
contains substantial deposits of oil shale (Reinemund, 1955), and small amounts

of 0il were found when the Deep River coal field was cored in the 1940's.
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Soﬁe of the t;oughs contained closed lake systems where evaporation
exceeded water input -- perhaps dur?ng the short arid season grOposed by
Krynine. In addition to mudcracks, casts of salt crystals, gypsum, and
glauberite have been found in weathered outcrops in most of the basins. The
minerals themselves have been found in fresher rock and core saﬁples (Thayer
and others, 1970; Klein, 1963; Krynine, 1950; Glaeser, 1966; Herpers and
Barksdale, 1951). Thin-bedded limestones and chert of playa origin have
been identified in the Triassic lacustrine facies of some basins, particularly
the Durham section of the Deep River basin of North Carolina (Custer, 1967;

Wheeler and Textoris, 1971) and Culpeper, Va., basin (Ellison, et al, 1971).

Regional Sandstone Petrology

Textural sediment types found in the Triassic continental clastic suite
include fanglomerates, conglomerates, sandstones, siltstones, shale, and
argillite. The sandstones of this suite can be classed according to a
scheme used by Krynine (1950) to illustrate different lithologic types.
This classification can also be used to show regional compositional changes
and their relation to regional geology. The compositional varieties used
consist of combinations of varying proportions of three end members -- quartz,
rock fragments, and feldspar -- to form orthoquartzite, arkose, impure arkose,
high-rank graywagke, and low—rank graywacke. Klein (1962) adapted Krynine's
scheme to compare compositional types found in Nova Scotia with those of
the Connecticut Valley and the Deep River basin of North Carolina.

The results of Klein's grain count of 127 sandstone thin sections are

summarized in the ternary modal plots of figure 10.
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Fig. 10.--Ternary diagrams of sandstone compositions
of the Maritime, Connecticut, and Deep
River basins.
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The compositional range shown for the Maritime Provinces (fig. 10) is
much greater than that found in eitper the Deep River or Connecticut
basins, and is directly dependent on provenance. Rocks from Connecticut
are all arkose, and those from North Carolina, which Reinemund termed
"schist arenite', are m;stly low-rank graywacke. Klein found the matrix
of Maritime basin sandstones to consist of a quartz and muscovite-sericite
hash, ranging from 0 to 33 percent, and the cement to be sparry calcite,
ranging from 0 to 55 percent. All grain sizes from fine to very coarse
were recognized. Although the orthoquartzites were texturally mature,
most other compositions were texturally immature.

Krynine (1950, p. 71), discussing the sandstones of the Connecticut
basin, states that '"The Triassic sedimentary rocks have been derived
exclusively from the granitic (and subordinatly schistose) rockg of the

Eastern Highland. Krynine found the Newark Group in the Connecticut
basin to be approximately 64 percent sandstone, 13 percent shale, 13 per-
cent siltstone, and 10 percent conglomerate. The group as a whole was
composed of about 58 percent quartz, 40 percent feldspar, and 2 percent
mica., Usually, the matrix was mostly kaolin with subordinate amounts‘of
gibbsite, serecite-illite past, and hematite. The cement was generally
calcite.

The sandstone composition shown in part "a'" of figure 10 for the
Deep River basin is for samples from the coal field part of the basin and

represents a restricted species. Sampling from other parts of the Deep

River basin would undoubtedly show considerably more compositional spread.



Reinemund (1955) states that arkose is, ... '"present almost exclusively
in the Durham basin, north of the mapped area mainly in parts of the

' He found that arkose

basin bordered b§ the Carboniferous (?) granite.'
grades longitudjnally along the basin into schist-arenite by addition of
debris from feldspar-deficient metamorphic rocks and laterally across
the basin into argillaceous sandstones by addition of clay, mica, and
other fine debris. Although sandstone here, too, reflects source-rock
control, it makes up a smaller fraction of thé total sedimentary column
in the Deep River ceal field partly because of a lack of suitable source
‘roeks. Reinemund reports that the basal or Pekin Formation ranges from
about 40 to 80 percent shale, siltstone, and claystone; the middle or
Cumnock Formation (coal bearing) is about two-thirds shale at the type
locality; and the upper or Sanford Formation ranges from 50 to 95 per-
cent siltstone and claystone. Table 1 summarizes the lithologic distri-
bution and types present in that area. The Deep-River—-coal-field facies
grades northward along the basin axis into a dominantly sandstone and
conglomerate facies which may be similar in. origin to the Hammer Creek
Formation in Pennsylvania. Reinemund reports the character of the basic
sandstone types of the Deep River coal field to be:
Arkose, Type 1
Composed of 80 percent quartz and feldspar from Carboniferous
(?) granite sburces. Cement is calcite but usually uncemented.
Arkose, Type 2
Composed of 80 percent quartz and feldspar from metamorphosed

acid volcanic rocks. Cement is mainly quartz.
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Table 1.--Summary of composition of rocks and
distribution of lithologic types in
the Deep River basin, North Carolina.
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Table l.--Summary of composition of rocks and distribution of lithologic

types in the Deep River basin, North Carolina.
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Schist-Arenite (low-rank graywacke)

Composed of 80 percent or more of quartz and feldspar from
granite and pre-Triassic metaﬁorphic rocks (contains 10 to
75 percent metamorphic rock fragments). Cement is partly
quartz gut mostly uncemented.

Argillaceous Sandstone

Composed of less than 80 percent quartz and feldspar f?om gran-
ite and pre-Triassic metamorphic roéks. Cement is partly
quartz with clay acting as a bond.

Glaeser (1966) has prepared an exhaustive petrological study of the
sediments of the Newark-Gettysburg basin using 1450 samples from 520
outcrops. He has carefully examined the mineral composition and textural
maturity of the sediments and has given particular attention to identi-

. fication of the source rock, dispersal of the rock debris into and through-
out the basin, and the environment of deposition. Glaeser used a modified
form of Krynine's sandstone classification, wherein he combined rock
fragments and feldspar together at one pole and used detrital mica at

the pole where Klein and Krynine used feldspar. Unfortunately, direct
comparison with figure 10 cannot be made without replotting part of his
data. However, all of the textural and compositional varieties noted in
the other basins, including limestqne, are present in the Newark-Gettys-
burg basin. There are apparently extensive areas of "clean" sandstones
and conglomerates of single and multiple modal classes which are products
of high energy enviromments. In addition, there are nearly pure limestone

and quartzite conglomerates.
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The following summary of provenance and sediment dispersal is quoted

from Glaeser (1966).

"The Newark-Gettysburg basin represents a nearly complete record

of sedimentation in the original basin. This view emerged from
the following significant interpretive features:

1.

2.

Both margins of the outcrop belt are parallel to and relatively
close to the original basin margins.

Sediments contained within the basin represent dual sources;

a gouthern feldspathic one dominating in early influx stages,
and a northern sedimentary low-rank metamorphic one dominating
in later stages. The sgouthern source lay parallel to the
entire south margin of the basin and had relatively uniform
relief throughout its extent. A westward change in provenance
character is reflected in both compositional and textural
variations in the Stockton and New Oxford. The northern source
shed debris into the basin through a rather limited zone of
influx.

Sediments from the southern source were dispersed toward the
basin center normal to the margin. Once beyond the northern
limits of the basin, detritus from the north was dispersed
laterally parallel to the basin axis. Both sources influenced
the character of basin-center Lockatong deposits.

