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ABSTRACT
Rift basins of the Central Atlantic Margins (CAM) of North America and Morocco
preserve largely continental sequences of sedimentary strata and less important
minor basalt flows spanning much of the early Mesozoic. The best known is the
Newark basin of New Jersey, New York, and Pennsylvania where an astronomi-
cally calibrated magnetic polarity time scale is developed.

Lacustrine cycles of Milankovitch origin are commonly presentin CAM basins,
with the period changing from 10 ky (paleoequator with coals), to 20 Ry (4
10°N), to perhaps 40 ky northward with evaporites. Cycles-@D0 ky, 413 ky,
and~2 my are also important.

Four mostly unconformity-bounded tectonostratigraphic sequences are present.
The Anisian TS | is fluvial and eolian. TS II-TS IV (Late Triassic to Early
Jurassic) consist of “tripartite” lacustrine sequences caused by extension pulses.
The Newark basin accumulation rate history allows comparison with quantitative
rift basin models.

The North American plate’s slow northward drift resulted in a relative shift
of climate, although the rapid humidification during the latest Triassic and Early
Jurassic is associated with a sea-level rise. The Triassic-Jurassic mass extinction
is of independent origin, plausibly impact related.
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INTRODUCTION

During the Triassic and Early Jurassic, an enormous series of rift basins formed
along a wide zone extending from the future Gulf of Mexico through Nova
Scotia, Morocco, the Tethyan margin, western Europe, Greenland, and
Spitzbergen (Figure 1). This paper is a review of the stratigraphic records
of the Central Atlantic Margin (CAM) component of these rifts (Figures 2, 3).
Specifically, these rifts include the following: 1. the exposed remnants of rifts
in Eastern North America containing rocks termed the Newark Supergroup
(Figure 1) (Olsen 1978, Froelich & Olsen 1984; see bibliography in Margolis
et al 1986) and their equivalents preserved beneath the Atlantic Coastal Plain
and on the continental shelf; 2. the rift sequences present in the subsurface
along the margin of the Gulf of Mexico; and 3. the exposed and subsurface
basins in Morocco. Related sequences occur in Iberia, Central Europe, Great
Britain, Norway, Greenland, and Svalbard. The mostly continental half graben
and half graben complexes filled with thousands of meters of continental sedi-
mentary and igneous strata provide a uniquely detailed record of early Mesozoic
climatic, tectonic, and evolutionary patterns and processes over an interval of
time lasting more than 30 million years (Figure 3).

A key pointis that the dramatic cyclicity of the rift-basin lacustrine sequences
allows for the quantitative analysis of the varying and intertwined effects of
tectonics, plate position, and climate. The large latitudinal spread over which
these basins developed, covering aboti@@aleolatitude, allows an unusually
detailed look atthe Late Triassic and earliest Jurassic world over a broad transect
of climate and tectonic processes.

There are six major themes that this review of CAM rift basin stratigraphic
evolution will cover: 1. sedimentary and climatic cyclicity; 2. tectonic con-
trol of basin facies and sequences; 3. identification of tectonostratigraphic se-
guences; 4. linkages between presently isolated depositional basins; 5. effects
of the drift of the North American plate into different climate belts; and 6.
regional and global climate events.

SEDIMENTARY AND CLIMATIC CYCLICITY

Perhaps the most striking aspect of CAM basin sequences is the prevalence of
cyclicity in lacustrine lithologies evident at many thickness scales (Figures 4, 5).
This sedimentary cyclicity was primarily controlled by lake-level variations
following quasi-periodic Milankovitch-type climate cycles governed by celes-
tial mechanics (Hays et al 1976). The careful and detailed review by Smoot
(1991a) explains the climatic significance of various sedimentary facies and
cycles within the CAM basins. Although cyclicity is pervasive in CAM basins,
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Figure 1 Central Atlantic Margin (CAM) rift basins in their paleogeographic position for the
Carnian (225 Ma), based on Newark basin data in Kent et al (1995). Positions of paleolatitude
lines have an estimated error #2°. (A) CAM basins: a, Argana basin; ¢, Culpeper basin;

cb, Carson basin; cc, Clubhouse Crossroads area in South Georgia basin; d, Dan River—Danville
basins; df, Deerfield basin; dr, Deep River basin; e, Essaouira basin; em, eastern most basins with
Eagle Mills Formation; f, Fundy basin; fm, Farmville and related basins; g, Gettysburg basin; gb,
Georges Bank basin; h, Hartford basin; j, Jeanne d’Arc basin; m, Mohican basin; n, Newark basin;
na, Nantucket basin; no, Norfolk basin; o, Orpheus basin; p, Pomperaug basin; t, Taylorsville
basin. Sources for map are Olsen et al (1989), Holser et al (1988), Tankard & Balkwill (1989),
Heyman (1989), Hutchinson & Klitgord (1988a,b), Benson (1992), and Beauchamp (1988). Strata
in outcropping basins labeled o, f, df, h, p, n, g, c, t, r, fm, d, and dr are the major components of
the Newark SupergroupBJ Reconstruction of Pangea for the Carnian, showing the rifting zone
(gray) and the CAM basins detailed ik).
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Figure2 Maps of selected CAM basins (base maps from Anders & Schlische 1994). All the basins
are drawn to the same scal e except the Fundy basin.
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Figure 4 Typical Van Houten cycles and compound cycles of the Newark basin (mod
Olsen et al 1996b).

the best documented example of cyclicity and periodicity is from the

ified from

Newark

basin of the Newark Supergroup (Figures 1, 6). Sedimentary cyclicity in the
lacustrine portions of the basin was first described by McLaughlin (1933), who

demonstrated the great lateral extent of the large-sed@@ m) alternat

ions

of gray to black shales and red mudstones (McLaughlin 1933, 1946, 1959).
Van Houten (1962, 1964, 1969, 1980) extensively studied the Lockatong For-

mation and provided a detailed look at Newark basin cyclicity, ascrib

ing it to
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Figure 5 Representative cycles, power spectra, interpreted periods, and theoretical insolation
curve for various portions of Newark Supergroup basins. The “Crowley’s Model” power spectrum
is from Crowley et al (1992). [Key to lithology colors as in Figuretdp(pane).]
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Figure 6 The Newark basin stratigraphic record based on NBCP and ACE data (largely from Kent
etal 1995, Olsen et al 1996a,b). [Key to lithology colors as in Figutegfane).]

climatic variations controlled by celestial mechanics. Olsen (1986), following
the paradigm of Hays et al (1976) for Quaternary cyclicity, used Fourier analy-
sis to obtain quantitative assessments of the periodicity of the cyclically bedded
outcrops, thus corroborating Van Houten’s hypothesis (Figure 5). Pervasive
cyclicity in most of the Newark basin section was confirmed by continuous cor-
ing of the Newark basin by the Newark Basin Coring Project (NBCP) (Olsen
et al 1996a, Olsen & Kent 1996) and the Army Corps of Engineers (ACE)
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(Fedosh & Smoot 1988, Olsen et al 1996b). Together, over 12 km of core
from these projects cover virtually all of the approximately 7 km—thick Newark
basin section, including more than 5 km of cyclical lacustrine rocks that show
patterns consistent with the Milankovitch theory of climate change (see Smoot
& Olsen 1994, Olsen & Kent 1996) (Figure 6).

As seen in the cores and outcrops of the Newark basin lacustrine units, as
well as in several other CAM basins, the fundamental sedimentary cycle is a
transgressive-regressive lacustrine sequence termed a Van Houten cycle (Olsen
1986, 1990) (Figure 4). Vertical sequences of these cycles trace out three or-
ders of modulating cycles; these cycles are expressed as variations in the degree
of development of sedimentary structures indicative of subaerial exposure or
deposition in deep water within successive Van Houten cycles. The short mod-
ulating cycle contains 4—-6 Van Houten cycles; the McLaughlin cycle exhibits 4
short modulating cycles; and the long modulating cycle is made up of about 5
McLaughlin cycles (Figure 4). Frequency analysis of sections exhibiting this
cyclicity by Fourier and moving window (“evolutive”) techniques indicates that
the cyclicity conforms to the expectations of Milankovitch climate theory for the
tropics. Specifically, the climate changes that controlled lake level were gov-
erned by the cycle of climatic precession, modulated by-th80-ky, 413-ky,
and~2-my so-called eccentricity cycles of the Earth’s orbit.

As expected from Milankovitch theory, the expression of the insolation cy-
cles in continental climate, and hence the rock record, varies dramatically with
latitude in the CAM basins. Within specific time intervals, the distinctive fre-
guency characteristics of the cyclicity as well as the overall facies (i.e. humid
vs arid) change in a methodical way that is well explained in the Milankovitch
paradigm. In theory, the region around the equator should be dominated by a
“double” climatic precession cycle of10 ky that gives way farther from the
equator to a-20-ky cycle of the type seen in the Newark basin and commonly
associated with the climatic precession cycle (Crowley et al 1992) (Figure 5).
In addition, the middle and high latitudes should be dominated by the effects
of the 41-ky cycle of the obliquity of the Earth’s axis. In fact, this domina-
tion is manifest in the CAM basins (see below). This pattern of latitudinally
dependent cyclicity is apparently in very good agreement with the most recent
well-corroborated paleogeographic reconstruction (Witte et al 1991, Kent et al
1995, Kent & Muttoni 1996, Kent & Olsen 1996), which places Virginia at the
equator in the early Late Triassic (Figures 1, 6). The change in cyclical mode is
paralleled by a dramatic change in the dominant sediment type, with coals and
black shales in the south giving place to aeolianites in the northern Newark Su-
pergroup basins (Olsen etal 1989). The cyclicities so well displayed inthe CAM
basins provide not only a metronome for calibrating other basin phenomena,
such as the magnetic polarity sequence from the basins, accumulation rates, and
hence indirectly subsidence (Figure 6), but also are the first clear demonstration
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of the local effects of Milankovitch cycles on continental climate over a broad
latitudinal swath (Figure 5).

TECTONIC CONTROL OF BASIN FACIES
AND SEQUENCES

Although cyclicity is a very prominent part of CAM basin sequences, there are
larger-scale patterns such as lateral and vertical transitions in facies types that
were evidently produced by tectonic processes.

As presently understood, CAM basins are largely half graben and half graben
complexes. The basins are bounded on one side by a major mostly normal fault
system, towards which the basin strata tilt (Figure 7). There is considerable
evidence that the fault systems that border the present half graben of the CAM
basins were active during sedimentation (see Schlische 1993). Most important
are the locally derived conglomerates at the fault-bounded sides of the basin.
Although these conglomerates do not comprise a volumetrically large part of the
basinfill, they do indicate that alocal source of relief was maintained throughout
the basin’s sedimentological history along the faulted margin (Longwell 1937,
Schlische 1993).

It was once thought that episodes of faulting or protracted periods of acceler-
ated faulting would produce a progradation of alluvial fans from the border fault
because of the increase in basin relief (Barrell 1917, Lorenz 1988, Ressetar &

a Fundy basin, Chignecto & Minas subbasins TSH TSIV b Fundy basin, Fundy subbasin
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Figure 7 Representative cross sections of basins based on industry seismic profiles. Profile lines
a (Fundy basin and Chignecto and Minas subbasinspgRdndy basin and subbasin) are adapted
from Withjack et al (1995)r (Newark basin), revised interpretation based on Costain & Coruh
(1989);d (Richmond basin), adapted from Cornet & Olsen (1990);e&({Teylorsville basin), based

on a variety of unpublished seismic profiles and Milici et al (1991).
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Taylor 1988, Mickus et al 1988). However, recently proposed models of the
sedimentological effects of faulting within half graben argue that an increase in
faulting would produce a retreat of alluvial fans owing to lakes ponding against
the tilting depositional surface and the increase in accommodation space (Blair
& Bilodeau 1988). In fact, the relationship between alluvial fan and lacustrine
deposits in the Newark basin suggests that in most cases fans prograde during
overall dry times irrespective of faulting (Olsen et al 1989).

There is also ample evidence that the basins, as presently delineated, were,
at least in part, half graben during deposition (Schlische 1993, Withjack et al
1995). Synsedimentary half graben development is evidenced by the follow-
ing: 1. decreasing dip of strata up-section both in map view and in drill holes;
2. fanning of strata toward the border fault system as seen in seismic profiles
(Hutchinson & Kilitgord 1988a, Costain & Coruh 1989) (Figure 7); 3. thick-
ening of intervals of strata, particularly sedimentary cycles, toward the border
fault as derived from continuous core and outcrop (Olsen et al 1996a); and 4.
the results of provenance and paleocurrent studies (Klein 1963, Glaeser 1966,
Weddle & Hubert 1983). Because of the half graben geometry of the basins,
sedimentary sequences generally coarsen downward at the edges of basins, as
seen in drill holes, and coarsen towards the basin margins in map view, as
pointed out by McLaughlin & Willard (1949).

All of the CAM basins have sequences that show strong vertical changes in
overall facies reflecting an interplay of large-scale tectonic and climatic changes
with time. The basic outline of these has long been clear (Van Houten 1977,
Manspeizer 1988). In specific, the basin sections are made up of one or more
tripartite sequences consisting of a lower, relatively coarse-grained, fluvial fa-
cies with a rapid transition upwards into relatively fine-grained, deeper-water
facies, followed by a slower transition upward into shallower-water and even
coarse fluvial facies (Olsen et al 1989) (Figures 3, 6). Similar asymmetrical ver-
tical sequences have been observed in many other continental rifts (Lambiase
1990). Such sequences have been explained as the result of a specific history of
tectonic events (Manspeizer & deBoer 1989), as a consequence of sequential
filling of hydrographically linked basins (Lambiase 1990), and as the neces-
sary result of the filling of a widening half graben bounded by a normal fault
(Schlische & Olsen 1990, Schlische 1993, Contreras et al 1996).

Schlische & Olsen (1990) proposed a simple quantitative model in which
the rate of subsidence, the rate of inflow of sediment into the basin, and the ba-
sic geometry of the basement components of the basin remain constant (Olsen
1990). As a simple consequence of the increase of the area of the depositional
surface though time, the full tripartite lacustrine sequence is produced. This
basin-filling model predicts the sediment accumulation rate history of the basin;
once lacustrine conditions are established, accumulation rate should decline ex-
ponentially.
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Figure 8 Comparison of accumulation rate predictions of models of rift basin evolution with data
from the Newark basin (see Figure 6) of various authors. Numbers 1-5 refer to predictions at
increasing distances from the border fault of Contrerar et al (1996).

The first quantitative data on long-term sedimentation rates comes from the
NBCP and ACE cores (Olsen et al 1996a,b) (Figure 6). Comparison of the sedi-
mentation rates of the Triassic-age part of the basin section with the predictions
of the Schlische & Olsen (1990) model shows some first-order differences (Fig-
ure 8). Specifically, a simple exponential decline in sedimentation rates is not
seen; however, the facies transitions predicted in the Schlische & Olsen model
are confirmed.

A much more realistic, although more complicated, model of evolving rift-
basin geometry is presented by Contreras et al (1996) (Figure 8). Thisis athree-
dimensional finite-difference model based on the fault-growth models of Cowie
& Scholz (1992). Contreras et al (1996) show that for a half graben bounded
by a single normal fault the accumulation-rate curve predicted by the Schlische
& Olsen (1990) model occurs only at the depocenter of the basin, adjacent to
the border fault. All other parts of the basin have different accumulation-rate
curves. An accumulation-rate curve similar to that seen in the Newark basin
data (Figure 6) is obtained in the model if the basin is sampled by laterally
offset drill-hole data as were obtained in the coring project.