Final filling of the basin is marked by local, north-border
mudflow deposits of locally derived detritus from uplifts
along a border fault.

The composition and texture of the coarse sediments indicate
that they have been influenced very little by transportation,
and that the sediments now observed are essentially the frag—
mented debris from the source areas."

The sequence of sedimentation in the basin appears to be: (1) Deposition

of the laterally equivalent Stockton-New Oxford beds in overlapping allu-

vial fans parallel to the basin's southern margin down a paleoslope from

a high-rank metamorphic source; (2) a shift to a predominantly low-rank

metamorphic source from the north with sediments entering the basin at

one restricted point to form the Hammer Creek deposit;
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(3) axial dispersal along the basin forming the lateral facies equiva-
lent of the Hammer Creek deposit - the Brunswick and Lockatong lithosomes
and the Gettysburg Formation; and (4) sedimentation culminating in coarse
mud flows probably initiated by late fault movement along the northern
margin.

Glaeser apparently didAnot calculate the various percentages of the
compositional or textural varieties of the total sediment bulk. McLaugh-
lin, (1959) states that there is a greater preponderance of shale to
sandstone in the Bucks County and adjacent area than elsewhere. This is
to be expected if the Brunswick of Bucks County is a down-basin, fine-
grained derivation of the Hammer Creek. McLaughlin also states that,
"Evidently conditions of sedimentation differed in some respect (in Bucks
County) from those that prevailed in the greater portion of the Newark
terrane." The implication is that Bucks County had the finest sediment
in the basin and that sand predominated over shale elsewhere. Glaeser
noted that there was no lack of fine-grained material, only that it was
winnowed out into alternating and discrete beds.

Roundness of sand grains in the Stockton and New Oxford Formations
tends to increase to the north, parallel to the southern margin. Sorting
of the coarse sands and gravels in the Hammer Creek apparently increases
both east and west along the axis of the basin from the point of sediment
influx. It is interesting to note that the exposed limestone fanglomerate
has very angular fragments and unsorted matrix, indicating its very local

origin.
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Another point of importance in establishing Triassic drainage and disper-
sal patterns is made by Meyerhoff (1972), who notes "Clasts of probable
Pocono derivation and of definite Devonian and Silurian formations are
dominant among the identifiable detritus from the northwest." Apparently
all of the Triassic detritus was not from local sources.

The composition of the sandstones of the Newark-Gettysburg basin
are composed mainly of quartz and feldspar minerals and reflect source

geology modified by transport processes. The matrix, where it is present,

-consists of weathered feldspar or chlorite-sericite and sericite. Cement

is predominantly calcite with subordinaté amounts of hematite and quartz.
Accessory minerals include tourmaline, mica, epidote, hematite, pyrite,
rutile, and zircon. From inspection of Glaeser's areal plots of com-
position-texture types, it appears that arkoses are associated principally
with basal Stockton and New Oxford Formations, with the Stockton having
the greater feldspar content. The orthoquartzites are mostly associated
with the Hammer Creek Formation — especially its outer fringes.

Toewe (1966) found that sediments along the northern edge of the
Culpeper basin in Virginia consists of limestone conglomerate, quartz
conglomerate, sandstone, shale, and pyroclastic rock. One basalt flow
is present near the top of the section, and the entire section is
intruded by diabasic dikes and sills. The limestone conglomerate is an
unsorted mass of limestone fragments in a red matrix of quartz, feldspar,
calcite, mica, chlorite, and clay. Fragment sizes range from one-fourth
inch to several feet in diameter. Quartz conglomerate composed of rounded
fragments of quartz and quartzite from one-fourth inch to 6 inches in

diameter interfingers with coarse sandstone.
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The light colored matrix of this conglomerate is coarse-grained sand-
stone of quartz, calcite, feldspar, chlorite, and epidote. Sandstones
consisting mostly of quartz and feldspar are medium—- to coarse-grained
and are represented by arkoses, graywackes, and pure sandstones (ortho-
quartzites?). They interfinger with conglomerate and shale. The shales
are mostly quartz, plagioclase, and mica; are thin bedded; and range from
soft to very brittle. Pyroclastic rocks in the upper part of the section
are uniformly fine-grained, very dense, and are principally of andesitic
or trachytic ;omposition.

The sedimentary suite in the Danville and Richmond basins seem to
be similar. Intertonguing feldspathic sandstones and shales predominate;
however, there are coarse uncsorted conglomerates at the basin margins;
and coal is present in a down-basin black-shale facies. There are no
data on sorting or textural maturity. Basalt flows, and pyroclastics
are not known to be present.

The buried Dunbarton basin of the central Savannah River area of
South Carolina is estimated to be about 30 miles long and 5 or 6 miles
wide (Marine and Siple, in preparation). Lithologies range from coarse,
unsorted gneissic breccia or fanglomerate, to massive, calcareous argillite
or claystone. The sandstones are gray-brown to maroon, fine to very-
fine, graywackes. Siltstone and claystone make up most of the known
section. Sorting appears to be poor. Basement rock in the vicinity of
this basin is chlorite-hornblende schist, hornblende gneiss, and some

quartzite.
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Volcanism

Basalt flows and associated tuffs are interbedded with the middle
and upper parts of the Triassic continental clastics from at least
Culpeper, Virginia northward to Nova Scotia. Basalt,_reported in the
subsurface of eastern Georgia and northern Florida above the basement
complex, may also be of extrusive origin. The great "trap" or basalt
flows of New Jersey and southern New York form the famous Palisades
along the lower Hudson River. At least eight distinct flows have been
identified in the New Jersey-Connecticut area, but paleomagnetic measure-
ments show that they are not laterally equivalent. Thickness of the
middle lava flow in Connecticut is 300 to 500 feet. Dikes which might
have served as conduits or feeders for the overlying volcanic flows
and pyroclastics have not been positively identified within any of the
Triassic basins. The flows, particularly in the Connecticut basin,
have been sliced, offset, and repeated by numerous transverse (?) faults.
Increasingly younger paleomagnetic dates of lava from south to north
have caused deBoer (1967) to suggest a northeastward shift of volcanism
in Triassic time. Perhaps volcanics were once widespread in the southern
basins also, but have since been eroded away. Tuffs and tuffaceous
sediments are felsic to mafic crystal tuffs, which are dense to somewhat

porous.
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Depth of Basin Filling

Much has been written in speculation about the original maximum and
present-day thickness of deposition in the Triassic. Estimates of original
thickness are complicated by selection of the correct sedimentary model --
whether the local or broad-terrane model is used to describe the former area
of outcrop —— and by the amount assigned to removal by subsequent erosion.
Estimates of present-day thickness also depend primarily upon the structural
model selected. Early workers, who visualized a synclinal depression,
estimated that the thickness was much less than it actually is. Failure to
correct for repetition of strata from block faulting in the half-graben
model has led to estimates that are too high.

Sanders (1963) proposed an original sediment thickness of at least
35,000 feet for his Connecticut~Newark-Gettysburg basin and stated that
the unfaulted New Jersey portion of the Newark-Gettysburg basin gives an
unambiguous answer of 30,000 feet for the present day thickness if the dip
of measured strata is projected into the border fault. The following his-
torical summary is quoted from Sanders:

"Cook (1868) calculated the thickness of the Triassic strata in

New Jersey to be 27,000 feet, but he arbitrarily reduced this

number to 15,000 feet to compensate for presumed repetition on

hidden strike faults. I. C. Russell (1880) calculated at least

25,000 feet and accepted this figure as valid barring hidden faults.