Viewed in light of the above models, each tripartite sequence probably repre-
sents a different tectonic episode, basically a rejuvenation of extension or an ac-
celeration of extension. This hypothesis can be expressed as an extension of the
Schlische & Olsen (1990) or Contreras et al (1996) models. Thus, relatively low
rates of extension and basin subsidence allow the available sediments to fill the
basin to the outlet, resulting in a hydraulically open basin with through-flowing
streams and a coarse-grained basin fill. Slow rates of extension should result in
similarly slow rates of footwall uplift. Hence, it could have been relatively easy
for inflowing or outflowing rivers to breach the footwall. The fluvial portions
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of the Stockton Formation of the Newark basin (Smoot 1991a,b) may be an
example of streams leaving through the footwall, whereas the New Haven For-
mation of the Hartford basin (Hubert et al 1978) may be an example of a fluvial
system entering the basin though the footwall (Figure 2). When extension rates
increased, basin floor subsidence and tilting increased. As a consequence, the
basin expanded at a rate faster than it could fill, and a closed drainage basin
resulted. When sufficient water became available, a lake could form. Smoot
(1991a), on the other hand, feels that an autogenic reduction of fluvial gradient
due to clogging of the outlet resulted in the fluvial-lacustrine transitions. As
long as extension rates remained high, the distance between the outlet and the
basin floor would continue to increase as the area of the depositional surface ex-
panded; and as long as there was sufficient precipitation, lacustrine conditions
would be maintained (Schlische & Olsen 1990). High extension rates would
lead to high rates of footwall uplift, and the basin would be sourced from either
the hanging wall [upper Stockton and Lockatong formations, Newark basin
(Glaeser 1966)] or the axis [Passaic Formation, Newark basin (Smoot 1991a)].

As extension decreased, the basin would tend to fill, eventually reestablish-
ing fluvial conditions. Footwall uplift would correspondingly decrease and the
footwall could again be breached by streams, perhaps capturing large drainage
areas on the back of the footwall uplifts (upper Portland Formation, Hartford
basin; Mclnerney 1993) (Figure 2). If subsidence stayed low or stopped, the
outlet would be cut into, and eventually the basin fill would begin to erode.
Thus, the full cycle of an extension pulse would tend to produce one of the tri-
partite lacustrine sequences. If the magnitude of the extension pulse is relatively
small, then a short-lived excursion though a tripartite sequence might be pro-
duced. Ifthe pulse of accelerated extension followed a period of slow extension
or erosion or if it was of large enough magnitude to produce erosion of foot-
wall sediments before they could be onlapped by the new tripartite sequence,
then an unconformity might develop that would separate the two sequences
along the up-dip portions of the basin. However, as long as the basin remained
hydraulically closed, a conformable relationship between two successive se-
guences would still be expected at the depocenter of the basin. In addition, an
abbreviated yet strong pulse might only produce a fluvial sequence. Multiple
tripartite sequences and unconformity-bound fluvial sequences are observed in
many CAM basins, which suggests that their basin fill can be organized into
discrete tectonostratigraphic sequences.

TECTONOSTRATIGRAPHIC SEQUENCES

Traditionally, the main organizing principle within basin sequences has been
the recognition of mappable lithostratigraphic formations defined on one or a
few criteria, such as color or grain size (Figure 2; Table 1). A detailed review
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TECTONO-
MY AGE STRATIGRAPHIC

STRATAL GEOMETRY
SEQUENCES

J-T
Sinemurian

.~ Stratal Truncation
—— Stratal Onlap

Increasing
Aridity

Figure 9 Basic tectonostratigraphic sequences of CAM basins based largely on seismic profiles
and coring.

of this nomenclature for the Newark Supergroup is provided by Lutrell (1989).
However, recent industry and scientific drilling and seismic profiling, as well
as reexamination of outcrops, has shown that four basic tectonostratigraphic
sequences (TS) can be recognized that extend over most, if not all, of the CAM
basins (Figure 9). These are sequences in the sequence stratigraphic sense (see
Christie-Blick & Driscoll 1995); they are mostly but not always unconformity
bound and probably resulted from significant changes in the rate of extension
(rather than sea level changes, which in these basins is nearly irrelevant). Age
is the criterion used here to group sequences in isolated basins into individual
categories. These categories are as follows: TS I, initial synrift sedimentary
rocks of Anisian (early Middle Triassic) age; TS Il, early synrift sedimentary
rocks of possibly Ladinian and Early to Late Carnian age (late Middle and early
Late Triassic) age; TS Ill, middle synrift sedimentary rocks of Late Carnian,
Norian, Rhaetian, and earliest Hettangian (Late Triassic to earliest Jurassic)
age; and TS 1V, late synrift sedimentary and volcanic rocks of Hettangian (Early
Jurassic) age, plus the overlying late synrift sedimentary rocks of Hettangian to
possibly Pliensbachian (Early Jurassic) age (Figures 3, 9). In many cases these
tectonostratigraphic sequences conform to existing formal lithostratigraphic
nomenclature frameworks (see below). In other cases they do not. These
tectonostratigraphic sequences provide the framework for understanding the
large-scale tectonic events that influenced basin evolution as well as a logical
structure for the discussion of the rift sequences themselves.

TECTONOSTRATIGRAPHIC SEQUENCE | The TS | sequence comprises initial
synrift sedimentary rocks that consist of strongly wedge-shaped sequences in
small basins with beds fanning markedly towards faults (Figure 9). The TS | has
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Fro—————)
Quaternary 0 200 400 m
Timezgadiwine Fm. = 200 m
Ikakern Fm.

=\

Figure 10 Unconformities between TS | and TS Il in the Fundy (A) and Argana (B) bashjs. (
QOutcrop of TS | (fluvial Honeycomb Pt. Formationght) and TS Il (fluvial Quaco Formation,

left) at St. Martins, New Brunswick, Canada. Note the gentle angular unconformity with beds on
the left dipping slightly less steeply than those on righ) $ketch of outcrop of TS I (Ikakern
Formation) and TS Il (Timezgadiwine Formation) redrawn from Tixeront (1973).

beenrecognized so far only in the Fundy basin and the Argana basin of Morocco.
The sequence rests with a profound unconformity on underlying prerift rocks
and is separated from younger synrift strata by an angular unconformity. In the
limited areas where it has been recognized, TS | consists mostly of fluvial and
aeolian rocks deposited under an overall arid environment. The best-known and
type area s in the Fundy basin of Maritime Canada. A useful review of the early
Mesozoic rocks of the Maritime Provinces of Canada is given by Greenough
(1995).

Fundy basin—type areaThe TS | is definitively present only in the Fundy
basin, where it is known from two isolated sets of outcrops along the Bay of
Fundy at Lower Economy, Nova Scotia, and in the vicinity of St. Martins,
New Brunswick (Figure 10). Outcrops consist of alternating mostly fluvial and
aeolian dune sequences and minor red lacustrine mudstone (Hubert & Mertz
1984, Nadon & Middleton 1985) (Figure 11). In Nova Scotia these comprise
the Economy beds of the Wolfville Formation, and in New Brunswick they
make up the Honeycomb Point Formation (Nadon 1981, Nadon & Middleton
1985). These strata, of Anisian age (Baird 1986, Olsen & Baird 1986, Olsen
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Figure 11 Measured section of “Lower Economy beds” of TS | and unconformably (?) overlying
Wolfville Formation of TS Il at Lower Economy, Nova Scotia, Canada.

1988, Olsen et al 1989), thus comprise the oldest dated strata in the Newark
Supergroup. Both the basal unconformity and the upper unconformity are

exposed in the St. Martins area, but only the upper unconformity is exposed in

Nova Scotia (Figure 11).

Other basins Sequences lithologically similar to those of TS | of the Fundy
basin are present in the Argana Basin of Morocco, where they are termed the
Ikakern Formation of Duffaud et al (1966) (t1 and t2 of Tixeront 1973) (Figures
3, 10). There is strong disagreement on the age of these strata, with opinions
ranging from Permian (Dutuit 1988) to Anisian (see Medina 1991); hence the
identity of the Ikakern as part of TS | is uncertain. However, there is little doubt
of the unconformity separating the Ikakern of the overlying strata of unquestion-
able Triassic age, as shown in the figures of Tixeront (1973) (Figure 10). The TS
I may also be represented in Morocco by middle Triassic—age fine red clastics,
dolomites, and evaporites at the base of the Triassic sequence, found from drill
holes in the Essaouira basin of the continental shelf of Morocco (Beauchamp
1988). The TS | has not been recognized in the Newark Supergroup.

TECTONOSTRATIGRAPHIC SEQUENCE Il The TS Il consists of early synrift sed-
imentary rocks comprised of strongly wedge-shaped sequences in basins larger
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than those of TS I, with lacustrine rocks that tend to be dominant in the basin’s
center. The TS Il sequences exhibit evidence of deposition in more humid
environments than those of TS I, as well as those of the younger sequences in
the same basins. They are separated by a gentle angular unconformity from
younger rocks in the up-dip portions of the fault blocks they comprise (Figure 9).
The age of the sequence is Ladinian (?) to early Late Carnian [Middle (?) to
early Late Triassic]. The TS Il is recognized in the Richmond, Taylorsville,
Farmville, and associated basins of Virginia (Goodwin et al 1986); the Fundy
basin of Maritime Canada; and at least the Argana basin of Morocco. It may be
much more widespread. The best-documented and type areais in the Richmond
and Taylorsville basins of Virginia.

Richmond and Taylorsville basins—type arela the Richmond basin of
Virginia, TS Il comprises most of the sequence preserved in the basin. Cornet
(in Cornet & Olsen 1990) recognized that the older sequence consists of the
long-established (Shaler & Woodworth 1899) Tuckahoe Formation (originally
group) that is made up of the “lower barren beds,” “productive coal measures,”
and Vinita beds. However, the younger sequence consists of a previously unrec-
ognized lacustrine interval, which Cornet named the Turkey Branch Formation,
that is in turn overlain by Shaler & Woodworth’s (1899) Otterdale sandstone.
This younger sequence belongsin TS lll (see below). The presence of abundant
Aratrisporitesin the lower part of TS Il suggested to Ediger (1986) a Ladinian
age, but Cornet & Olsen (1990) believe the age of these beds to be Early Carnian
(Julian). The upper portion of the Tuckahoe Formation could be as young as
early Late Carnian (early Tuvalian).

TSI, inthe Richmond basin, is an example of a tripartite lacustrine sequence.
The basal, so-called lower barren beds consist of a thin veneer of fluvial gray
sandstone and conglomerate resting on basement. This is succeeded by the
“productive coal measures” that consist of alternating gray sandstones, thin
bedded and rooted gray and black mudstones, and coal seams that are locally
up to several meters thick (Robbins et al 1988, Wilkes 1988). The overlying
Vinita beds are a cyclical sequence of black and gray laminated mudstones
and gray sandstones (Figure 12), made up of muted double—Van Houten cycles,
with two high-stand intervals (e.g. Figure 5). The lower high-stand part of these
cycles is thicker, more finely laminated, and more organic rich than the upper
high-stand part (Ediger 1986). These cycles are similar to the Van Houten cycles
seenin TS 1ll, described below for the Dan River Basin (Figure 5). However, in
contrast to the cyclicity seen in younger Triassic or Jurassic rift basin deposits
in eastern North America, the cycles usually show little or no evidence of
desiccation or subaerial exposure. Ediger ascribed these double cycles to the
~40-ky cycle of the Earth’s axial obliquity, modulating the20-ky cycle of
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Figure 12 Outcrops of TS Il in the Richmond basin (A) and the Argana basin (B). (A) Outcrop

of well-developed lacustrine black mudstones and gray sandstones of double Van Houten cycle in
Vinita Beds in the Boscobel Quarry, Manakin, Virginia, United States. Van Houten cycle extends
from head of person on far left to top of thick light-coloregtdy) bed of middle right. There

are no signs of subaerial exposure in this outcrop. (B) Distance view, looking north, of lacustrine
Aglegal Mb. (t4 of Tixeront 1973) showing cyclical pattern of gray carbonates white bandy

purple and red mudstondgght and darker gray broad banglsand brown sandstonepiominent
benches The outcrops are near Tizi Maachou, Morocco. Section dips to left and thickness of
prominent bench on right is about 2 m.

climatic precession. Although there is no direct evidence of the duration of these
cycles, the theoretical considerations of the effects of celestial mechanics on
insolation (Crowley et al 1992), and comparison with the double—Van Houten
cycles in TS Ill, suggest that the Vinita cycle doublets are in fact a doubling
of the frequency of the cycle of climatic precession itself as expected at the
equator.

In the Vinita beds, deposition of the microlaminated units was probably
in deep perennially chemically stratified water, whereas that of the less well-
laminated units in the cycles was under shallower and higher energy water.
The coals were deposited in swamps early in the depositional history of the
TS Il. Based on the presence of coals and thick black shales, limited signs of
subaerial exposure, and a complete lack of evaporites, conditions seem to have
been generally very wet.

The Taylorsville basin of Virginia and Maryland is located a few kilometers
north of the Richmond basin (Figures 1, 7), to which it was most likely con-
nected during deposition. The lower units of the Taylorsville basin (Doswell
Formation; Figure 3, Table 1) belong to TS Il, and are very similar to those
of the Richmond basin (Weems 1980, Cornet & Olsen 1990, Olsen et al 1982,
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LeTourneau 1996), although no minable coals have been recognized. Over
6 km of continuous core has been recovered from the Taylorsville basin and is
now under study (LeTourneau 1996).

Other basins In the Argana basin of Morocco, TS Il is a tripartite sequence
that makes up the Timezgadiwine Formation of Duffaud et al (1966). This
formation consists of a basal conglomerate and sandstone (t3 of Tixeront 1973)
overlying the unconformity with the Ikakern Formation, followed by cyclical
pink and gray, locally carbonate-rich mudstone (t4 of Tixeront 1973) that grades
up into cyclical red mudstone and sandstone (t5 of Tixeront 1973) (Figures
12, 13). The cyclicity, although evident in outcrops, has not been described.
The lower part of the formation appears to be Early Carnian (Julian) and the
upper part is late early Late Carnian (early Tuvalian) (Hunt & Lucas 1991).
Based on Carnian-age palynomorph assemblages (Cousminer & Manspeizer
1976, Biron & Courtinat 1982), the Oukaimeden Sandstone of the High Atlas
area of Morocco may also belong in TS 11

In the Fundy basin of the Maritime Provinces of Canada, TS | is uncon-
formably overlain by TS Il, which otherwise rests on prerift basement. In
outcrops, TS Il consists of fluvial strata of the Wolfville Formation (Powers
1916, Klein 1962) in Nova Scotia, and the Quaco and Echo Cover formations
in New Brunswick (Magnusson 1955). The eolian strata and minor interbedded
lacustrine rocks usually grouped with the Wolfville Formation (Hubert & Mertz
1984) actually belong in TS Il (see below). The main mass of the Wolfville
Formation consists of large (2—10 m) fining-upward cycles that were deposited
by braided rivers, are extensively bioturbated, and have minor amounts of
caliche (Hubert & Forlenza 1988, Smoot 1991). In the St. Martins area of
New Brunswick, Canada, the Quaco and Echo Cove formations overlie the
Honeycomb Point Formation of TS | in a well-exposed gentle angular uncon-
formity (Figure 10) (Nadon & Middleton 1984). The Quaco Formation is a
thick (190-300 m) clast-supported well-rounded conglomerate deposited in a
braided (and probably anastomosing) river in a humid distal fan setting (Nadon
& Middleton 1984). The overlying Echo Cove Formation consists of gray and
pale-red pebbly sandstones and mudstones with locally abundant plant remains
(Nadon & Middleton 1985). Based on the presence of conglomerates and bed
forms that require relatively sustained flow, the dominant gray color and abun-
dant plant remains of the Echo Cove Formation, and the absence of aeolianites,
deposition of the Wolfville, Quaco, and Echo Cove formations were deposited
under more persistently humid conditions than the underlying units of TS I.
The age of TS Il in the Fundy basin is Julian (Early Carnian) or Ladinian to
early Late Carnian (early Tuvalian) age (Nadon & Middleton 1985, Hunt 1993;
SJ Fowell, personal communication).
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Figure 13 Outcrops of unconformity between Timezgadiwine Formation (TS II) and overlying
Bigoudine Formation (TS Ill) in the Argana basin. (A) Photograph of outcrop of lacustrine red
mudstones and sandstones of the Timezgadiwine Formation overlain by brown fluvial conglomerate
and eolian sandstone of Bigoudine Formation east of Argana, Morocco. (B) Same as (A) but
enhanced to show bedding and position of angular unconformity. (C) Sketch of outcrop from
Argana basin, redrawn from Tixeront (1973).

Unequivocal lacustrine strata have not been identified in the two industry
exploratory drill holes that penetrate the Wolfville Formation or in the outcrops
of the Quaco and Echo Cove formations (Olsen et al 1989). However, seismic
profiles from the Chignecto subbasin of the Fundy basin show a sequence low in
the basin section (Figure 7) characterized by laterally extensive high-amplitude
reflections (Withjack et al 1995). This package fans towards the border fault
and is separated by a gentle unconformity from overlying less-reflective units.
Based on the reflection character and geometry, it may be a lacustrine equivalent
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of the Wolfville Formation, as has been postulated to exist by Brown (1986).
However, until the unit is drilled, its character will remain uncertain.

Other units that probably belong in TS Il (see Figure 3) include the following:
(a) portions of the distinctive “Millstone grit” of the Deep River basin of North
Carolina (Stagg et al 1985), based on pollen and spores (Cornet 1977, Litwin
& Ash 1993); p) basal beds of the Gettysburg basin of Pennsylvania (Cloos &
Pettijohn 1973, Stose & Jonas 1939, Cornet 1977, Smoot 1991a), based on age
and facies; ) the basal units of the Newark basin of New York, New Jersey, and
Pennsylvania, based on seismic profile character (Figure 7) (Costain & Coruh
1989); @) basal units in the Norfolk basin of the Coastal Plain continental shelf
of Virginia, again based on seismic character (Figure 7) (Musser 1993); and
(e) the Kettle red beds at the base of several basins on the Scotian Shelf and
Grand Banks of Newfoundland, based on stratigraphic position and scant age
data (Barss et al 1979).

TECTONOSTRATIGRAPHIC SEQUENCE Il Middle synrift sedimentary rocks of

TS Il form the bulk of the basin fill throughout eastern North America and Mo-
rocco, and they are also geographically the mostwidespread units (Figures 2, 3).
In general, the sequence thickens less toward the border faults than any of the
other tectonostratigraphic sequences. The age of the strata is Late Carnian to
late Rhaetian (early Late Triassic to latest Late Triassic). Thicknesses can ex-
ceed 6 km (Olsen et al 1986a). There is often a thick (>500 m) basal, fluvial
interval followed by a thicker (>1 km) lacustrine sequence. In some basins
the middle synrift sedimentary rocks are entirely fluvial. These are the “typ-
ical” red beds of northern Pangea. On the Scotian Shelf, the Grand Banks,
and possibly Georges Bank, extensive Triassic-Jurassic evaporites are found in
this sequence. The best-known portion of TS Il is the Newark basin of New
York, New Jersey, and Pennsylvania, which is considered the type area of the
sequence (Figures 2, 6, 7, 15).

Newark basin—type areaThree formations comprise TS Il in the Newark
basin. These are the Stockton Formation of fluvial-deltaic origin, the Lockatong
Formation deposited mostly in lakes, and the Passaic Formation of lacustrine
and fluvial origin. All of the Newark basin section except the lowest Stockton
Formation and uppermost Boonton Formation have been continuously cored by
the Newark Basin Coring Project (NBCP), and thus TS Il in the Newark basin
is the best-known stratigraphic section of any Triassic-Jurassic rift (Figure 6).
The Stockton Formation consists of more than 900 m (NBCP composite
thickness; Olsen et al 1996a) of Carnian age gray, purple, and buff sandstones
and red and gray mudstones. The upper half is arranged in a large-scale cyclical
sequence mirroring the overall pattern of the overlying Lockatong Formation.
Turner-Peterson (1980), Turner-Peterson & Smoot (1985), and Smoot (1991a)
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have described the upper Stockton Formation as deposited predominantly by
meandering rivers with deltaic and lacustrine components (see also Reynolds
1993). According to Smoot (1991a), the lower Stockton Formation was de-
posited primarily by braided rivers. Based on industry drilling and seismic
profiles, the Stockton Formation does not change laterally into fully lacustrine
mudstones within the basin (Reynolds 1993) but rather retains its basic charac-
ter to very near the border fault zone, where it passes into coarse conglomerates
(Allen 1979, Olsen 1980a).

The Lockatong and overlying Passaic formations comprise an enormous
(=5 km) predominately lacustrine package that is mostly gray and black in the
Lockatong Formation and mostly red in the Passaic Formation. Together the
formations span from the Late Carnian (late Tuvalian) to the earliest Hettangian.
The entire thickness is characterized by a pervasive hierarchy of sedimentary
cycles (Figures 4, 6, 14) (McLaughlin 1933, Van Houten 1962, 1964, 1969,
1980, Olsen 1980c, 1986, Smoot & Olsen 1985, 1988, 1994, Smoot 1991a,
Olsen et al 1996a, Olsen & Kent 1996). In the more central part of the basin
the Lockatong and Passaic Formations are largely mudstone, but along the
edge they grade into coarser clastic rocks, which also represent a progressively
larger proportion of area upward through the two formations. Evaporites, ap-
parently mostly sulfates or pseudomorphs after sulfates, are fairly abundant in
the fine-grained facies of the upper Lockatong through middle Passaic Forma-
tions (Smoot & Olsen 1994, El-Tabakh 1994, El-Tabakh & Schreiber 1994,
El-Tabakh et al 1996, Olsen et al 1996a, Riccioni et al 1996). Very thin eo-
lian sands occur sporadically in the upper Passaic Formation (Smoot & Olsen
1994). The uppermost Passaic Formation members, the Pine Ridge Member
and Exeter Member, probably belong in TS IV (Figure 16, see below).

Spectral analysis of the NBCP cores shows a very strong dominance of the
~20-ky cycle of climatic precession and its modulating “eccentricity” cycles
of ~100-ky,~413 ky, and~2 my (Figures 4, 5). There are hints of the double
(i.e. ~10 ky) low in the Lockatong Formation, when the Newark basin was
close to the paleoequator (abotiN}. Black laminated shales tend to comprise
the largest proportion of the cycles in the lower Lockatong Formation, and this
proportion rhythmically decreases upward (Figure 14).

Newark basin Van Houten cycles in TS Ill record the deepening and shallow-
ing of lakes. At one end of the range are cycles with microlaminated organic-
rich deep-water deposits formed by lakes that developed into very ¢@&8grf
depth) perennially chemically stratified lakes that shallowed to playas. At the
other extreme are Van Houten cycles with a relatively deep water portion rep-
resented only by red thin bedded mudstone with widely spaced desiccation
cracks. These were produced by playas that had a protracted filling episode,
shallowing to evaporite-producing pans or even vegetated flats. The various
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Figure 14 Exposures of TS Il in the Newark basin (A) and the Hartford basin (B). (A) Lacustrine
lower Lockatong Formation in quarry in Eureka, Pennsylvania, United States. Prominent black
shales mark out the deepest-water portions of Van Houten cycles; note pickup truck for scale. (B)
Braided stream sandstondiglt) and mudstonesd@rk) of New Haven Formation. Prominent
nodular caliche beds are just above the grass line on right and above and right of person’s (JF
Hubert) head.

types of Van Houten cycles, their interpretation, and the details of the vertical
changes in type are described by Smoot & Olsen (1994).

Laterally, the lower part of the Lockatong Formation passes into mostly
gray and buff deltaic and fluvial sandstones (Olsen 1980b, Parker et al 1988),
and the upper part of the formation becomes dominated by red clastics and
then merges with the Passaic Formation (Olsen 1980b). Both the latter and the
Passaic Formation in general grade laterally into red coarse clastics approaching
the edges of the basin, although in many cases, some of the better developed
black shales within individual cycles can be traced into conglomerates to the
basin edge (Olsen et al 1989). Fluvial clastics dominate in the change toward
the edges along the basin axis, but alluvial fan strata dominate toward the
border fault system. These coarse clastics have been described by Picard &
High (1963), Glaeser (1966), Arguden & Rodolfo (1985), Van Houten (1969),
Ratcliffe (1980), Ratcliffe et al (1986), Olsen et al (1989), Parker et al (1988),
and Smoot (1991a).

Glaeser (1966) has shown that the provenance of most of the Stockton and
Lockatong formations was from the southeast (the hanging wall), whereas for
much of the Passaic Formation most sediments were axially fed (Smoot 1991a),
probably mostly from footwall rocks. This change in source may reflect a
decreasing magnitude of basin subsidence and hence footwall uplift throughout
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the evolution of TS Ill in the Newark basin. These changes in provenance are
reflected in paleocurrent patterns as well (Parker et al 1988, Smoot 1991a).

Based on the NB-1 line (Figure 7), a line taken by Exxon in the southwestern
part of the basin (Reynolds 1993), and the NBCP cores (Olsen et al 19964,
Schlische 1992), the overall geometry of TS Ill is that of a gently tapering
wedge, slowly fanning toward the border fault system. There are also some
indications that the major internal faults of the basin were active during the
deposition of TS IlI, which resulted in minor thickening of strata toward those
faults as well.

Other basins Going south from the Newark basins, the general trend is toward
increased wetness, both in general climate-sensitive facies and in cyclicity—at
least in the exposed basins (Figure 3). The closest basins to the south of the
Newark basin are the Gettysburg and Culpeper basins. The former is physically
continuous with the Newark basin, and the latter basin is separated from the
Gettysburg basin by only a very narrow strip of basement. Thus, during deposi-
tion, they were subbasins of a very large rift basin that was comparable in size
to the present-day Baikal or Tanganyika rifts. As might be expected, there is
considerable continuity of facies between these basins in TS Il (Figure 15).

The stratigraphy of the Gettysburg basin of Pennsylvania and Maryland re-
mains poorly known (Stose & Bascom 1929, Stose & Jonas 1939, Cornet 1977,
Smoot 1991a). Apart from the absence of a Lockatong Formation—like facies,
which is replaced by a fluvial-lacustrine Stockton Formation—like unit in the
middle and upper New Oxford Formation (Olsen et al 1982), the section is
similar to that in the Newark basin. The overlying Gettysburg Formation is
lithologically very similar to the Passaic Formation and shares a very similar
cyclical pattern (Smoot 1991a), although quantitative studies have not been
carried out. Evaporites are not common as in the Passaic Formation, and they
are absent from the New Oxford Formation.

Smoot (1991a) has stressed the similarities between the Culpeper and
Gettysburg sections. In the Culpeper basin, a lower part (Manassas Forma-
tion) is similar to the New Oxford Formation of the Gettysburg basin and is
overlain by a series of formations (Balls Bluff, Tibbstown, Catharpin Creek
formations) that, together, are very similar to the Passaic Formation (Smoot
1991a). This sequence was described in broad outline by Roberts (1928) and
in much more detail by Lindholm (1979), Lee (1979), Lee & Froelich (1989),
Froelich et al (1982), Gore (1986, 1988a,b, 1994), Smoot & Olsen (1988),
Olsen et al (1989), and Drake et al (1994). Preliminary magnetostratigraphic
correlation of cores and outcrops of the Balls Bluff Formation from the south-
ern Culpeper basin (Andrus no. 1 and Lenn Brothers no. 1 cores) with the
NBCP cores of the middle Passaic Formation show an extremely close match
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in cyclostratigraphy (DV Kent, PE Olsen, PM LeTourneau, unpublished data).
Based on Fourier analysis, the amplitude of the cyclicity (and general wetness
of the facies) is substantially higher in the Culpeper than in the Newark basin,
and, as in the Newark basin, the20-ky cycle of climatic precession and its
modulating cycles dominate (Figure 5).

The entire preserved section of the Dan River—Danville basin appears to be
within TS 111, which correlates with the Stockton, Lockatong, and lower Passaic
formations of the Newark basin (Olsen et al 1978, Robbins et al 1988, Litwin &
Ash 1993, Olsenetal 1991). The magnetic polarity stratigraphy of this basin has
been worked out by Kent & Olsen (1996), which allows for an independent de-
tailed correlation. As understood from the new magnetostratigraphic work and
previous mapping and stratigraphic work by others (Meyertons 1963, Thayer
1970, Robbins 1982, Thayer & Robbins 1992, 1994), the basin sequence con-
sists of two sequential tripartite lacustrine sequences (Figure 3), apparently not
separated from each other by an unconformity. The lower tripartite interval cor-
relates with the upper Stockton Formation of the Newark basin (Kent & Olsen
1996). Ithas thin coal beds in cyclical gray and black mudstones and sandstones
inits lower partand mostly red gray sandstones inits upper part. The succeeding
tripartite sequence is very thick-(.8 km), consisting of gray and black cycli-
cal lacustrine mudstones that correlate with the Lockatong and basal Passaic
formations of the Newark basin. These strata produce a rich insect and verte-
brate assemblage (Olsen et al 1978, Fraser et al 1996). The youngest strata are
cyclical red and gray clastics that correlate with the lower to middle Passaic For-
mation. Although the chronostratigraphy of the basin is known in some detail,
the stratigraphic nomenclature is unnecessarily cumbersome owing to separate
terminology in Virginia (Meyertons 1963) and North Carolina (Thayer 1970).

Fourier analysis, with a time scale provided from magnetic polarity stratigra-
phy, shows that the cyclicity in the gray and black portion of the upper tripartite
sequence (upper member of the Cow Branch Formation of Olsen et al 1978) is
dominated by the double precession cycle-@D ky (Kent & Olsen 1996). The
Van Houten cycles tend to be doubled, with two significant black shale intervals
(Figure 5). Rare pseudomorphs are the only indication of evaporites. Visual
examination of the lower coal-bearing gray and black sequence shows that it
too is dominated by the double Van Houten cycles. This pattern of cyclicity
is consistent with the expectations of equatorial Milankovitch-type control of
climate.