Kummel (1898) calculated 20,300 feet, but reduced this by one-half

to one-third to 11,800 to 14,700 because of faults (Kummel, 1899).

Darton and others (1908) considered the New Jersey Triassic to be

"at least 15,000 feet thick". Grabau (1921) accepted a figure of

14,000 to 18,000 feet. McLaughlin (1944, 1945) has demonstrated

that the sections in the Delaware River Valley, which are repeated

three times by faults, include only the lower half of the total
column. The largest thickness present here is 15,000 feet."
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Estimated depths for the Danville basin (Thayer and others, 1970)
based on outcrop width and average dip were 5,000 feet for the narrowest
part of the basin and 15,000 feet for the widest. However, eight gravity
profiles normal to the axis of the basin yield depths ranging from 4,750
to 6,260 feet indicating either extensive block faulting or flattening of
the dip in the subsurface toward the northwest boundary fault.

In the Deep River basin, Prouty (1931) estimated sediments in the
Durham section to be 10,000 feet thick, in the Sanford section to be
from 6,000 to 8,000 feet thick, and over the Colon Cross Structure to
be from 4,000 to 5,000 feet thick, Zablocki (1959) from residual gravity
anomaly profiles, calculated the minimum sediment thickness to be 6,500
feet in the Durham section, 2,000 feet over the Colon Cross Structure,
7,500 feet in the Sanford section, and 3,800 feet in the Wadesboro section.
David M. Stewart (personal communication) has one seismic depth deter—
mination of 3,800 feet in the Durham section at a point also indicated
by gravity determinations to be between 2,000 and 5,000 feet deep.

The surface of the Triassic rocks of the buried Dunbarton Basin of
South Carolina and Georgia is from 1,000 to 1,2000 feet deep. Thus far,
the maximum depth at which the crystalline basement floor has been pene-
trated is approximately 4,000 feet.

In almost all basins, there are a few deep wells which penetrate to
the basement floor along the updip edge. Most of these wells are less than
2,000 feet deep. For example, a wildcat oil well in the Pomperaug outlier
in Connecticut penetrated basement rock at a depth of 1,235 feet. No wells
except one in the Dunbarton basin are known to have been drilled to base-

ment adjacent to the major barder faults -- the deepest parts of the basins.
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‘Stratigraphy

The stratigraphic names used in the various Traassic basins of the
East Coast are correlated in figuré 4. The continental clastics by nature
thin, lens, and intertongue rapidly. Thus, there are few good temporal
marker beds. The thin limestones, coal seams, and basalt flows are notable

exceptions and work well in individual basins on discrete fault blocks.
However, the gross sedimentary record is reasonable decipherable as ; series
of rock stratigraphic units or lithosomes representing separate but inter-
tonguing environments of deposition.

There are correlation problems between basins. As previously mentioned,
the erroneous correlation of basalt flows from the Newark-Gettysburg basin
to the Connecticut basin is a case in point. The lithologies of the Atlantic
Coast Triassic basins are remarkably similar. Most rock types discussed
above, including volcanics, afe present in every basin, and the vertical
and lateral successions at any one point depend on marginal source rock
and the basin depositional environment. The traditional, generalized,
stratigraphic model used in all basins éf the East Coast to explain vertical
and lateral succession consists of basal coarse, usually arkosic, conglo-
merates and sandstones composed of the granitic or gneissic wash from the
adjacent highlands. These are overlain by limy gray or red shales or finer
grained black shales, which are locally coal bearing; and these are over-
lain in turn by arkosic sandstones, shales, and conglomerates. Fanglomer-
ates or mud flows are usually found at the top of the section at the major
fault borders. In the nofthern basins basalt flows and pyroclastics are

found from the middle to the top of the section.
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Fig. 1ll.--Hypothetical éross sections showing fault
trough facies models.
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B) DEAD SEA  MODEL

Figure 1l1.--Fault trough facies models. (A) Physiographic coincidence
model (after Russell, 1878, 1880). (B) Half-graben model
based on present-day facies distribution in the Dead Sea
Graben. Reproduced from Klein, 1969.
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Fig. 12.--Hypothetical cross section contrasting
two possible sedimentary models to explain
stratigraphy of tilted Triassic basins.



Klein (1969) implied that this stratigraphic model may be incorrect
by pointing out that it has developed from our past conception of the
structural model which produced the Triassic basin. That is, the broad-
terrane hypothesis calls for deposition from both sides of a large classic
graben, which is later arched along the axial portion to produce a series
of oppositely dipping half grabens which are mirror images of one another.
Klein also notes that the Dead Sea graben sediments are not symmetrically
disposed in relation to the basin margins. See figures 3 and 11. The
point is, if the structural and dispersal models are different from what
we have traditionally supposed them to be, the sedimentary model will
also be different.

Two further points are worthy of consideration. The traditiomal
model has been drawn from surface observation. The subsurface lithologies
of the basal, central, and deepest parts of the basins have been projected
from their lateral updip equivalents modified only by the obvious assump-
tion that conglomerates and fanglomerates should radiate outward from
the faulted edge in fanlike fashion toward the basin center. Too, the
literature is full of examples where the conglomerate of the updip edge
(presumably in a basal position) is compared to conglomerates on the
opposite basin‘edge at the top of the section. To this writer's know-
ledge, the basal and middle parts of the sedimentary record next to the
major fault have been neither exposed nor studied.

If each of the wedge-shaped outcrop areas now preserved in the Pied-.
mont represent remnants of tilted full grabens or block-faulted valleys,
then it is just as reasonable to expect the sedimentary model to be as

illustrated in the bottom profile of figure 12.
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Here the fine-grained shale facies is in a medial position relative to
infilling from both basin margins rather than middle in the vertical
stratigraphic sense. Should the correct structural model be either a
tilted full graben or a block-faulted valley wherein downthrow along

the major fault is contemporaneous with sedimentation, the fine-grained
facies should migrate toward the basin tilting fault as it moves upward
stratigraphicallj. An asymmetric position for the fine-grained facies

is not inconsistant with field observations. The basin sediments should
be cyclic grading finer upwards in each cycle and recording discontinuous

fault movement.
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Structural Development

The exact order of events in the evolution of the Triassic basins of

the East Coast is not yet known. However, there is sufficient data from

the geologic record to infer the following sequence of major events:

1.