Depositional environments for the cyclical parts of the Dan River—Danville
basin sequence have been described (Olsen et al 1978, Olsen 1983, Robbins
1982, Olsen et al 1989, Olsen & Johansson 1994, Fraser et al 1996). These
cycles were deposited by lakes that fluctuated between deep perennially chem-
ically stratified (meromictic) lakes and shallow ephemeral (but not evaporitic)
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lakes and vegetated flats. The fluvial and marginal lacustrine environments
(Thayer 1985, Smoot 1991a, Thayer & Robbins 1992) have been much less
studied.

The TS Il in the Richmond basin of Virginia (Turkey Branch and Otterdale
formations) and the Taylorsville basin of Virginia and Maryland (formations not
named) consists of a lower red and gray apparently fluvial or fluvial-lacustrine
unit, which grades up into a cyclical mostly gray and black clastic unit. Thisis
overlain by ared and gray marginal lacustrine to fluvial sequence. This sequence
correlates with the upper Stockton through lower Passaic formations of the
Newark basin (Late Carnian—middle Norian) (Cornet & Olsen 1990, Fowell
1993, LeTourneau 1996). Like correlative strata in the Dan River—Danville
basin, the gray and black unit has a strong double Van Houten cycle as seen in
cores and outcrops. There are no evaporites.

The Deep River basin of North and South Carolina consists of three sub-
basins with somewhat dissimilar stratigraphies, which apparently comprise
strata mostly belonging in TS Ill based on paleontological data (Cornet 1977,
Olsen 1977, Olsenetal 1982, Robbins etal 1988, Olsen etal 1991, Litwin & Ash
1993). Best known is the sequence in the Sanford subbasin (Reinemund 1955,
Textoris & Gore 1994). In outcrop and core samples, the sequence consists
of a tripartite sequence of a lower mostly red fluvial unit (Pekin Formation),
succeeded by a lacustrine gray and black coal-bearing sequence (Cumnock
Formation), which in turn is overlain by a lacustrine to fluvial red sequence
(Sanford Formation). The Cumnock Formationis cyclical (Hu & Textoris 1994)
and appears to consist of double Van Houten cycles of a muted aspect similar
to that of the upper Vinita Formation of TS Il (PE Olsen, unpublished data).
Textoris & Gore (1994) report a gypsum-bearing playa sequence in the Pekin
Formation based on drill cuttings, the presence of which | have not been able
to confirm by subsequent examination of the cuttings. Such a deposit is very
out of character with the quite humid aspect of outcrops of the Pekin Formation
(Olsen et al 1991) or for that matter any part of the sequence in the Sanford
subbasin. The meaning of these samples awaits further study.

The stratigraphic relationships of the TS Il sections in the Wadesboro basin
(Randazzo & Copeland 1976, Randazzo et al 1970, Cornet 1977, Olsen et al
1991) and the Durham basin (Wheeler & Textoris 1978, Textoris 1994, Gore
et al 1989, Hoffman & Gallagher 1989, Olsen 1977, Olsen 1988, Olsen et al
1989, Huber et al 1993) to those of the Sanford basin remain relatively poorly
defined. Gray to red lacustrine mudstones of apparently disparate ages are
present in both subbasins.

Several basins, known from geophysics, lie below the Coastal Plain directly
to the east of the Newark basin (Hutchinson & Klitgord 1988a,b, Benson 1992)
(Figure 1), but none have been directly sampled or studied in detail. Basins in



370 OLSEN

the subsurface are known in southern North America from Virginia to Florida
(Gohn & Higgins 1978, McBride et al 1987, Costain & Coruh 1989, Manspeizer
1989, McBride 1991, Benson 1992, Musser 1993) and along the Gulf Coast to
Texas (Manspeizer 1989, Bartok 1993). The Norfolk basin of eastern Virginia
appears to have a well-developed tripartite sequence in TS lll, based on seismic
character studies (Musser 1993). Farther south, basins such as the Florence and
Dunbarton basins beneath the South Carolina coastal plain consist of, where
sampled, primarily red and gray massive mudstone, sandstone, and conglom-
erate sequences that apparently belong to TS 1l (Steele & Colquhoun 1995,
Marine & Siple 1974, La Tour et al 1995). Sedimentary sequences of the
South Georgia rift system of Georgia and Florida (Weaver 1976, Chowns 1985,
Bowman 1985) and the Eagle Mills Formation (Burch 1992, Burch & Weidie
1994, Dawson & Callender 1992) of the subsurface Gulf coast also consist of
red and gray clastic rocks, although available descriptions are sketchy. Very few
indications of lacustrine strata are present in these subsurface southern basins.
An exception may be the south Georgia rift where some cyclical red, gray, and
black mudstones have been reported on the basis of well cuttings (Lightsey
number 1 well; B Cornet, personal communication). The scant paleontologic,
core, and seismic profile data suggest that these sequences pertain to TS Il
(Moy & Traverse 1986, Traverse 1986).

Going north of the Newark basin, TS Il is represented by outcrop in the
Pomperaug, Hartford, Deerfield, Argana (and related basins), Fundy, and prob-
ably Chedabucto basins. In the Pomperaug, Hartford, and Deerfield basins
of Connecticut and Massachusetts, red and buff fluvial (braided stream) clastic
rocks strongly predominate (Hobbs 1901, Hubert 1977,1978, Hubertetal 1978,
Stevens & Hubert 1980, Weddle & Hubert 1983, Smoot 1991a, Mclnerney
1993, Horne et al 1993) (Figure 16). TS Il rests directly on crystalline base-
ment and is bounded upward by either the lower lava flow sequence of TS IV
or the first sedimentary formation of Jurassic age. Red fine-grained sequences
in the Hartford (New Haven Formation) and Deerfield basins tend to have well-
developed caliche profiles (Figure 14) (Hubert 1977, Schoelles 1995, Wang et al
1995), and local silcretes (McDonald & Textoris 1984) and meter-scale eolian
dune sandstones occur (upper New Haven Formation) (Smoot 1991b). The
environments represented by TS Il in the Pomperaug, Hartford, and Deerfield
basins appear drier than comparable facies in the Newark basin, and there are
no lacustrine strata.

The TS Il is well represented in the Argana basin of Morocco by the Bigou-
dine Formation (t6, t7, t8 of Tixeront 1973) (Duffaud et al 1966) (Figure 13).
The basal portion of the formation consists of a lower red conglomerate and
sandstone and an upper buff eolian sandstone sequence (Tadrart Ouadou Mb.)
with some interbedded halite (Tixeront 1973). Recentinvestigations (JP Smoot,
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Figure 16 Percentage fern spores around palynologically identified Triassic-Jurassic boundary in
the Newark basin. Adapted from Fowell et al (1994).

PE Olsen, PM LeTourneau, unpublished data) agree with Tixeront (1973) in
showing that the basal conglomerate rests unconformably on the Timezgadi-
wine Formation (TS II). Overlying the eolian beds are red-brown cyclically
bedded sandstones and mudstones with a few cyclical gray and black shales
and thin eolian dune sands (Sidi Mansour Mb.) of Norian age (Fowell et al
1996b), which are in turn overlain by cyclical red mudstones (Hasseine Mb.).
The uppermost few meters of the latter are a series of centimeter-scale palynif-
erous gray and black mudstones that contain the Triassic-Jurassic boundary
(Fowell et al 1996a) and probably belong in TS IV.

Smoot & Olsen (1988) have shown that both the Sidi Mansour and Hasseine
Mbs. are composed largely of “sand patch cycles” produced in salt-encrusted
saline mudflats. These consist of red mudstone beds passing upward into mas-
sive sandy mudstone or muddy sandstone that are comprised of irregular pods of
sandstone and siltstone with a distinctive cuspate geometry. Evaporite molds as
well as crystals and nodules of gypsum are abundant, and sand patch mudstone
requires the presence of halite or other very soluble salts to form (Smoot 1991a).
The gray and black shales are the high-stand portions of transgressive-regressive
sequences that resemble Van Houten cycles within the Passaic Formation of the
Newark basin. Note that these interpretations differ strongly from those of
Brown (1980).

Thus, the Bigoudine Formation appears to have been deposited under an arid
but fluctuating climate. Evaporitic pans were the predominant depositional
system. The Bigoudine Formation stands in marked contrast to the underlying
Timezgadiwine Formation, which was deposited under more humid conditions,
and closely resembles TS Il in the Fundy basin (below).
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Other Triassic sequences in Morocco and on the Moroccan continental shelf
have extensive deposits belonging to TS Ill. To the east, they tend to be more
detrital (“upper siltstone” unit; Beauchamp 1988), but to the east and north
they tend to contain thick halite sequences (Ama®65, Tortochaux 1968,

Van Houten 1977, Salvan 1984, Holser et al 1988). In the far north of Morocco
(Rif) they grade into marine carbonates. Strata in TS Il on the Moroccan
meseta tend to be relatively thin and, interestingly, are not syndepositionally
tilted (Salvan 1975). According to Holser et al (1988) and Krueger & Reesman
(1983), the evaporites in the Argana basin and Ourika area (Atlas province of
Holser et al 1988) were deposited in local continental playas or sabkas fed by
nonmarine waters. In contrast, those of the eastern and northern areas (Atlantic
province of Holser et al 1988) have salt deposits indicating an interconnected,
probably marine source, with a significant nonmarine input.

In the Fundy basin, TS 1l is represented by the upper Wolfville Forma-
tion and the Blomidon Formation and in total is very similar to the Bigoudine
Formation of the Argana basin (Smoot & Olsen 1988). The upper Wolfville
Formation consists of a lower fluvial sequence with intercalated and overlying
minor mudstones and eolian dune sands, some of which are locally quite thick
(Hubert & Mertz 1984, Olsen et al 1989). The Blomidon Formation overlies
the upper Wolfville Formation and consists mostly of sand patch cycles (Smoot
& Olsen 1985, 1988; Olsen et al 1989). Descriptions and interpretations of the
Blomidon Formation have been given by Klein (1962), Hubert & Hyde (1982),
Olsen etal (1989), and Mertz & Hubert (1990). There are abundant nodules and
crystals of gypsum and occasional beds of eolian dune sand (Smoot & Olsen
1988). The middle of the formation contains a sequence of interstratal karst de-
posits, which are probably dissolution sequences after halite (Olsen et al 1989,
Ackermann et al 1995) (Figure 17), associated with fish-bearing laminated red,
yellow, and purple mudstones (Carroll et al 1972). The upper few meters of the
Blomidon Formation contain a sequence of thin gray and black palyniferous
or plant-bearing mudstones (Carroll et al 1972, Fowell & Traverse 1995) very
similar to those of the Argana basin, which probably belong in TS IV. The thin-
bedded and laminated red, purple, gray, and rarely black mudstone beds within
this overall sequence of sand patch cycle are laterally continuous at the scale
of 60 km, based on outcrops and core samples (taken by Getty Mines in 1977;
Cameron & Jong 1985). Together, these mudstones and the sand patch cycles
make up a hierarchy of higher order cycles suggestive of Milankovitch origin.

Preliminary magnetostratigraphic correlation with the Newark basin section
suggests that the entire Blomidon Formation correlates with the middle and
upper Passaic Formation. This correlation corresponds to an average sedimen-
tation rate of about 0.03 mm/yr, about an order of magnitude less than the
Newark basin (DV Kent & PE Olsen, unpublished data). It also suggests that
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Figure 17 Sand patch cycles and salt collapse intervals in three correlative outcrops along shore
outcrops of geographic Minas basin, Fundy rift basin, Nova Scotia, Canada. The most prominent
collapse features are (frokaft to right) between 25 and 30 m, 7 and 13 m, and 23 and 35 m in the
three sections. Redrawn from Ackermann et al (1995).

the sand patch cycles-(.3 m/cycle) had a duration of about 40 ky, which
indicates an origin from the obliquity cycle rather than the climatic precession
cycle that is dominant farther south. Longer frequency cycles are also present
and preliminary work demonstrates cycles with periods 00 ky,~400 ky,

1 my, 2 my, and 4 my, which suggests the modulating cycles of both climatic
precession and the obliquity cycle.

Little is known about the many early Mesozoic strata inferred to exist on
the continental shelf off eastern North America, south of the Scotian Shelf
(Figure 1). Compilations of their distribution have been provided by Olsen
(1977), Manspeizer (1988), Manspeizer & Cousminer (1988), Hutchinson &
Klitgord (1988a,b), Klitgord et al (1988), and Benson (1992). The only well
that plausibly encountered Triassic strata in this large region was the COST G-2
in the Georges Bank basin, on the continental shelf off Massachusetts (Schlee
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& Klitgord 1988); however, its stratigraphy is very controversial. Fairchild &
Gartner (1977), Bebout (1980), and Poag (1982) correlated salts near the base
of the well with the Early Jurassic Argo Formation salts of the Scotian Shelf
and the Grand Banks, but Cousminer et al (1984) and Cousminer & Steinkraus
(1988) give a Late Triassic (Carnian-Norian) age. The differences remain
unresolved (Manspeizer 1988, Poppe & Poag 1993) but are important, because
the thick salt sequence would indicate that a Triassic incursion of presumably
marine waters into an at least occasionally arid environment occurred farther
south than previously recognized. However, the position of the well is not much
farther south than predrift positions of the Moroccan Triassic age salts.

The successful search for hydrocarbons on the Scotian Shelf and onthe Grand
Banks of Newfoundland has resulted in much more knowledge of the numerous
Triassic-Jurassic basins there than in subsurface basins to the south. More recent
reviews of the stratigraphy of these basins include Holser et al (1988), Welsink
& Tankard (1988), Tankard & Welsink (1988), Austin et al (1989), Welsink et al
(1989), Tankard et al (1989), Jansa et al (1980), McAlpine (1990), and Pe-Piper
(1992). In most of the drilled early Mesozoic—age sections there are extensive
salt sequences interbedded with mostly red clastic rocks. The older sequence
of red beds and salt (Osprey Evaporites) occur in various basins on the Grand
Banks (e.g. Carson and Jeanne d’Arc basins; Jansa et al 1977, 1980), and are
of Carnian-Norian age. Younger red beds and salts of Norian to Early Jurassic
age (Eurydice Formation and Argo Salt) occur in basins both on the Scotian
Shelf and on the Grand Banks (Holser et al 1988). In some cases over 1.4 km of
Triassic-Jurassic salt has been drilled. These thicknesses may be exaggerated
by salt tectonics, however (MO Withjack, personal communication). In wells
on the Scotian Shelf (Glooscap C-63) and on the Grand Banks (Spoonbill C-30,
Cormorant N-83; Pe-Piper 1992), tholeiitic basalt flows have been encountered
and thus place an upper limit on TS Ill. In the Glooscap C-63, the upper part
of TS Il consists of salt of the Argo Formation succeeded by red shale to the
base of the basalt. In the Spoonbill C-30 well, salt of the Osprey Formation is
succeeded upward by red beds of the Eurydice Formation and finally dolomite
at the base of the basalt; in the Cormorant N-83 well the sequence is similar,
except that no salt was encountered below the basalt. The Triassic-Jurassic
boundary was placed by Williams (1975) at the base of the dolomite in the
Cormorant N-83 well, and the top of TS Il is probably not far beneath it. In
most places, however, there is no basalt, and the Triassic-Jurassic boundary and
the base of TS Il is within either the red beds of the Eurydice Formation or in
the Argo Salt. These sequences bear a marked similarity to the exposed and
buried Moroccan examples of TS Il (Koning 1993).