Major crustal movement along pre-Triassic (?) faults to produce

a graben, rift-valley, or block-fault valley in Late Triassic
time,

Disruption of drainage and filling of basins from nearby marginal
highlands on both sides. Sedimentation entered the basins through
basin marginal alluvial fans and river-mouth deltas and was dis-
tributed by longitudinal or axial streams and shallow lakes,
Recurrent movement along the major fault concurrent with sedimen-
tation interrupted by major periods of tectonic quiesence allowing
the formation of evaporites in closed basins and coal in swamps.
Cross faults possibly developed at this time and diabase was possibly
intruded along these cross faults,

Estrusion of basalt flows and pyroclastics in the northern half

of the East Coast,

Intrusion of thick sill-like diabasic rock into the middle and
upper part of the sedimentary section sub-parallel to bedding,
Development of cross faults which offset border faults,
Development of late longitudinal tensional faults offsetting (?)
cross faults and rotation of large blocks toward border fault,
Intrusion of mostly thin nearly vertical diabase dikes along

cross faults in Late Newark or Early Jurassic time. See figure 8.
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Present and Past Distribution of Triassic Basins

The present distribution of Fhe Triassic basins on the East Coast is
a function of all of the erosional and tectonic processes that have affected
them since Triassic time, Tﬁeir stated parallelism to the Appalachians is
more apparent than real. The western edge of the Triassic rift belt pro-
gressively cuts across the-Appalachian grain from south to north. The
presence of basins beneath the yohnger Coastal Plain sedimentary blanket
is documented by numerous well records (plate 1) and by offshore seismic
evidence. If the Triassic basins were caused by an early Atlantic opening,
then the outcrop pattern should be present as far east as the edge of the
thick sial crust. There are undoubtedly more basins yet to be discovered.

The amount of Triassic sediment removed by erosion is not known.
Proponents of the broad terrane hypothesis postulate that much more than
half of the sedimentary and volcanic wedge has been removed by erosion.
Most geologists of the separate-basin school postulate removal of much less
than half, especially when they see evidence for the modern basin margins
being very close to their deposfitional source areas.

Undoubtedly there were cther basins which have since been completely
eroded away either because of their shallowness or because of subsequent
structural uplift in their outcrop area. Indeed, Willfam White (personal
communication) sees geomorphic evidence for uplift both northeast and
southwest of the Newark-Gettysburg basin whiéh may explain the modern
greater width and thickness of this basin compared to those farther to the

north and south.
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Certainly, there are other linear, high-angle fault-bounded structures
east of the Brevard Fault zone (Qayley and Muehlberger, 1968) which could
have once contained Triassic sediments (Conley and Drummond, 1965).
Woodward (1957) suggested that the strongly northeast trending Lackawanna
or northern anthracite basin in Pennsylvania has a northwest bounding
fault of Triassic age. Saﬁders (1963) proposed that the Taconic alloch-
thon east of the Hudson River in eastern New York is a Triassic structure
also bounded by a northwest fault.

The modern Triassic oﬁtcrop pattern appears to record the location
of major crustal structural elements (fig: 13) in the Piedmont. Relative
movement between these major crustal blocks has not only determined areas
of non-sedimentation in Triassic time and maximum erosion in post-Triassic
time, but has also undoubtedly greatly influenced drainage and sedimen-—
tation. Their existence and control of post-Triassic sedimentation is
documented by Brown, Miller and Swain (in press). The suggested outline
of these structural blocké and their extension onto the exhumed Piedmont

1s modified from that paper.

Buried Triassic Basins
The known location of buried basins and their possible area of sub-
crop beneath the younger sedimentary cover has been previously mentioned.
An outline of their structural and sedimentary character is in order.
This writer has no evidence in hand.which indicates that the buried
basins are not all preserved in half-graben structures rather .than by

normal sedimentary overlap.

. 57



[

.
te

Fig. 13.--Map showing distribution of Triassic basins
relative to possible crustal blocks.
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The Dunbarton and Brandywine basins are definitely grabens or half gra-
bens. Many of the other known and suspected buried basins are known
only from a single well or widel; scattered wells. Offshore seismic
evidence has not yet been examined by this writer.

Cursory examination of available well'cuttings, cores, geologic
logs, and geophysical well-bore data from burigd basins indicates no
radical difference in lithologic types between the outcropping and buried
Triassic sediments. However, the texture and bulk of the cuttings and
cores examined indicated a preponderance of the finer fraction —— silt-
stone, shale, and claystone or argillite.

Buried Triassic basins ﬁave been found from less than 1,000 feet
to more than 6,000 feet beneath the Coastal Plain cover. Most wells
penetrating buried Triassic have recorded more than 500 feet of sediment.
The thickest section penetrated thus far has been.3,000 feet in the

Dunbarton basin (Marine and Siple, in preparation).
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Mineralization

Most of the rocks of the Triassic basins have been little affected
by hydrothermal solutions, even near the diabase intrusives. The notable
exceptions are in Pennsylvania where magnetite is a replacement deposit
in lenticular beds of limestone conglomeraﬁe near diabasic intrusives
and in New Jersey where copper mineralization occurs in the Triassic
sediments near diabase dikes and flows. Elsewhere, veins of hornblende~-
diopside, prehnite, epidote, actinolite, albitite, and the zeolites are
occasionally found in and adjacent to the diabase intrusives. Tourmalini-
zation of fine-grained sandstones adjacent to faulted diabase occurs
(Bain, 1959) near Nokesville; V;rginia: Fracture coatings of malachite
and azurite are common in Triassic rocks; Roberts (1928) has reported
copper minerals from near érentsville, Virginia. Barite occurs in the
Triassic in association with chalcopyrite, azurite, malachite, and pyrite
near faults and was mined as early as 1845 (Edmundson; 1938) in Virginia.

The greatest noticeable effect of the diabase intrusives is the
conversion of the surrounding shales into a narrow band of grey, dense,
knotted hornfels. The reduction of the red hematite into blue-grey or
grey magnetite‘causes a striking color change which extends a few inches
away from tﬁe smaller dikes to several hundreds of feet away from the

larger ones.
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Economic Resources

None of the above minerals have been sufficiently concentrated to
be anything but collecting 1ocalitiés, except for barite, magnetite,
and copper minerals. Thin layers of hematite in the Deep River basin of
North Carolina containing 65-70 percent ferric oxide have been mined in
the past (Kerr, 1875). Magnetite is mined near Cornwell, Pa., and barite
has been mined in the past both in Virginia and Connecticut.

The Triassic sandstones have been used extensively in the past as a
building stone, chiefly as a source of the well known Brownstone. The
shales are especially suited to the manufacture of brick and light-weight
aggregate, and there are plants near Manassas and Danville, Virginia and
Durham and Sanford, North Carolina.

The diabase intrusives and basalt flows are used extensively through~
out the Triassic outcrop area as a source of road material. A few
quarries produce dimensional stone for buildings, mausoleums, and tomb-
stones from the less fractured intrusiveg.

Coal of commerical importance occurs in the black-shale facies of

the Richmond, Virginia; Deep River, North Carolina; and possibly the

o Danville, Virginia-North Carolina basins. No coal has been mined in these

basins since the middle part of the century because of competition from
lower sulphur coal from southwestern Virginia and West Virginia. In a few
places, the coal in the Richmond basin is up to 12 feet thick, but it is

usually much thinner.
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It has been mined down to a depth of at least 722 feet (Woodworth,
1901). 1In the Danville basin, Triassic coal of poor quality crops
near Walnut Cove, North Carolina. Coal in the Deep River basin occurs
in the Cumnock Formation in two beds or benches generally less than 2
and 4 feet thick separated by 30 to 40 feet or grey shale, siltstone,
and sandstone. The coal has been extensively cored and is known to
occur below 2,000 feet. The estimated reserves are 110,000,000 short
tons, half of which is believed to be recoverable (Reinemund, 1955).

Occurring with the coal are beds of ferruginous, carbonaceous shale which

‘'yield small amounts of oil when heated (Vilbrandt, 1927). These oil shales

also contain Caz(P04)2 and (NH4)2504 in quantities averaging 20 and 43
pounds per ton, respectively, and small amounts have been used in the
production of fertilizer.