Outcrops of red clastic rocks along Chedabucto Bay are probably equivalent
to the offshore Eurydice Formation of the Orpheus Graben (Lyngberg 1984).
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The Chedabucto Formation was named by Klein (1962) and has produced
fragmentary remains of dinosaurs of probable Late Triassic age (Carroll et al
1972). The landward portion of this rift certainly represents TS IlI.

TECTONOSTRATIGRAPHIC SEQUENCE IV Late synrift rocks, usually beginning

with an extensive sequence of tholeiitic lava flows and interbedded sedimen-
tary strata, overlie TS Il in many CAM basins from the Culpeper basin north

to the Grand Banks and Morocco (Figures 1, 18). Sediments interbedded and
overlying the basalts typically have much higher sedimentation rates than under-
lying sequences and, in exposed basins, have much better developed lacustrine
high-stand lake deposits, suggesting more humid depositional environments or
greater lacustrine basin depth. Tholeiitic lava flows without extensive interbed-
ded sediments may represent TS Il in the southeastern United States. Present
evidence suggests a very brief but massive episode of flood basalt extrusion,
lasting perhaps 600 ky (Olsen et al 1996b), covered as much as 2.3 millfon km
(McHone & Puffer 1996). The age of TS IV is latest Triassic through Early
Jurassic (Cornet 1977, Cornet & Ziegler 1985), although it may get as young
as Pliensbachian (Cornet 1977, Olsen et al 1989). In the exposed basins, this
sequence marks out another tripartite lacustrine sequence.

Radiometric dates from the lava flows themselves traditionally have been dif-
ficult to interpret because of extensive alteration (see Sutter 1988, Seidemann
1989). However, U-Pb dates from granophyric veins from the North Moun-
tain Basalt of the Fundy basin and U-Pb &%ir/3°Ar dates from a feeder intru-
sion of the Newark basin flows indicate dates of about 201-202 Ma for the flows
(Hodych & Dunning 1992, Ratcliffe 1988, Sutter 1988). The Milankovitch cy-
clostratigraphy of the surrounding sedimentary formations in the Deerfield,
Hartford, Newark, and Culpeper basins is the basis for the suggestion that the
entire extrusion sequence lasted no longer than about 600 ky (Olsen et al 1996b).
The duration of the CAM basin igneous episode is thus similar to that of other
flood basalt provinces, such as the Deccan and Siberian traps (Jaeger et al 1989,
Renne & Basu 1991).

The TS IV probably includes the uppermost sedimentary sequence underly-
ing the oldest lava flows. These sedimentary units include the Triassic-Jurassic
boundary. In places where there is high-resolution data (i.e. the Newark basin),
no evidence exists for an unconformity between TS Il and IV (Fowell & Olsen
1995). However, because half graben subside asymmetrically (Schlische 1992)
and TS IV is characterized by accelerated accumulation, increased subsidence
rates, and half graben asymmetry, up-dip unconformities might be expected
and in fact may have been observed locally in the Hartford basin (see below).

Hartford basin—type area Tholeiitic lava flows and the interbedded and over-
lying sedimentary sequences in the Hartford basin (Figure 2) have been well
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Figure 18 Relative time and chemical relationships of basalts and sedimentary formations within
TS IV. Basins are as follows: S, South Georgia basin (South Carolina, Georgia); C, Culpeper basin
(Virginia, Massachussetts); G, Gettysburg basin (Pennsylvania); N, Newark basin (Pennsylvania,
New Jersey, New York); P, Pomperaug basin (Huber & McDonald 1992) (Connecticutt); H, Hart-
ford basin (Connecticutt, Massachussetts); D, Deerfield basin (Massachussetts); A, Argana basin
(Morocco); F, Fundy basin (Maritime Canada); M, Mohican basin (Scotian Shelf, Nova Scotia,
Canada) (Glooscap C-63; Pe-Piper et al 1994); J, Jeanne d’Arc basin (Grand Banks, Newfound-
land, Canada) (Amoco-Imp, A-1 Cormorant N-83 well; Pe-Piper et al 1984); CB, Carson basin
(Newfoundland, Canada) (Osprey H-84 well; Holser et al 1988). Formations are as follows: 1,
unnamed sedimentary formation; 2, Clubhouse Crossroads Basalt; 3, Balls Bluff, Tibbstown, and
Catharpin Creek formations; 4, Mt. Zion Church Basalt; 5, Midland Formation; 6, Hickory Grove;

7, Turkey Run Formation; 8, Sander Basalt; 9, Waterfall Formation; 10, Gettysburg Formation;
11, Aspers Basalt; 12, unnamed sedimentary unit; 13, Passaic Formation; 14, Orange Mountain
Basalt; 15, Feltville Formation; 16, Preakness Basalt; 17, Towaco Formation; 18, Hook Moun-
tain Basalt; 19, Boonton Formation; 20, South Britain Formation; 21, lower basalt; 22, lower
shale and conglomerate; 23, upper basalt; 24, upper shale; 25, New Haven Formation; 26, Talcott
Basalt; 27, Shuttle Meadow Formation; 28, Holyoke Basalt; 29, East Berlin Formation; 30, Hamp-
den Basalt; 31, Portland Formation; 32, Sugarloaf Formation; 33, “Fall River beds” of Olsen et al
(1992); 34, Deerfield Basalt; 35, Turners Falls and Mt. Toby formations; 36, Bigoudine Formation;
37, Argana Basalt; 38, unnamed sedimentary unit; 39, Blomidon Formation; 40, North Mountain
Basalt; 41, Scots Bay and McCoy Brook Formations; 42, Argo Formation and unnamed shale unit;
43, unnamed basalt; 44, Eurydice and Osprey Formation; 45, unnamed basalt; 46, Argo Formation;
47, Argo Formation. Chemical data from Tollo & Gottfried (1992), Puffer (1992), Pe-Piper et al
(1992), and Dostal & Greenough (1992).
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known for over 100 years (see Lorenz 1988, McDonald 1996). Three lava flow
formations (Emerson 1892, Davis 1898, Gray 1982, Philpotts & Reichenbach
1985, Philpotts & Martello 1986, Philpotts 1992, Puffer 1992), two interbed-
ded sedimentary formations, and one thick overlying sedimentary formation
make up the section (Figures 3, 18). The lower sedimentary units (Shuttle
Meadow and East Berlin formations) are largely lacustrine to marginal lacus-
trine in origin, and the upper one (Portland Formation) grades gradually upward
into wholly fluvial units (Lehmann 1959). Similar though less-complete se-
guences are seen in the youngest portions of the Deerfield, Pomperaug, Newark,
Gettysburg, and Culpeper basins.

The transition from TS Il to TS IV in the Hartford basin is marked by a
change of provenance of the basin fill, as well as a switch from entirely fluvial
to predominately lacustrine deposition with interbedded lava flows, probably
due to an increase in extension rate with a concomitant increase in the basin
asymmetry (McDonald & LeTourneau 1988). Although the uppermost New
Haven Formation might also belong within TS 1V, the unambiguously low-
est unit in the sequence in the Hartford basin is the Talcott Basalt (Lehmann
1959, Sanders 1962, Sanders 1970), which belongs to the high-titanium quartz-
normative (HTQ) group of Puffer (1992). The Talcott Basalt is absent from
the northern third of the Hartford basin and may have been cut out by an
unconformity (Cornet 1977), or it may never have been deposited there. A
feeder system to this formation has been described by Philpotts & Martello
(1986) and Philpotts & Asher (1992). Red, gray, and black clastic rocks and
limestones of the Shuttle Meadow Formation (Krynine 1950, Lehmann 1959,
Hubert et al 1978, 1992, Smoot 1991a, Huber & Gierlowski-Kordesch 1994,
Gierlowski-Kordesch 1995) overlie the Talcott Formation. The carbonate units
are deep-water parts of Van Houten cycles that mark out a cyclical pattern in
the lower half of the formation (Olsen et al 1996b). They are usually very rich
in well-preserved fossil fish (Cornet et al 1973, Olsen et al 1982).

The Holyoke Basalt (Lehmann 1959), which overlies the Shuttle Meadow
Formation, is a high-iron quartz-normative and incompatible element—depleted
tholeiite (HFQ/IED basalt of Puffer 1992) comprising the thickest and most
widespread extrusive unit in the Hartford basin. Although the lower third of
the next higher formation, the East Berlin Formation, is poorly known, the
cyclical upper two thirds has been well described (Lehmann 1959, Hubert
et al 1976, 1978, 1982, Demicco & Kordesch 1986, Meriney 1988, Olsen
et al 1989, Gierlowski-Kordesch 1991, Gierlowski-Kordesch & Rust 1994,
Olsen et al 1996b). In total, the East Berlin Formation consists of a very well-
developed sequence of Van Houten cycles comprising three short modulating
cycles (Figure 19). In the upper half of the formation there are six black
shale—bearing Van Houten cycles that have been traced more or less basin-wide
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Figure 19 Examples of TS IV in Hartford (A) and Fundy (B) basins. (A) Single Van Houten cycle

in Middle East Berlin Formation, East Berlin, Connecticut, United States (see Figure 20). Base of
cycle is atwoman'’s (Annika Johansson) head, top is at the top of the outcrop. The two light-colored
beds are predominately shallow-water gray sandstone and mudstone; the dark band between them
is a deep-water black microlaminated carbonate and mudstone, and the beds above and below the
light-colored sandstones and mudstones are playa and sheet delta red sandstones and mudstones.
(B) Fluvial-lacustrine red and brown sandstones and mudstones of the McCoy Brook Formation
(foreground with dark-colored breccia and flows of the underlying North Mountain Basalt (here
separated by a fault from the overlying formation). Outcrop is at Five Islands Provincial Park,
Nova Scotia, Canada, looking east.

(Figure 20) (Hubert et al 1976, Olsen 1985, Olsen et al 1989). There are some
beds rich in evaporite pseudomorphs (Demicco & Kordesch 1986, Gierlowski-
Kordesch & Rust 1994), and Suchecki et al (1988) report vertical variations in
oxygen and carbon isotopic ratios through Van Houten cycles in the East Berlin
Formation are consistent with the lake contraction due to evaporation.

The thinnest of the tholeiitic lava flow sequences, the Hampden Basalt
(Lehmann 1959) overlies the East Berlin Formation. It belongs to the high-iron,
high-titanium quartz-normative (HFTQ) group of Tollo & Gottfried (1992),
which is the same as the high-iron, quartz-normative incompatible element—
enriched (HFQ/IEE) group of Puffer (1992). Its flow characteristics have been
described by Chapman (1965) and Gray (1982), and its feeder system has been
described by Foose et al (1968) and Philpotts & Martello (1986). Inthe northern
part of the Hartford basin, the Hampden Basaltis locally replaced by the Granby
Tuff (Emerson 1898, April & Keller 1992), its volcanoclastic equivalent.

The Portland Formation comprises the youngest formation in the Hartford
basin and the thickest portion of TS IV preserved anywher2 km). The
lower Portland Formation consists of a cyclical, largely lacustrine sequence
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Figure 20 Comparison of the cyclostratigraphy of three correlative formations in three different
basins. The Newark basin section is based on the ACE cores (Olsen et al 1996b), and the Hartford
(Olsen et al 1989) and Deerfield basin (Olsen et al 1992) sections are based on single outcrops.
Van Houten cycle in Figure 19A is centered at 40 m in the East Berlin section.

very similar in overall aspect to the East Berlin Formation (Emerson 1898,
Krynine 1950, Lehmann 1959, Sanders 1968, Gilchrist 1978, LeTourneau
1985, Olsen et al 1989, Smoot 1991a, Pienkowski & Steinen 1995). Beds
rich in pseudomorphs of evaporite crystals are locally common (Parnell 1983),
although no bedded evaporites have been found. Marginal lacustrine facies
have been described by LeTourneau (1985), LeTourneau & Smoot (1985), and
McDonald & LeTourneau (1988). According to Smoot (1991a), the cycli-
cal lacustrine sequence passes up into sequences with shallow water lacus-
trine sequences (McDonald & LeTourneau 1989) and meandering stream de-
posits, which pass upward into red completely fluvial sequences described by
Mclnerney (1993).

Otherbasins The stratigraphy of TS IV in the Deerfield basin is very similar to
thatin the northern part of the Hartford basin (Olsen et al 1992) (Figures 18, 20).
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There is only one extrusive tholeiitic formation, the Deerfield Basalt (Emerson
1891), and, like the Holyoke Basalt, it is of the HFQ/IED type of Puffer (1992)
(Tollo & Gottfried 1992). Underlying the Deerfield Basalt are the “Fall River
beds” that are lithologically very similar to the Shuttle Meadow Formation of
the Hartford basin (Stevens & Hubert 1980, Olsen et al 1989, 1992), at the
base of which may lie an unconformity with TS Il (Sugarloaf Formation) (JP
Smoot, personal communication). Overlying the basaltis a cyclically lacustrine
sequence (the Turners Falls and Mt. Toby formations; Willard 1951, Emerson
1891, Robinson & Luttrell 1985), the basal part of which has a cyclostratigraphy
virtually identical to the East Berlin Formation of the Hartford basin and the
Towaco Formation of the Newark basin (Meriney 1988, Olsen et al 1989, 1992)
(Figure 20). Therestofthe Turners Falland Mt. Toby formationsisinits general
lithological character and cyclical character very much like the lower Portland
of the Hartford basin (Handy 1976, Olsen et al 1989, 1992). An unconformity
that supposedly lies within the Turners Falls Formation, in the position of the
Hampden Basalt (Cornet 1977, Robinson & Lutrell 1985), apparently does not
exist (Olsen et al 1989, 1992).

The TS IV in the tiny Pomperaug basin of Connecticut is similar to thatin the
Hartford basin, albeit much thinner and lacking the HFTQ flows and overlying
units. (Sanders 1963, Lorenz 1988, Huber & McDonald 1992, Hurtubise &
Puffer 1983). Offshore of Massachusetts, TS IV has been encountered in the
Nantucket basin (Hutchinson & Klitgord 1988) where tilted basalt flows have
been described by Folger et al (1978).

The basic stratigraphy of TS IV in the Newark basin was described by Darton
(1890) and Kimmel (1897) and later refined by Olsen (1980a,b, 1995) and
Olsen et al (1996a,b). The overall stratigraphy is remarkably like that of the
Hartford basin in its cyclostratigraphy (Olsen et al 1986, Olsen et al 1996b),
overall lithological sequence (Olsen et al 1989), and lava flow chemistry (Puffer
& Lechler 1980, Puffer 1992, Tollo & Gottfried 1992) (Figures 18, 20). There
is, however, an additional type of basalt, the low-titanium quartz-normative
type (LTQ of Puffer 1992) in the middle basalt formation (Preakness Basalt).
Volcanic structures have been described by Darton (1890), Manspeizer (1980),
Olsen (1980b), Faust (1975), and Puffer & Student (1992). The Palisades sill
was a feeder to the basalt flows in the Newark basin (Ratcliffe 1988), and the
40Ar/3°Ar and U-Pb dates from the sill of about 201 Ma (Sutter 1988, Dunning
& Hodych 1990) are the best available for the Newark basin flows (but see
Seidemann 1989, 1991).

Virtually all of TS IV is represented in the ACE cores (Fedosh & Smoot 1988,
Olsen et al 1996b), and the lower two formations were recovered by the NBCP
cores (Olsen et al 1996a). The cyclostratigraphy of this sequence is therefore
known better than in any other basin (Olsen et al 1996b). Sedimentation rates
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increased dramatically from the underlying Passaic Formation into the extrusive
zone and then declined afterward (Figure 6). The increase in accumulation
rate is mirrored by a dramatic increase in the frequency of well-developed
black shales and carbonates in Van Houten cycles. The increase in the degree
of development of lake high-stand sequences occurs about 500 ky prior to
the base of the first basalt and includes the Triassic-Jurassic boundary, which
suggests that the base of TS IV lay within the uppermost Passaic Formation
(Figures 6, 16). Interestingly, the pattern of carbonate-rich Van Houten cycles
in the lowest Jurassic formation (Feltville) passing up into more siliclastic Van
Houten cycles by the middle of the next Jurassic formation (Towaco) is very
much like that seen in the Hartford basin (Olsen 1980c, Olsen et al 1992).
Abundant and diverse fish from the deeper water portions of Van Houten cycles
from this tectonostratigraphic sequence have provided evidence for very rapid
speciation in geologically ephemeral lakes (McCune et al 1984, McCune 1990,
1996, Olsen & McCune 1991).

TS IV is represented in the Gettysburg basin by only two small areas of
Jurassic-age lava flows of HTQ type (Stose & Bascom 1929, Smith et al 1975)
and associated lacustrine and alluvial rocks (Cornet 1977).

The Culpeper basin is the southernmost area in the Newark Supergroup
known to have extrusive flows interbedded with extensive sedimentary forma-
tions, and it is thus the most southern to have a typically developed TS IV.
The stratigraphy has been described by Cornet (1977), Lee (1978, 1979), Lee
& Froelich (1989), and Lindholm (1979). As in the Hartford, Pomperaug,
and Newark basins, there are three tholeiitic basalt formations that exhibit an
upward sequence of changes in chemistry from HTQ in the lowest forma-
tion (Mt. Zion Church Basalt) to HFQ/IED and then LTQ and HFQ/IED in
the higher flow formations (Hickory Grove and Sander Basalts) (Tollo 1988,
Puffer 1992). However, there does not seem to be a flow with the HFTQ type
chemistry. Again, like the Hartford, Pomperaug, and Newark basins, the Van
Houten cycles of the lowest Jurassic-age sedimentary formation (Midland For-
mation) are carbonate-rich (Gore 1994, Roberts 1989, Roberts & Gore 1988,
Gore 1988c), whereas the upper ones (Turkey Run, Waterfall) are more sili-
clastic (Hentz 1985, Olsen et al 1989, Gore 1988c). Van Houten cycles in the
Waterfall Formation resemble those of the Towaco Formation near the border
fault system in the Newark basin (see Olsen et al 1996b), although they are
individually on the order of 150 m thick (Hentz 1985, Gore 1988c), compared
to 25 m in the Towaco Formation.

Apparently untilted basalt flows lie on sedimentary sequences that are prob-
ably TS lll and prerift basement beneath the coastal plain and on the conti-
nental shelf of South Carolina, Georgia, and Florida (Gohn & Higgins 1978,
McBride et al 1989). The Clubhouse Crossroads Basalt of the South Georgia
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rift (Figure 1) was drilled in South Carolina and consists of multiple flows with
very little intercalated sediment. Geochemically, the basalts are HFQ/IED and
olivine normative (Gottfried et al 1983, Puffer 1992) (the latter may be a result
of alteration; PC Ragland, personal communication); the south Florida basalts
are HFQ/IED type (Puffer 1992). These flows were most likely extruded con-
temporaneously with those in the more northeastern United States (Olsen et al
1996b) but apparently after the southern rift basins had ceased to subside.

The uppermost Bigoudine Formation with the Triassic-Jurassic boundary, the
Argana Basalt, and the overlying sedimentary sequence in the Argana basin be-
long to TS IV in a sequence closely comparable to that in the Fundy basin. The
Argana and related early Mesozoic tholeiitic basalts of Morocco (Manspeizer
et al 1978) are similar in composition to the HFQ basalts (Bertrand et al 1982,
Fiechtner et al 1992). There are some thin intercalated sediments between indi-
vidual flows. In atleastthe Argana basin, the basalts are overlain by an unnamed
thin unit of cyclical red, gray, and black mudstones and carbonates (JP Smoot,
personal communication), which is separated from the overlying Early Jurassic
marginal marine deposits by an unconformity (Manspeizer 1988; PE Olsen,
personal observation). To the west and north in Morocco, the basalts tend to be
overlain (as well as underlain) by evaporites in relationships more comparable
to those seen on the Scotian Shelf and Grand Banks (Pe-Piper et al 1992).

The TS IV is very well represented in the Fundy basin, consisting of the
uppermost Blomidon Formation, the North Mountain Basalt (Powers 1916),
and the overlying Scots Bay (Powers 1916) and McCoy Brook formations
(Donohoe & Wallace 1978) (Figure 19). The uppermost Blomidon Formation
contains the Triassic-Jurassic boundary and the only known dark shale beds
within the formation. The overlying North Mountain Basalt is an HTQ tholeiite
that has been cored almost in its entirety (Getty Mines cores; Cameron & Jong
1985) and drilled through by two industrial exploratory wells (Pe-Piper et al
1992). The multiple flows have been described in distribution, morphology, and
geochemistry by Powers (1916), Klein (1962), Liew (1976), Colwell (1980),
Olsen (1981), Papezik et al (1988), Olsen et al (1989), Olsen & Schlische
(1990), Pe-Piper etal (1992), Dostal & Greenough (1992), Greenough & Dostal
(1992a,b), Greenough (1995), and Schlische & Ackermann (1995). A U-Pb
data of 202 Ma has been obtained from the North Mountain Basalt (Hodych &
Dunning 1992), which is in agreement with its geochemical correlatives in the
Newark basin.

The overlying formation is locally a thin sequence of gray and white lime-
stone and chert that is called the Scots Bay Formation (Powers 1916), which,
according to De Wet & Hubert (1989) and Suchecki et al (1988), was deposited
in part by hot springs arising from the basalt. The lateral equivalent of the Scots
Bay Formation is the mostly red McCoy Brook Formation (Donohoe & Wallace
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1978). Throughout most of its exposed extent, the formation is shallow-water
lacustrine, marginal lacustrine, and fluvial. There are minor gypsume-rich inter-
vals and limestones, and adjacent to the strike-slip margin of the basin there are
significant eolian dune sands and basalt talus slope deposits (Olsen et al 1989,
Olsen & Schlische 1990, Tanner & Hubert 1992). The latter have produced a
very rich vertebrate assemblage (Olsen et al 1988). Based on the relative rarity
of evaporites and sand patch mudstone, and the abundance of bioturbation and
fluvial-lacustrine deposits, the McCoy Brook and Scots Bay formations were
deposited under generally more humid conditions than the bulk of the under-
lying Blomidon Formation, which the McCoy Brook Formation superficially
resembles.

The TS IV is represented by tholeiitic basalts and overlying synrift sedimen-
tary strata that have been encountered in several wells on the Scotian Shelf and
on the Grand Banks (Pe-Piper et al 1992) (Figure 1). In the Glooscap C-83
well on the Scotian shelf, basalt of HTQ and olivine-normative types (Pe-Piper
et al 1992) is unconformably overlain by Pliensbachian and younger age ma-
rine units. The Spoonbill C-30 and the Cormorant N-83 on the Grand Banks
have HTQ-type basalts overlain by evaporites (Pe-Piper et al 1992). In the
majority of basins on the Scotian Shelf and Grand Banks, there are no basalts
and the boundary between TS lll and TS IV lies unrecognized, and perhaps un-
recognizable, either within Argo Formation evaporites or Eurydice Formation
mudstones, or between them.

EUROPE THROUGH GREENLAND Triassic and Early Jurassic sequencesin Iberia,
Europe, Great Britain, Norway, Greenland, and Svalbard have much in com-
mon with the CAM basin sequences described here, although assigning causal
relationships is still very speculative. In particular the “Bunter” sequences of
Europe and further north, which were deposited during a period of significant
rifting (Ziegler 1988), may be related to TS I. The TS Il in the CAM basins
may be related to contemporary deposits in Europe (e.g. Schilfsandstein). The
younger Keuper, especially the Knollenmergel, Mercia Mudstone, and similar
deposits in Europe, Great Britain, Norway, and Greenland, appear more sag-like
in their geometry and probably postdate early Mesozoic rifting. Demonstra-
tion that these sequences at least correlate in time to TS Il is provided by
Kent & Clemmenson’s (1996) detailed magnetostratigraphic correlation of the
Fleming Fjord Formation of East Greenland with the middle and upper Pas-
saic Formation of the Newark basin. Such correlations will allow much more
refined analysis of intercontinental scale relationships. Finally, there is prob-
ably a causal link between the marine transgressions of the Early Jurassic and
the accelerated subsidence and concomitant accumulation seen in TS IV (e.g.
Hallam 1992).
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LINKAGES BETWEEN BASINS

After a period in which the map geometry of the North American CAM basins
was determined, it became apparent that each basin is comprised of one or more
half graben, in large part defined by a major fault system, usually on one side of
the basin, toward which the basin strata generally dip (see summary in Russell
1892). Russell (1878) noted that the basins seemed arranged in paired lines
of basins of opposing symmetry with similar stratigraphies, and suggested that
all of the basin areas represent the remnants of one formerly continuous full
graben that was anticlinally folded after deposition and deeply eroded. This
concept, called the broad terrain hypothesis, was controversial from the start and
has been invoked, periodically, for over 100 years, most recently by McHone
(1996). The opposing theory, that the basins formed more or less as they are
presently disposed, has been called the isolated basin hypothesis (see review
by Lorenz 1988).

Whereas itis now clear (as discussed above) that half graben were integral to
CAM basin geometry throughout their depositional history, the basins and basin
complexes preserved in the subsurface are less deeply eroded than those that are
exposed (Figure 7) and show more complex relationships than would be sug-
gested by either end-member hypothesis. In particular, the South Georgia rift
(McBride 1991) and the Taylorsville basin (LeTourneau 1996) are half graben
complexes connected by thinner sequences of the younger strata (Figure 7). If
they were more deeply eroded, these basins would appear, like those already
exposed, as isolated half graben. Paleontological data that argued for isolation
of the basins of the Newark Supergroup (Olsen et al 1982) were overturned by
new data (Olsen 1983). It therefore appears likely that the Newark Supergroup
basins consisted of half graben, at least some linked late in their history by
a veneer of young (but still synrift) strata, much like the modern Basin and
Range half graben (McHone 1996a,b) but unlike the more isolated basins of
the East African rift system (Rosendahl et al 1986). The same observations and
concepts apply to the numerous basins and basin complexes of Morocco (Van
Houten 1977, Manspeizer et al 1978, Manspeizer 1982).

Lambiase (1990) proposed a model of rift basin evolution in which the same
facies pattern seen in most of the tectonostratigraphic sequences in the CAM
basins is explained by relay relationships of filling between hydrographically
linked basins. Although the model provides no quantitative predictions for the
filing sequences in individual basins, it does potentially explain the facies
relationships between some adjacent basins. In particular, it could provide
a framework for relating the Hartford basin Triassic-age fluvial sequence to
the adjacent and contemporaneous lacustrine units in the Newark basin. A
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reasonable hypothesis would be that the Hartford and Deerfield basins were
upstream from a major river entering the Newark basin and was trapping most
of the clastics of the drainage basin against the sill between the Newark and
Hartford basins (i.e. accommodation zone). The same relationship may hold
between the Culpeper, Gettysburg, and Newark basins during the deposition of
the largely fluvial Manassas Formation, the middle and upper New Oxford For-
mation of the Gettysburg basin, and the contemporaneous lacustrine Lockatong
Formation of the Newark basin. Likewise, we anticipate linkages between the
subbasins of the Deer River basin and between the Richmond and Taylorsville
basins. A quantitative prediction of these hypotheses is that the timing of the
linkages between the drainages should coincide with an increase in accumula-
tion rate in the downstream basin.

Basin histories might also be linked through relay relationships in extension.
An example might be the Taylorsville and Culpeper basins (Figure 1). The
two basins lie parallel to each other with their midpoints lining up along the
inferred direction of extension. Preliminary data from the Taylorsville basin
suggests that lacustrine deposition began in the Culpeper basin while deposition
in the Taylorsville basin was winding down (Malinconico 1995). Because they
were presumably in the same regional stress field, extension may have been
abandoned in the Taylorsville basin and picked up in the Culpeper basin, leaving
the regional amount of extension the same but distributing the stress in separate
lithotectonic terranes as extension progressed. A similar process could happen
along strike, making the relationship between regional stress changes and basin-
scale extension rate changes quite difficult to decipher.

DRIFT THROUGH DIFFERENT CLIMATE BELTS

Although the tectonostratigraphic sequences segment the CAM basin sections
into sequences that follow relatively simple trajectories in facies that seem to be
mostly under the control of tectonic events, there is still a major component of
vertical changes that is best explained as a result of the drift of Pangea through
more or less stationary zonal climate belts. This relationship, first outlined
by Robinson (1973) for the early Mesozoic, has only recently become clear
because of new, strongly corroborated pole positions for North America (Kent
etal 1995, Kent & Olsen 1996). Most of the apparent changes in overall climate
recorded in these basins can thus be attributed to the drift of Pangea.

The changing position of depositional basins fixed on Pangea can be use-
fully viewed in a space-time diagram (Figure 15). Assuming minimal changes
through time in global climate, different basins can be examined along lines of
equal paleolatitude and thus, as nearly as possible, equal climates. Or, a single
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transect through climate belts can be looked at within a single time window. A
narrow (2) swath is visible in which coals are preserved, north of whichisa 7
region in which cyclical black shales were deposited. Farther north is a zone
in which arid facies dominate.

This matrix of geographically fixed basins on the North American and African
plates moving through different paleolatitudes extends the latitudinal range of
the climate “samples” over 2@uring the Late Triassic. Thus, we can look
at cyclical lake sediments in the Newark basin responding primarily to the
~20-ky cycle of climatic precession atM and look at the same age cyclical
lake deposits in the Dan River basin formed at the equator. The latter responded
to the double precession cycle. If we look again at the Newark basin 10 my
later when it was at@\, we see cyclical lake beds still formed in response to
the ~20-ky cycle of climatic precession. Looking 2%of the Newark basin
to the Culpeper basin, we see cyclical lake deposits responding to virtually
the same rhythm. If the Dan River basin preserves a lacustrine sequence of
this age (which it may), one would predict the presence of only~B8-ky
cycle of climatic precession, because by then the basin wadlatd the same
time, however, the Blomidon Formation of the Fundy basin was responding
to the 40-ky obliquity cycle. Similarly, we might predict that although the
earliest Jurassic strata of the Hartford basin responded te20eky climatic
precession cycle, the younger Jurassic strata in the Hartford basin may well
have drifted north into the zone dominated by the 40-ky obliquity cycle. These
strata have not yet been examined with this in mind.