Undoubtedly, the greatest single resource of the East Coast Triassic
is ground water. The Triassic aquifers are extensively developed from
Culpeper, Virginia northward to the northern tip of the Connecticut basin
in Massachusetts. This area coincides almost exactly with the greatest
population density of the East Coast megalopolis indicating a possible
causal relationship between population and ground-water development.
However, according to the few data available, water yields tend to decrease

southward from the Culpeper basin.
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WATER-BEARING CHARACTER OF TRIASSIC AQUIFERS
A search of the literature of the East Coast Triassic and unpublished
data reveal that very few wells have been drilled below 1,000 feet (table 2)
and that there are essentially no test data available for the deep sub-
surface aquifers. The hydrology of the shallow aquifers and the signifi-
cance of the few deep data are discussed below for their obvious clues
to subsurface hydrology, the depth of potable water, and the degree of

development of the fresh-water aquifers by man.

'General Character

Short and rapid transport has created poorly sorted, dirty, and
dense sandstones, conglomerates, and siltstones with low to moderate
water yields. Not all Triassic rocks suffer from poor sorting, however.
Exceptions exist where hydraulic energies have been sufficient during de-
position to produce well sorted snadstones and conglomerates. Klein
(1968), Glaeser (1966), and Conley (1962) all note well sorted sands in
their respective areas of investigationm.

The basins contain both basalt flows and intrusive dikes and sills.
These diabase dikes and sills are generally fine textured and quite tough,
dense, and competent. Small but dependable yields are obtained from wells
in their weathered and jointed upper surfaces. The basalt flows, inter-
bedded with the sediment, are present from at least the Culpeper, Va.,
basin northward. Their upper surfaces tend to be vesicular and as a
whole, are apparently more brittle and more fractured than their intrusive

counterparts.
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Yields up to 400 gpm are reported in the multiple flows in New Jersey.
However, producing zones have apparently nof been systematically studied.
Elsewhere, small but dependable yields are also obtained from their upper
weathered surfaces.

Where unfractured, intrusive diabase and possibly basalt flows tend
to act as barriers to the movement of ground water. Knowledgeable drillers
take advantage of this fact by locating wells in the contact rock on the
up-gradient side of the intrusive and extrusive rocks where water is trapped.
.There are no data that indicate these igneous bodies do not also act as

barriers to water movement in the deep subsurface.

Porosity and Permeability

Porosity can be classed as primary or secondary depending upon its
origin., Vesicles in igneous rocks and intergranular space in sediments
created at the time of cooling are pripary, and fractures, joints, and
solution cavities are secondary. Primary intergranular porosity in sed-
imentary rocks is mostly dependent upon sorting of the clastic material.
A rock made up of sand of a single size can have an initial porosity
greater than 40 percent. Compaction, admixture of smaller sized particles,
and growth of interstitial cement all combine to greatly reduce the per-
centage of pore space in rocks -- sometimes to zero.

Secondary porosity, consisting of fractures, joints, faults, and
solution openings, results from tectonic and weathering forces acting on
the rocks subsequent to deposition or solidification. The available
evidence indicates that_the secondary openings in Triassic rocks of the

East Coast consist mostly of rock fractures.

64



Apparently, vertical joints, formed perhaps before complete induration
of the Triassic rocks and perhaps widened by subsequent solution, form
the aquifers. Partial solution of carbonate cement occurs in some of
the calcareous shales and sandstones. There is also a possibility that
some of the pyroclastics in the Leesburg, Virginia area have substantial
primary or secondary poro§ity (Kadish, 1972, personal communication).

In Triassic roka, fractures include the minute breaks created by
the passive adjustment of the Triassic sedimentary wedge to external
forces and those caused by topographic unloading as erosion proceeds;
the nearsurface joints widened by growth of tree roots, freezing and
thawing, and tensional release; and the major faults or fracture zones.
Most fractures are apparently closed too tightly to be effective channels
for the movement and storage of water below a depth of 400 to 600 feet.
Hydrologists have generally found that below this depth the total yield
‘ of a well may increase, but the yield per foot of saturated aquifer
penetrated decreases. Figure‘ld, which is a plot of yield versus depth
for wells in the Brunswick formation o% Pennsylvania, fllustrates this
point. A majority of investigators gpparently believe there is essen-
tially no primary porosity, and Wood (personal communication) feels that
the decrease of yield with depth and the low storage capacity and high
transmissivities of aquifers in eastern Pennsylvania indicate that all
porosity is in secondary fractures. Perlmutter (1959) found that the
Triassic rocks of southern New York are generally well cemented with most

of the water occurring in bedding planes, joints, and irregular fractures.
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Fig. 14.-- Graph showing relation of yield to depths of
wells in the Brunswick Formation of Pennsylvania.
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Figure 14.--Relation of yield to depth of wells in the Brunswick
Formation of Pennsylvania. After Longwill and Wood, 1965.
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However, in a few places the rocks were poorly cemented and “considerable
water'" occurred in the primary pore space. Physical properties of rock
from his report, Table 3, show tAat the permeability of shallow samples

is low and that porosity ramges from 1 to 21 percent. Carswell (in pre-
paration) believes that the Brunswick Formation of New Jersey yields
water from a three-dimensional network of joints, fractures,..and irregular
solution opénings which decrease in size and number with depth. He

found that few measurements had been made of the thickness and depth of
the fresh-water circulation zone and the distribution of porosity and
permeability in the Triassic of the eastern United States.

Rima (1955) concluded from flow-meter tests in the Lansdale, Pa.,
area that the aquifers could be divided Into two classes. “A water-
table aquifer that exhibits low permeability tlirough a considerable
thickness occurs to a maximum depth of 250 feet; below it is one or
more artesian or semiartesian aquifers each generally less than 20 feet
thick, which have a relatively high permeability, and occur to a maximum
depth of about 600 feet." Data from a deeper wildcat oil well in the
same area indicate that such thin permeable zones may not end at 600 feet.

Lesley (1891) shows the log of a well near Revere in eastern Burks
County, Pa., whereon is noted that:

1. at a depth of 1,150 feet - "Here cased off the fresh

surface water."
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2. at a depth of 1,616 feet in 6 feet of sandstone ~ "Here
cased off the salt water." —— and just below at 1,624 feet
—- "Here salt water again and plenty of it.”

3. at 1,736 feet -~ "cased well against salt water in Black
Slate, at 1,736."

4. at 1,782 feet in 28 feet of coarser, brown sandstone --
"Cased off water succgssfully at 1,782."

The well was drilled to at least 2,084 feet.

The results of a 2,100-feoot well drilled near Patterson, N. J., are
recorded by Cook (1885). This well was drilled in Triassic shale and
sandstone to 1,120 feet (table 2), where there was some trouble w;th "quick-
sand" which was tubed off. The water aﬁ this point rose to within 17 feet
of the surface. The water was found to have a total dissolved solids
content of about 5,800 mg/l. The rock below 1,120 feet was found to be
devoid of water down to 2,020 feet where the rock was more "granular and
worked up into sand by the actipn of Fhe tools". Stroqgly saline water
(15,900 mg/1 total dissolved solids) at 2,050 feet rose to within 30 feet
of the surface. Drilling was stopped at 2,100 feet, the tubing removed,
and the well plugged back to 900 feet and completed as a fresh~water well.

In contrast, a well drilled to 4,000 feet (table 2) by the Winchester
Repeating Arms Company in New Haven, Conn., in 1893 was dry except for
surface seepage. The recently completed 4,212-foot test well in the Dun-
barton basin of South Carolina and Ggorgia had a yield of 0.14 gpm (gallons
per minute), which increased to 4 gpm only after penetration of the Triassic-

Basement contact near the bottom of the hole.
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The hydraulic anisotrophy of the Triassic sedimentary wedge has been
demonstrated by Herpers and Barksdale (1951) and Vecchioli (1967). Draw-
downs during pump tests #n wells in New Jersey were much greater along
strike than across strike.

Primary porosity in Triassic rocks is reduced by mineral growth or
authigenesis. This process includes the replacement of minerals such as

quartz and feldspar by other minerals such as sericite and calcite, the

introduction of cement, and the production of feldspar and quartz overgrowths.

Sand-size and coarser grains in Triassic rocks are principally quartz,
feldspar, mica, chert, and rock fragments. The matrix is uaually a paste
of sericite, chlorite, and undifferentiated clays. Cements usually con-
sist of quartz, calcite, and hematite in various combinations. Cement may
be from at least 3 sources -- solution of grains at their points of con-
tact du;ing compaction or tectonic compression, introduction of material
from outside the basin, and precipitation of minerals from interstital
fluids. In this regard, Heald (1956) would favor a magmatic source for
cement in the sandstones studied in the Connecticut basin. In regard to>
possible sources of cement, some of the Triassic border fault-zones, where
identified, are occupied by siliceous mylonites (Conley and Drummond,

1965 and Goodwin, 1970).

Whatever the source of cement, authigenic overgrowths of feldspar
and quartz and replacement of detrital grains by sericite and calcite
are quite striking in Triassic rocks, especially as seen in thin section.
Authigenesis of Triassic rocks frequently produces a very dense, tough

rock with interlocking crystal texture and low porosity.
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Permeability is the ease with which fluid flows through a rock and
dépends on the size, shape, and interconnection of rock pores. It is
important to note that shales ha;e high porosities, btut the minuteress of
their pores causes generally low permeabilities. The coefficient of per-
meability, P, as formerly, used by the U. S. Geolcgical Survey, is expressed
as the number of gallons of water per day that will pass through 1 square
foot of the aquifer material under a unit hydraulic gradient. The coeffi-
cient of permeability has generally been expressed in gallons per day per

~square foot. Intrinsic permeability, as now used, contains more consistent
units and is a measure of the properties of the rock medium alone. There-
fore, it is not dependent upon gradient or the viscosity of the fluid.

The table of measured rock properties (table 3) contains data from a
variéty of sources. Permeabilities expressed in millidarcies and gallomns

per day per square foot have been converted to intrinsic permeability.

_Transmiss%yity, Storage, and Specific Capacity

Transmissivity refers to the rate at which water is transmitted
through a vertical section of a saturated aquifer c¢f unit width under a
unit hydraulic gradient. The storage coefficient of an aquifer is the
volume of water an aquifer releases frcm or takes into storage for each
unit of surface area of the aquifer per unit change in head. Transmissi-
vity (T) data and coefficients of storage (S) used to mreasure the specific
water bearing character of the Triassic aquifers are scarce to non-

existent everywhere except in the Newark-Gettysburg basin.
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Care should be exercised in accessing significance of hydrologic data
quoted in this report. Specific capacity is the yield in gallons per
minute per foot of drawdown. It is not an exact indicator of the ability
of an aquifer to transmit water because it is often affected bg well losses,
partial penetration, and hydrogeologic bound#ries.

The anisotrophic tilted nature of the Triassic aquifers requires a
special test design - a fact not always recognized or dealt with in the
field. 1In addition, certain other assumptions have been made about the
hydrology of the Triassic reocks at each test site that if incorrect will
invalidate the calculations summarized below. The available data eonfirm
previous tentative conclusions.baséd on yield of wells in the Newark-Gettys-
burg basin that the best aquifers in this basin are the Stockton and Bruns-
wick Foﬁations, followed by the New Oxford Formation, and that the poorest
is the Lockatong Formation. Transmissivities of the Stéckton Formation range
from 130 to 4500 ftZ/day with most being around 2600 ft2/day. Transmissi-
vities of the Brunswick Formation range from about 20 to 20,300 ftz/day and
average about 4,000 ftz/day. The New Oxford Formation of south-central
Pernsylvania and Maryland ranges from about 11 to 640 fcz/day and averages
about 260 ftzlday. Transmissivities measured in the New Jersey part of the
Newark-Gettysburg basin show marked differe;ces at individual test sites
depending upon whether the observation well is along strike or perpendicular
to strike from the pumped well.' Aquifer tests on two wells at Cromwell,
Conn., show a range in transmissivity from 500 to 1200 ftzlday in the shaly

lower part of the Portland Arkose.
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Specific capacities of wells in the Connecticut Valley range from
0.02 to 17.0 gpm/ft of drawdown._ The average is 2.3 gpm/ft of drawdown,
and the median is 0.72 gpm per ft of drawdown. Specific capacities of
the Gettysburg Shale and the New Oxford Formation in Maryland range from
0.1 to 16 and 0.1 to 1.0 gpm/ft of drawdowﬁ, respectively, similar to
those for Triassic rocks in Pennsylvania and New Jersey. The range in
transmissivities for Maryland Triassic rocks is probably close to that
of Pennsylvania, if the storage coefficients are similar. Only one trans-
missivity of 11,000 ftz/day for the Gettysburg Shale is reported. Specific
capacities for Virginia wells in the Culpeper basin range from 0.3 to 27
gpm per ft of drawdown, whicﬁ is similar to those of Maryland and Connec-
ticut. The average of 4,8 and the median 0.9. Aquifer data for other
Virginia basins are unavailable. One specific capacity of 3.0 gpm per ft
of drawdown is reported in North Carolina for a well in Stokes County.

Storage coefficients of 1.0 X 1073 to 1.0 x 1073 appear to be typical
for the deeper Triassic rocks from Culpeper, Va., to Massachusetts. The
similarity of the range in specific capacities throughout the area indicates
that the hydrologic character of the rocks is the same.

Transmissivity data are not available for the Triassic rocks of the
Deep River basin of North Carolina, the Danville basin of North Carolina
and Virginia, and the Richmond and other miscellaneous basins of Virginia.
The yields, however, are known to be lower than those of the Newark-
Gettysburg and Connecticut basins -- perhaps considerably so. A yery low
transmissivity has been measured in one well in the buried Dunbarton basin

of South Carolina and Georgia.
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Marine and Siple (in preparation) calculated a transmissivity of

5

5X 10 ftzlday from a 7-year recovery test on a well bottomed in 30

feet of Triassic rock. The' transmissivity of 1,366 feet of Triassic rock

=2 £+2/day.

in another well in this basin was calculated to be 5.4 X 10

Although aquifer test data are lacking for the southern Atlantic
States, there is an apparent striking change in ground water yteld bet-
ween the northern and southern states. North of Culpeper, Va., especially
where the Triassic is blanketed with glacial outwash, sustained yields are
.quite good for consolidated rocks. The median specific capacity is about
1.0 gpm per ft of drawdown. South of Culpeper, yields are lower. Whether
the explanation for the difference in yields is one of recharge, aquifer
lithology, degree of regional fracturing, degree of cementation or a com-
bination of causes has not been determined. Recharge from surficial
glacial outwash may explain high sustained yields in New Jersey and Con-
necticut but not in Maryland and northern Virginia where glacial material
is absent. Regional fracturing may control the distribution of secondary
porosity, but it remains to be established that the Triassic rocks of the
northern states are more highly fractured than those of the southern states.
Regional change in distribution of lithologic types may control the dis-
tribution of primary porosity or the susceptibility of a rock to regional
fracturing (rock competency).