Obviously this method highlights the need for careful and rigorous temporal
correlations and paleogeographic analysis. In fact, because of the high climatic
gradients around the Pangean equator and variable rates of movement of the
supercontinent, it is essential that both paleogeography and time be as closely
constrained as possible if ancient geological data are to be used for meaning-
ful tests of climate models. Thus far, much ad hoc speculation on differences
between theoretical and numerical predictions and geological data has been
expended on jumbles of noncontemporaneous bits of climate-sensitive data of
variable quality in the analysis of Pangean climate. In fact, although discussion
of Pangean climate has most recently been focused on its nonzonal aspects
(Manspeizer 1982, Parrish et al 1982, Wilson et al 1994), Late Triassic cli-
mate appears quite zonal with the methods outlined here and more like the
models of Kutzbach (1994), with rather sharp gradients. In fact, the Late
Triassic was a time of comparatively very slow drift. Considering such condi-
tions coupled with the high-resolution stratigraphic tools that are now available,
Late-Triassic “hothouse” Pangea would seem uniquely suited for climate test-
ing studies as exemplary of an extreme end-member of Earth’s climate and
geography states.



STRATIGRAPHIC RECORD OF RIFTS 387

REGIONAL AND GLOBAL CLIMATE EVENTS

Although much of the variability in climate-sensitive rocks is compatible within
this framework of slow northerly drift, some of the variability is not. Stated
more specifically, just before the Triassic-Jurassic boundary, the frequency
of more humid facies increases dramatically across all latitudes regardless of
tectonic setting along this more or less meridian tract. Yet, North America
should be drifting farther into the arid belt during this time. The direction of
apparent climate change is thus at variance with the predictions of drift. In
addition, this very rapid change in apparent climate came at a time of very
slow drift (Kent et al 1995). There is no sign of an abrupt increase in wetness
in the overall drying trend seen in the early Mesozoic deposits of the western
United States, and thus the change does not seem to be global. One simple
explanation is that the climate became more humid regionally, although within
the CAM basins some of the trend could be due to increased extension marking
the base of TS IV. Itis interesting to speculate whether this humidification could
have been associated with the Rhaetian—Early Jurassic transgression, marked
in the northern part of the CAM basins by the appearance of very widespread
marine-derived evaporites. On the other hand, the Triassic-Jurassic boundary
itself was one of the largest mass extinctions of all time (Hallam 1992, Olsen
et al 1988, Sepkoski 1993). The CAM basins are one of the principle and
highest resolution recorders of the event (Olsen et al 1988, Olsen et al 1990,
Silvestri & Szajna 1993, Fowell & Olsen 1995, Fowell etal 1994). Explanations
for the mass extinction run from the nearly contemporaneous flood volcanism
(Courtillot 1994), to marine transgressive-regressive couplets (Hallam 1992),
to asteroid or comet impact (Dietz 1986, Olsen et al 1988, Bice et al 1992).
Although the~100-km Manicouagan impact structure of Quebec (Olsen et al
1988) had been identified as a candidate impact structure for the boundary,
recent studies indicate that the impact is too old (Hodych & Dunning 1992).
Nonetheless, at present, circumstantial evidence favors an impact origin for the
mass extinction because both a “fern spike” (Figure 16) and shocked quartz
(Fowell et al 1994, Bice et al 1992) have been found at the boundary. The
climate change evident near the boundary in the CAM basins, as well as the
flood basalt event that just postdates it, could be part of the causal chain or
could be coincidental.

CONCLUSIONS

The CAM basins are the result of the incipient rifting of Pangea and pre-
serve a record spanning more than 30 million years of the Late Triassic and
Early Jurassic. They provide a natural laboratory for unraveling the interplay
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between climatic and tectonic records in continental rifts. An especially valu-
able aspect of the rift fill is the pervasive sedimentary cyclicity produced by
Milankovitch-type forcing of climate recorded in high—accumulation rate la-
custrine sequences. These strata allow calibration of many processes within
the basins, as well as the production of a Triassic—Early Jurassic time scale.

Nonetheless, there are many critical unanswered questions, a few of which
are: 1. What s the relationship between flood basalt extrusion, climate change,
and extinctions? 2. What is the relationship between the geographic pattern
of volcanism, intrusion, and cessation of basin subsidence? 3. What controls
partitioning of the section into tectonostratigraphic sequences? 4. How do we
calibrate the altitude of the depositional surface of the basins (e.g. Manspeizer
1982)? 5. What is the theoretical underpinning of the geographic variations
in Milankovitch climate forcing around the equator? 6. What are the main
physical processes that will allow us to quantitatively predict basin subsidence
patterns? 7. How are the climate cycles that produced the dramatic lacustrine
cyclicity reflected in contemporaneous fluvial sequences? 8. How can we tie
the detailed time scale developed in the Newark basin (Kent et al 1995) to
the much less stratigraphically complete marine records and to the ocean-floor
magnetic anomaly time scale that ends in the Middle Jurassic? 9. Was the
Triassic-Jurassic boundary really a consequence of a bolide impact, and did the
Manicouagan impact really produce no biological effects?

The Triassic and earliest Jurassic were times of global hothouse conditions,
during which the continents were united in the supercontinent of Pangea. This
period was a critical time in Earth history and one of the Earth’s greatest natural
experiments. New techniques that allow for high-resolution stratigraphy and
paleogeography as well as new understanding of the role of celestial mechanics
in cyclostratigraphy are beginning to allow for wholly new ways of treating these
ancient Pangean sequences. No a priori reasons prevent us from now asking
guestions of these ancient sequences that require the same level of resolution
that we have so far reserved for the Neogene.

ACKNOWLEDGMENTS

| thank Sarah Fowell, Dennis Kent, Peter LeTourneau, Mary Ann Malinconico,
David Reynolds, Roy Schlische, and Martha Withjack for many pleasant hours
of discussion on rift basin topics that have substantially influenced this paper—
although I take full responsibility for any errors of fact or omission. I am grateful
for reviews of the manuscript by Annika K. Johansson, Peter M. LeTourneau,
and Mary Ann Malinconico, who substantially improved it. This work was
supported by National Science Foundation grant ATM 93-17227. Thisis LDEO
contribution no. 5576.



STRATIGRAPHIC RECORD OF RIFTS 389

Visit the Annual Reviews home pagat
http://www.annurev.org.

Literature Cited

Ackermann RV, Schlische RW, Olsen PE. 1995. early Mesozoic rift basins/synrift rocks of
Synsedimentary collapse of portions of the the U. S. Middle Atlantic continental margin.
lower Blomidon Formation (Late Triassic), Del. Geol. Surv. Misc. Map Set sheet
Fundy rift basin, Nova Scoti&€an. J. Earth  Bertrand H, Dostal J, Dupuy C. 1982. Geo-
Sci.32:1965-76 chemistry of early Mesozoic tholeiites from

Allen JF Jr. 1979Paleocurrent and facies anal- ~ Morocco.Earth Planet. Sci. Let58:225-39
ysis of the Triassic Stockton Formation inBice DM, Newton CR, McCauley S, Reiners
western New JerseyMSc thesis. Rutgers, PW, McRoberts CA. 1992. Shocked quartz
The State Univ., New Brunswick, NJ at the Triassic-Jurassic boundary in lt8yi-

Amadé E. 1965. Description provisoire des es- ence255:443-46
peces minerales du Maroc, 13; MinerauxBiron PE, CourtinatB. 1982. Contribution paly-
potassiques de Khemissd¥lorocco Serv. nologiqued la connaissance du Trias du Haut
Geol. Notes Meni83(Notes 24):107 Marakech Geobiosl5:231-35

Anders MH, Schlische RW. 1994. OverlappingBlair TC, Bilodeau WL. 1988. Development
faults, intrabasin highs, and the growth of of tectonic cyclothems in rift, pull-apart,
normal faults.J. Geol.102:165-79 and foreland basins; sedimentary response to

April RH, Keller DM. 1992. Saponite and ver- _ episodic tectonisnGeology16:517-20
miculite in amygdales of the Granby basalticBowman JA Jr. 1985. Petrology of a deep test
tuff, Connecticut ValleyClays Clay Miner. ZVS?“zl:? Jeff Davis County, Georgi&a. J. Sci.
40:22-31 :

Arguden AT, Rodolfo KS. 1985. SedimentaryBrown DE. 1986. The Bay of Fundy:
facies and tectonic implications of lower hydrocarbon potential of an early Mesozoic
Mesozoic alluvial-fan conglomerates of the basm_.Can. Soc. Petrol. Geol. Program Abstr.
Newark Basin, Northeastern United States,_ 1986:30 (Abstr)

Sediment. Geob1:97—118 Brown RH. 1980. Triassic rocks of Argana Val-

Austin JA Jr, Tucholke BE, Uchupi E. 1989. Up-  !8Y, southern Morocco, and their regional
per Triassic—Lower Jurassic salt basin south- gt{]‘ﬁcguigs'gpkgggon%m' Assoc. Pet. Geol.
Egtstt é);_tst}se??%nd Bankizarth Planet. Sci. Burch DE Jr. 1992Petrology and stratigraphy

Baird D. 1986. Middle Triassic herptofauna in cl\)/ll‘iﬁgwﬁ]pﬁ{oﬁrl%sr?é%tlasvwggl]Jrl]JtrasAsllgbgfrir??lle
Nova Scotia.Friends Newark Newsl5:10 MSc thesis. Univ. New Orleans y2,34 pp
(Abstr.) Burch DE Jr, Weidie AE. 1994. Petrology,
Barrell J. 1917. Rhythms and the measure- gyatigraphy, and depositional history of the
ments of geologic timeGeol. Soc. Am. Bull. - pper Triassic-Lower Jurassic Eagle Mills
28:745-904 - Formation, Choctaw County Alabamam.
Barss MS, Bujak JP, Williams GL. 1979. Paly- assoc. Pet. Geol. Bull8:1452
nological zonation and correlation of sixty- Cameron B, Jong W. 1985. Subsurface stratigra-
seven wells, Eastern Canad@an. Geol.  phy of the Late Triassic Wolfville Sandstone
Surv. Pap. 78-25117 pp. and Blomidon Shale of the Fundy Basin;
Bartok P. 1993. Prebreakup geology of the Gulf - Annapolis Valley, Nova Scotia. |Rrogram
of Mexico-Caribbean; its relation to Triassic  and Summaries: 9th Annu. Open House and
and Jurassic rift systems of the regidiec- Review of Activities, Nova Scotia Dep. Mines
tonics12:441-59 ) ) Energy ed. JR Matheson, pp. 105-6. Info.
Beauchamp J. 1988. Triassic sedimentation and Ser. 136 pp.
riting in the High Atlas (Morocco). See Carroll RL, Belt ES, Dineley DL, Baird D, Mc-
Manspeizer 1988, pp. 477-97 ) Gregor DC. 1972. Excursion A59: vertebrate
Bebout JW. 1980. Biostratigraphy. @eologic paleontology of Eastern Canad25th Int.
and Operational Summary, COST No. G-2 Geol. Congr. Montreal, Guideboplpp. 1—
well, Georges Bank area, North Atlantic 113
OCS ed. RV Amato, JW Bebout, pp. 20—28. Chapman RW. 1965. Stratigraphy and petrology
US Geol. Surv. Open-File Rep. 80-2897 of the Hampden Basalt in central Connecti-
pp. cut.Conn. Geol. Nat. Hist. Surv. Rep. Invest.
Benson RN. 1992. Map of exposed and buried 3.38 pp.



390 OLSEN

Chowns TM. 1985. Alluvial sedimentation in  of faults using a post-yield fracture mechan-
the Newark Group (Triassic-L. Jurassic) of ics modelJ. Struct. Geal14:1133-48
the subsurface South Georgia BagBeol. Crowley TJ, Kim K-Y, Mengel JG, Short DA.
Soc. Am. Abstr. Progranis7:84 1992. Modeling 100,000-year climate fluctu-
Christie-Blick N, Driscoll NW. 1995. Sequence  ations in pre-Pleistocene time seri€sience
stratigraphy.Annu. Rev. Earth Planet. Sci. 255:705-7
23:451-78 Darton NH. 1890. The relations of the traps of
Cloos E, Pettijohn FJ. 1973. Southern Border the Newark system in the New Jersey region.
of the Triassic Basin, West of York, Pennsyl- US Geol. Surv. Bull. 6782 pp.
vania; fault or overlapZeol. Soc. Am. Bull. Davis WM. 1898. Part 2: the Triassic formation
84:523-35 of ConnecticutUS Geol. Surv. Annu. Rep.
Colwell JA. 1980. Field trip guidebook; Trip 18,  18:1-192
Zeolites in the North Mountain Basalt, Nova Dawson WC, Callender CA. 1992. Diagenetic
Scotia.Geol. Assoc. Am. Can. Miner. Assoc. and sedimentologic aspects of Eagle Mills-
Can.16 pp. Werner Conglomerate sandstones (Triassic-
Contreras J, Scholz C, King GCP. 1996. A Jurassic), Northeast Texas. [Aulf Coast
general model for rift basin evolution: con- Assoc. Geol. Soc., 42nd Annu. Meet. Gulf
straints of first order stratigraphic observa- Coast Sect. SEPM, 39th Annu. Meetl. DW
tions.J. Geophys. Resn press Schmitz, CT Swann, K Walton, pp. 449-57.
Cornet B. 1977.The palynostratigraphy and  Trans. Gulf Coast Assoc. Geol. Soc. 42
age of the Newark SupergrouphD thesis. Demicco RV, Kordesch EG. 1986. Facies se-
Penn. State Univ., State College. 504 pp. quences of a semi-arid closed basin; the
Cornet B, Olsen PE. 1990. Early to middle Car- Lower Jurassic East Berlin Formation of the
nian (Triassic) flora and fauna of the Rich- Hartford Basin, New England, U.S.&edi-
mond and Taylorsville basins, Virginia and mentology33:107-18
Maryland, U.S.A.Guidebook Va. Mus. Nat. De Wet CB, Hubert JF. 1989. The Scots Bay
Hist., Vol. 1. 87 pp. Formation, Nova Scotia, Canada, a Jurassic
Cornet B, Traverse A, McDonald NG. 1973. carbonate lake with silica-rich hydrothermal
Fossil spores, pollen, and fishes from Con- springs.Sedimentolog$6:857—73
necticut indicate Early Jurassic age for parDietz RS. 1986. Triassic-Jurassic extinction
of the Newark GroupSciencel82:1243-46 event, Newark basalts and impact-generated
Cornet B, Ziegler D. 1985. Structural styles Bahama nexxusAbstr. Program 49th Annu.
and tectonic implications of the Richmond- Meet. Meteor. Soc., LPI Contris00:110
Taylorsville Rift System, eastern Virginia Donohoe HV Jr, Wallace PIl. 197&eology
(Abstr.).Am. Assoc. Pet. Geol. Bufi9:1434— map of the Cobequid Highlandsova Scotia
35 Dep. Mines, Can., Dep. Reg. Econ. Expans.
Costain JK, Coruh C. 1989. Tectonic setting 3 sheets
of Triassic half-grabens in the Appalachians;Dostal J, Greenough JD. 1992. Geochemistry
seismic data acquisition, processing, and re- and petrogenesis of the early Mesozoic North
sults. See Tankard & Balkwill 1989, pp. 155— Mountain Basalts of Nova Scotia, Canada.
74 See Puffer & Ragland 1992, pp. 149-59
Courtillot V. 1994. Mass extinctions in the last Drake AA Jr, Froelich AJ, Weems RE, Lee KY.
300 millionyears; oneimpactand sevenflood 1994. Geologic map of the Manassas Quad-
basalts?sr. J. Earth-Sci43:255-66 rangle, Fairfax and Prince William counties,
Cousminer HL, Manspeizer W. 1976. Triassic Virginia. US Geol. Surv. Geol. Quad. Map
pollen date High Atlas and the incipient rift-  sheet
ing of Pangea as middle CarniaBcience Duffaud MF, Brun L, Plauchut B. 1966. Le
191:943-45 bassin du sud-ouest Marocain. Bassins sedi-
Cousminer HL, Steinkraus WE. 1988. Bio- mentaires du littoral africain, symp., 1re par-
stratigraphy of the COST G-2 well (Georges tie, Littoral Atlantique (New Delhi, 1964),
Bank); a record of Late Triassic synrift evap- Union Int. Sci. Geol., Assoc. Serv. Geol. Afr.,
orite deposition; Liassic doming; and mid- Paris. pp. 5-12
Jurassic to Miocene postrift marine sedimenDunning GR, Hodych JP. 1990. U/Pb zircon
tation. See Manspeizer 1988, pp. 167-84 and baddeleyite ages for the Palisades and
Cousminer HL, Steinkraus WE, Hall RE. 1984. Gettysburg sills of the northeastern United
Biostratigraphic restudy documents Trias- States; implications for the age of the Trias-
sic/Jurassic section in Georges Bank COST sic/Jurassic boundar§geology18:795-98
G-2 Well. Am. Assoc. Petrol. Geol. Bull Dutuit JM. 1988.Diplocaulus minimus. sp.
68:466 (Abstr.) (Amphibia; Nectridea), Lepospondyle de la
Cowie PA, Scholz CH. 1992. Physical explana- formation d’Argana, dans I'Atlas occidental
tion for the displacement-length relationship marocainC. R. Acad. Sci. 1B07:851-54