Certainly, there appears to be a regional change in the overall
lithologic make-up of the Triassic sediments, possibly caused by regional
change in source rock, depositional environment, or both. Coal is pre-

sent from central Virginia southward.
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The literature suggests that the bulk of the sedimentary wedge is finer
grained and less well sorted in ghe south, Most volcanism is confined
to the northern states. There appears (from small scale maps) to be an
increase in metamorphic and mafic igneous source rocks in the southern
Piedmont. Certainly, there are no modern ﬁnmetamorphosed sedimentary-
rock sources in the south such as occur all along the north border of
the Newark-Gettysburg basin. Note that the line of apparent change is
about 10 degrees south of one proposed location of the equator for 200

million years ago (Phillips and Forsythe, 1972).
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WATER CHEMISTRY
The chemistry of the pore fluid of the target aquifer must be known
in order to predict their. compatibility with potential injected fluids.
Knowledge of the subsurface water chemistry serves two other purposes im-
portant to waste storage evaluation. The water chemistry also defines the
base of potable water and aids in determining the ground-water circulation

pattern.

Deep Subsurface Samples

Very few chemical data are available from individual aquifers deeper
than 1,000 feet. Available data include one sample from 2,050 feet at
Patterson, New Jersey containing 15,900 mg/l total dissolved solids (TDS),
one sample from 3,100 feet Triassic in King William County, Virginia with
46,000 mg/l TDS, and several samples from the Dunbarton basin of South Caro-
lina and Georgia ranging in depth from 2,055 to 4,212 feet and from 5,950
to-13,000 mg/l TDS. Unfortunately, most of the available water-chemistry
data are from samples collected at the well-discharge point. There is no
possible way of determing the depth or individual water quality of the con-

tributing aquifers.

Shallow Samples

Chemical analyses from wells between 400 and 1,000 feet deep (table
4) indicate that the chemical facies of waters from the Connecticut and
the Newark-Gettysburg basins is essentially a calcium-magnesium bicar-
bonate-sulfate type except in Maryland where the dominant species 1is a

calcium bicarbonate type (figs. 15-18).
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Fig. 15.--Water-analyses diagram of ground water from
the Connecticut Valley.
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Fig. 16.--Water-analyses diagram of ground water
from the Newark-Gettysburg basin in
New Jersey.

77



\.,
s

AVAYAVAVAVAVAVANAVARNAVAVAVAVA AV,

//\/\/\/\/\/\/\/\ \/\/\/\/\y\/\/\/\
AVAVAVAVAVAYANA >\<<<<<< |
N NNNNN/N/ >>>>\<< o
/\<<<<< >>>>>x. o
\o // JAVAVAVAV.A RN EES
VAVA AVAVAVAVARES
) \s/\./s g -
QAN B

<
Figure 16.--Water




.
s Pkl

Fig. 17.--Water-analyses diagram of ground water
from the Newark-Gettysburg basin in

Pennsylvania.
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Fig. 18.--Water-analyses diagram of ground water
from the Newark-Gettysburg basin in
Maryland.
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Sodium is more plentiful in Connecticut and New Jersey; therefore, a few
sodium bicarbonate types are represented. Seemingly, sodium bicarbonate
water is restricted to the shallowest ground water. The deeper water in
the northern area appears to be a calcium sulfate type, changing with
increasing depth to a sodium chloride briné. Figure 19 is a graph of
sulfate and carbonate plus bicarbonate versus dissolved solids in the
Stockton Formation of eastern Pennsylvania (Rima, et. al., 1962). The
graph shows that no bicarbonate is added after the water contains 200 mg/l
TDS and that sulfate concentration increases sharply above 250 mg/l TDS.
Holzer and Ryder (1972) also noted that in the Connecticut Valley, the
character oflthe water changés from a calcium sodium bicarbonate type to
a calcium sulfate type as the concentration of dissolved solids increased.

The pfesence of a calcium bicarbonate type water in Maryland (fig.
18) may reflect a change to a carbonate source rock, a decrease in eva-
porites in the sediments, increased flushing by circulating ground water,
or the smallness of the sample size (fig. 18). The trilinear plots
(fig. 20) of water from south of the Potomac River in northern Virginia
resemble those of eastern Pennsylvania. Chemical data are unavailable
from wells deeper than 400 feet for central and southern Virginia.

In North Carolina and South Carolina (fig. 21), sﬁlfate is conspicuously
absent as a major anion, and most of the deeper water sampled are sodium
bicarbonate and sodium calcium magnesium bicarbonate types. Sodium chlo-
ride and rare, puzzling calcium chlori&e types are also present in the

Triassic of North Carolina.
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Fig. 19.--Graph showing the relation of carbonate plus
bicarbonate and sulfate concentration to
dissolved solids concentration.
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Rima, and others, 1962.

1 o



Fig. 20.-fWater-analyées diagram of ground water from
the Culpeper basin of Virginia.
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Fig. 21.--Water-analyses diagram of ground water from
Triassic basins in North Carolina and
South Carolina.
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The chemical constituents and their concentrations in ground water
at any one locality and depth are dependent on such interrelated factors
as mineralogy of host rocks, chemistry of water during deposition, ionic
diffusion, membrane filtration and residence time. Residence time is
primarily a function of the rate and depth of ground-water circulation --
which is in turn dependent on the physiography and transmissivity of the
rocks.

The preponderance of calcium sulfate water in rocks of intermediate
depth (200 to about 1,000 feet) may reflect either mineralogy of the
parent rocks or depositional environment. According to the literature
and a cursory inspection of small scale geologic maps of the United States,
thg source rocks for at least the northern basins are acidic to intermeé-
iate in composition. Potash, plagioclase feldspar, and mica are abundant
in most Triassic sedimentary rocks. Albite (sodic plagioclase) cement
increases near faults in Connecticut (Heald, 1956) and is presumed to be
a late magmatic differentiate. Calcite (CaC03) cement is quite common.
Thus, there is ample supply for sodium, calcium, and magnesium.

The major anions may be derived partly from the evaporate minerals
reported in some Triassic sediments. Klein (1962), Emerson (1917), and
Thayer (1970) have reported salt crystals in the Triassic. Gypsum plates

were‘reported by Herpers and Barksdale (1951) at about 856 feet in the

" Celanese Corp. well in Newark, New Jersey. Wherry, in Bascom, and others

(1931), reported mineral cavities in the Brunswick Shale such as might
have been occupied by the mineral glauberite. Pyrite is found in the .
Springfield-Holyoke area of Massachusetts in calcareous shale. Thus,

there is ample source material for the observed anions.
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Possibly, the lower concentration of calcium in the deeper North
Carolina Triassic water and its relative abundance as a chemical con-
stituent farther north is related t; the apparent increase in basaltic
volcanic material in the northern sediments. However, it may only
reflect increased sodic source rocks to the §outh.

The shallow calcium chloride waters in the Triassic of North
Carolina are puzzling unless they are from a ground-water discharge
zone undergoing a cation-exchange process wherein CaCl; is the end
product of a calcic sediment flushed with a sodium chloride brine. Sea
water invasion in the geologic past is an obvious possible source for the
chloried anion; so is the minefal‘halite. The maximum landward extent of
the sea strand in Megozoic and Cenozoic time is not known. However,
Coastal Plain sediments of Cretaceous age still overlap the Triassic in
New Jersey, and Cretaceous and Tertiary sediments overlap the Triassic
of central and southern North Carolina. Calcium chloride water also

occurs in a low yielding 1,000-foot well in diabase in northern Virginia.
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Subsurface Flow Systems

There are essentially no data in the literature concerning the
depth, rate, and direction of subsu;face water movement deep in the
Triassic rocks. Otton (1970) estimated that the depth of "lethargic
circulation" in the Triassic rocks may be 1,060 feet or more, based on
the chemical analysis of water from one well in diabase near Herdon,
Virginia. Indeed, the high TDS water may indicate that water in this
diabase is isolated from that in the surrounding rocks, because a 1,000~
foot well at nearby Dulles Airport yields 600 gpm or more of potable
water from Triassic sandgtones and shales. Carswell (1970) points out
that ground water in the upper éarts of the Newark basin (Rockland County,
N. Y.) is of fairly good quality with sulfate ranging from 6 to 64 mg/l.
In contrast, he finds that water in the lower part of the basin in New
Jersey is highly mineralized and sulfate ranges from 87 to 966 mg/l.

He reasons that the high sulfate concentrations may représent the quality
of water in the longest and slowest path in the ground-water flow system.
Unless the basement rock is more permeable than the encapsulated
Triassic, the expected ground-water discharge path should be to the major
longitudinal and transverse rivers in each basin. Major faults and dia-

basic intrusives may serve as major barriers, dividing each basin into
smaller sub-flow systems. The necessary hydraulic-head data and straddle-
packer water samples necessary to define the flow system for a basin or
part of a basin in any detail are not available. Figure 22 is a graph
which shows that dissolved-solids content in water from Passaic County,
New Jersey (Carswell and Roomey, 1970) decreases with elevation of both
the top and bottom of wells. The graph hints at both depth and/or

topographic (distance from discharge) control of dissolved solids.
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Fig. 22.--Graph showing the relation of dissolved
solids to the altitudes of wells tapping
the Brunswick Formation.
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Figure 23 1is a topographic map of eastern Pennsylvania whereon the
available sulfate data for wells.deeper than 400 feet have been plotted.
The resulting sulfate distribution map clearly shows a good relationship
of highest sulfate in proximity to major streams. In the past, high
sulfate content in ground water near streams in this area has been
attributed to industrial éollution. It is just as plausible to expect

sulfate content to be greatest along the ground-water discharge zones.

88



Fig. 23.--Map showing sulfate concentration in ground
water from wells deeper than 400 feet in
eastern Pennsylvania.

89



retw §2

ool > "pa
POE — 0| Fos
Yy oppe 2 45 . X

oz

o)
<
°

)

VS or 5

-

‘eTueATAsuueg uialsed ufr 1993 Q04 ueys 1adasp

STIoM wWOl13 I193eM punoild uy UOFIBLIIUIDOUOD dIBIINS--'€T 2an3Ty

vcuanu. a2 ZI9D

14

2

o~



P . ' . PR - . i e ————— A

GEOPHYSICS

Electric and Radiometric Logs

The subsurface investigation of any geologic terrane is greatly
facilitated by various kinds of geophysical logs which record inherent
and induced physical and radiometric properties of rocks at depth.

Copies of almost all geophysical logs of deep wells in the Triassic
have been assembled. However, there is great variation in geographic
coverage, type of logs, and quality. Usually, only the commercial logs
are calibrated and most holes have only the SP (Spontaneous-Potential)
and resistivity logs. The most detailed log coverage of wells of the
400- to 1,000-foot range is in the Pennsylvania-Maryland area. The few
good calibrated logs are limited almost entirely to the buried basins in
the Coastal Plain, but even there, only SP and resistivity logs are
generally available. The available borehole geophysical data are sum—

merized in Table 5.
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Bulk Density

A few gamma-gamma and neutron logs were available for deeper holes.
Bulk density in the recently drilled 875-foot well at Dickersom, Md.,
ranged from 2.50 to 2.80 grams/cm3, and averaged about 2.62 grams/cm3
for the sandstones and 2.75 grams/cm3 for the calcareous shales. All
log-calculated sandstone porosities were well below 10 percent. Most were
in the 1 to 5 percent range.

Bulk densities from a log of the Triassic rocks in the E. T. and
Shirley Thompson 3,029-foot well in King George County, Va., ranged from
2.53 to 2.78 gm/cm3, indicating porosities in the same general range as

those in Maryland.

Gravity, Seismic, and Magnetic Intensitv

Small-sclae Bouguer gravity anomaly (fig. 24) and magnetic-intensity
maps and seismic profiles are available for the East Coast, Piedmont, and
Coastal Plain. Seismic profiles made before 1966 can be found in Maher
(1971). The maps and profiles reveal the complex fabric of the upper crust
along the Atlangic Coast. A northeast grain sub-parallel to the Appalachian
trend is quite pronounced, particularly on the aeromagnetic map (U. S.

Naval Oceanographic Office, 1:1,000,000).



.

Fig. 24.--Map showing Bouguer gravity anomalies along
the Atlantic Coast.
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Both gravity and magnetic maps show a close, but not unique, corre-
lation of Triassic basins with areas of low magnetic intensity and
negative gravity. Both maps indicate a likelihood of Triassic grabens
occurring on the submerged Piedmont between Long Island, N. Y. and the
Delmarva Peninsula. The magnetic-intensity maps are not detailed enough
to identify individual diabase intrusives which should show up as local
"highs".

The gravity and magnetic maps clearly define the edge of the Continen-
‘tal Shelf and major transcurrent offsets in the crust. Three offsets of
major importance are the Kelvin displacement approximately along the 40°
parallel, the termination of Appalachian grain in northern Florida, and
a north-south lineament in eastern North Carolina and Virginia at about
76°30' west longitude. Seismic and gravity studies have confirmed that
the Piedmont surface beneath the Coastal Plain is not a simple monoclinal
slope to the east. Instead, major northwest-southeast structural elements
in the crust have fluctuated vertically in the geologic past to control
the distribution of Coastal Plain sediment (Brown, Miller, and Swain, in
press).

Although the above maps suggest the location and outline of buried
Triassic basins, they are not sufficiently detailed to draw the conclu-
sions about the existence of buried basins, much less their depth,

geometry, or rock composition necessary for waste-storage evaluation.
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Aeromagnetic surveys at flight-path spacings ranging from one half
mile to one mile have been made for all of the eastern United States
north of the Virginia-North Carolina border. Detailed aeromagnetic maps
for most of the states in the northern Piedmont are being published at a
scale of 1:20,000. The New England Office of Environmental Geology,

U. S. Geological Survey, has found these maps useful in tracing and iden-
tifying Triassic faults in the Connecticut Vall<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>