STRATIGRAPHIC RECORD OF RIFTS 391

Ediger VS. 1986.Paleopalynological bios- Fowell SJ, Cornet B, Olsen PE. 1994. Geolog-
tratigraphy, organic matter deposition, and ically rapid Late Triassic extinctions; paly-
basin analysis of the Triassic-Jurassic(?) nological evidence from the Newark Super-
Richmond rift basin VA. PhD thesis. The  group.Geol. Soc. Am. Spec. Pap88:197—
Penn. State Univ., State College. 547 pp. 206

El-Tabakh M, Riccioni R-M, Schreiber BC. Fowell SJ, Olsen PE. 1995. Time calibration of
1996. Evolution of Late Triassic rift basin  Triassic/Jurassic microfloral turnover, east-
evaporites (Passaic Formation); Newark ern North America - replyTectonophysics
basin, eastern North Americ&edimentol- 245:96-99
ogy. In press Fowell SJ, Olsen PE, Kent DV. 1996a. Paly-

El-Tabakh ME. 1994Early rift-basin deposi- nofloral diversity and provinciality in the Late
tion; Triassic-Jurassic sedimentation and Triassic Newark Supergroup. Wspects of
subsequent diagenesis in the Newark Basin, Triassic-Jurassic Rift Basin Geoscience, Pro-
New Jersey PhD thesis. City College gram and Abstracts, Misc. Rep, &d. PM
(CUNY), New York. 405 pp. LeTourneau, PE Olsen, p. 10. Connecticut:

El-Tabakh ME, Schreiber BC. 1994. Litholo- State Geol. Nat. Hist. Surv. Conn.
gies and diagenesis of the lacustrine sediFowell SJ, Traverse A. 1995. Palynology and
ments of the Lockatong Formation (Upper age of the upper Blomidon Formation, Fundy
Triassic) in the Newark rift basin. Ibacus- Basin, Nova ScotigRev. Palaeobot. Palynol
trine Depositional Systemsd. A Lomando, 86:211-33
M Harris, pp. 239-95. SEPM Core WorkshopFowell SJ, Traverse A, Olsen PE, Kent DV.

Notes 19. 381 pp. 1996b. Carnian and Norian palynofloras
Emerson BK. 1891. On the Triassic of Mas- from the Newark Supergroup, eastern United
sachusettsgGeol. Soc. Am. BulR:451-56 states and Canada, and the Argana Basin of

Emerson BK. 1892. Proofs that the Holyoke Morocco; relationship to Triassic climate
and Deerfield trap sheets are contemporane- zones.9th Int. Palynol. Congr., Programs.
ous flows and not later intrusior&m. J. Sci. Abstr.4
Ser. 343:146-48 Fraser NG, Grimaldi DA, Olsen PE, Axsmith

Emerson BK. 1898. Outlines of the geology B. 1996. A Triassic Lageedte from eastern
of western Massachusetts; description of the North AmericaNature380:615-19
Holyoke QuadrangleUS Geol. Surv. Geol. Froelich AJ, Leavy BD, Lindholm RC. 1982.
Atlas Folio 8 Geologic traverse across the Culpeper Basin

Fairchild W, Gartner S. 197Biostratigraphy of (Triassic-Jurassic) of northern Virginia. In
the COST G-2 Georges Bank Tés#xas: Int. Central Appalachian Geologyed. PT Lyt-
Biostratigraphers. 16 pp. Unpublished Rep. tle, pp. 55-81. Falls Church, VA: Am. Geol.

Faust GT. 1975. A review and interpretation of  Inst.
the geologic setting of the Watchung BasaltFroelich AJ, Olsen PE. 1984. Newark Super-
flows, New JerseyJS Geol. Surv. Prof. Pap group, a revision of the Newark Group in
Al-A42 eastern North AmericdJS Geol. Surv. Bull.

Fedosh MS, Smoot JP. 1988. A cored strati- 1537-A pp. A55-A58
graphic section through the northern NewarkGierlowski-Kordesch E. 1991. Ichnology of
Basin, New Jersel)S Geol. Surv. Bull. 1776 an ephemeral lacustrine/alluvial plain sys-
pp. 19-24 tem; Jurassic East Basin Formation, Hartford

Fiechtner L, Friedrichsen H, Hammerschmidt Basin, USA.Ichnos1:221-32
K. 1992. Geochemistry and geochronologyGierlowski-Kordesch E. 1995. Sedimentology
of early Mesozoic tholeiites from central of the Plainville, CT section of the Jurassic
Morocco.Geol. Rundsch81:45-62 Shuttle Meadow Formation, Hartford Basin.

Folger DW, Hathaway JC, Christopher RA, Geol. Soc. Am. Abstr. Progrard§:47
Valentine PC, Poag CW. 1978. StratigraphidGierlowski-Kordesch E, Kelts K, eds. 1994.
test well, Nantucket Island, Massachusetts. Global Geological Record of Lake Basins:
US Geol. Surv. Circ. CO7728 pp. Vol. L Cambridge/New York: Cambridge

Foose RM, Rytuba JJ, Sheridan MF. 1968. Vol- Univ. Press. 427 pp.
canic plugs in the Connecticut Valley TriassicGierlowski-Kordesch E, Rust ER. 1994. The
near Mt. Tom, Massachusetteol. Soc. Am.  Jurassic East Berlin Formation Hartford
Bull. 79:1655-61 basin, Newark Supergroup (Connecticut and

Fowell SJ. 1993.Palynology of Triassic/ Massachusetts): a saline lake-playa-alluvial
Jurassic boundary sections from the New plane system. IrSedimentology and Geo-
York Supergroup of eastern North Amer- chemistry of Saline Modern and Ancient
ica: implications for catastrophic extinction  Saline Lakesed. RW Renaut, WM Last, pp.
scenarios PhD thesis. Columbia Univ., NY.  249-65.SEPM Spec. Pub50
81 pp. Gilchrist IM. 1978Sedimentology of the Lower



392 OLSEN

to Middle Jurassic Portland Arkose of cen- 6:569-600. Ottowa: Geol. Can., Geol. Surv.
tral Connecticut MSc thesis. Univ. Mass., Can.
Amherst Greenough JD, Dostal J. 1992a. Layered rhyo-
Glaeser JD. 1966. Provenance, dispersal, and lite bands in a thick North Mountain basalt
depositional environments of Triassic sedi- flow; the products of silicate liquid immisci-
ments in the Newark-Gettysburg badfenn. bility. Mineral. Mag 56:309-18
Geol. Surv.,, 4th Ser., Bull. G4368 pp. Greenough JD, Dostal J. 1992b. Cooling history
Gohn GS, Higgins BB. 1978. Triassic and Juras- and differentiation of a thick North Mountain
sic rocks in the South Carolina coastal plain. basalt flow (Nova Scotia, Canad&ull. Vol-
US Geol. Surv. Prof. Pap. 110pp. 51-52 canol 5:63-73
Goodwin BK, Ramsey KW, Wilkes GP. 1986. Hallam A. 1992. Phanerozoic Sea-Level
Guidebook to the geology of the Richmond, ChangesNew York: Columbia Univ. Press.
Farmville, Briery Creek and Roanoke Creek 266 pp.
basins, VirginiaAnnu. VA Geol. Field Conf. Handy WA. 1976Depositional history and dia-
18. 75 pp. genesis of lacustrine and fluvial sedimentary
Gore PJW. 1986. Triassic notostracans in the rocks of the Turners Falls and Mount Toby
Newark Supergroup, Culpeper Basin, North- transition, north-central Massachusetts
ern Virginia.J. Paleontol 60:1086—-96 MSc thesis. Univ. Mass., Amherst. 115 pp.
Gore PJW. 1988a. Paleoecology and sedimerdays JD, Imbrie J, Shackleton NJ. 1976. Vari-
tology of a Late Triassic lake, Culpeper ations in the Earth’s orbit; pacemaker of the
Basin, Virginia, U.S.APalaeogeogr. Palaeo-  ice agesSciencel94:1121-32
climatol. Palaeoecol62:593-608 Hentz TF. 1985. Early Jurassic sedimentation
Gore PJW. 1988b. Late Triassic and Early Juras- of a rift-valley lake; Culpeper Basin, north-
sic lacustrine sedimentation in the Culpeper ern Virginia.Geol. Soc. Am. BulP6:92-107
Basin, Virginia. See Manspeizer 1988, pp.Heyman MAW. 1989. Tectonic and depositional
369-400 history of the Moroccan continental margin.
Gore PJW. 1988c. Lacustrine sequences in an See Tankard & Balkwill 1989, pp. 32340
early Mesozoic rift basin: Culpeper Basin, Hobbs WH. 1901. Part 3: The Newark Sys-
Virginia. In Lacustrine Petroleum Source tem of the Pomperaug Valley, Connecticut.
Rocksed. AJ Fleet, K Kelts, MR Talbot, pp. ~ US Geol. Surv. Annu. Rep1:7-160 )
247-78.Geol. Soc. Spec. Publ. 4891 pp. Hodych JP, Dunning GR. 1992. Did the Mani-
Oxford: Blackwell Sci. couagan impact trigger end-of-Triassic mass
Gore PJW. 1994. Triassic-Jurassic lacustrine extinction?Geology20:51-54
deposits in the Culpeper Basin, Virginia, Hoffman CW, Gallagher PE. 198%eology
USA. See Gierlowski-Kordesch & Kelts of the Southeast Durham and Southwest
1994, 4:155-63 Durham 7.5-minute Quadrangles, North
Gore PJW, Smoot JP, Olsen PE. 1989. Deep Carolina. Raleigh: NC Dep. Nat. Resour.
River basin, North Carolina; Geology of the Commun. Dev., Geol. Surv. Sec.
Deep River basin. Iifectonic, Depositional, Holser WT, Clement GP, Jansa LF, Wade
and Paleoecological History of Early Meso-  JA. 1988. Evaporite deposits of the North
zoic Rift Basins, Eastern North Amerjazd. Atlantic Rift. See Manspeizer 1988, pp. 525~
PE Olsen, RW Schlische, PJW Gore, pp. 56
19-23.Int. Geol. Congr. Guidebooks Field Horne GS, McDonald NG, LeTourneau PM, de
Trips T351 Washington, DC: Am. Geophys.  Boer JZ. 1993. Paleoenvironmental traverse
Union. 174 pp. across the early Mesozoic Hartford rift basin,
Gottfried D, Annell CS, Byerly GR. 1983.  Connecticut. IrField Trip Guidebook for the
Geochemistry and tectonic significance of Northeastern United States: 1993 Boston
subsurface basalts from Charleston, South GSAed.JT Cheney, JC Hepburn, 2:P.1-P.26.
Carolina: Clubhouse Crossroads test holes Cont. Geol. Dep., Univ. Mass. 67 pp.
2 and 3US Geol. Surv. Prof. Pap. 11318p.  Hu LN, Textoris DA. 1994. Cycles in lake beds
A1-A19 of the Triassic Sanford Sub-basin of North
Gray NH. 1982. Mesozoic volcanism in north  Carolina. InTectonic and Eustatic Controls
central Connecticut. IGuidebook for Field on Sedimentary Cycleed. JM Dennison, FR
Trips in Connecticut and South Central Ettensohn, 4:5-2oncepts Sediment. Pale-
Massachusetfsed. R Joesten, SS Quarrier, ontol. Tulsa, OK: SEPM. 264 pp.
Trip M3:173-93.New Engl. Intercoll. Geol. Huber P, Gierlowski-Kordesch E. 1994. De-
Conf., 74th Annu. Meet., Conn. Geol. Nat. positional framework of the Lower Jurassic
Hist. Surv., Guidebook 5 Shuttle Meadow Formation, Hartford Basin
Greenough JD. 1995. Mesozoic rocks@grol- (Newark Supergroup), ConnecticuGeol.
ogy of the Appalachian-Caledonian Orogen Soc. Am. Abstr. Progran6:24-25
in Canada and Greenlanded. H Williams, Huber P, Lucas SG, Hunt AP. 1993. Revised



STRATIGRAPHIC RECORD OF RIFTS 393

age and correlation of the Upper Trias-Hunt AP, Lucas SG. 1991. ThBaleorhinus
sic Chatham Group (Deep River Basin, biochron and the correlation of the non-
Newark Supergroup), North Caroliraouth- marine Upper Triassic of Pangad@laeon-
east. Geol33:171-93 tology34:487-501

Huber P, McDonald NG. 1992. Revised stratig-Hurtubise DO, Puffer JH. 1983. Geochem-
raphy and paleontology of the early Meso- istry and petrology of the Pomperaug Basin
zoic Pomperaug Basin (Newark Supergroup), basalts, ConnecticuGeol. Soc. Am. Abstr.
western ConnecticuGeol. Soc. Am., Abstr.  Programs15:91
Programs24:357-58 Hutchinson DR, Klitgord KD. 1988a. Evolu-

Hubert JF. 1977. Paleosol caliche in the New tion of rift basins on the continental margin
Haven Arkose, Connecticut; record of semi- off southern New England. See Manspeizer
aridity in late Triassic-early Jurassic time. 1988, pp. 81-98
Geology5:302-4 Hutchinson DR, Klitgord KD. 1988b. Deep

Hubert JF. 1978. Paleosol caliche in the New structure of rift basins from the continental
Haven Arkose, Newark Group, Connecticut. marginaround New England. 8tudies of the
Palaeogeogr. Palaeoclimatol. Palaeoecol Early Mesozoic Basins of the Eastern United
24:151-68 Statesed. AJ Froelich, GR Robinson Jr, pp.

Hubert JF, Feshbach-Meriney PE, Smith MA. 211-19US Geol. Surv. Bull. B177@23 pp.
1992. The Triassic-Jurassic Hartford rift Jaeger J-J, Courtillot V, Tapponier P. 1989. Pa-
basin, Connecticut and Massachusetts; evo- leontological view of the ages of the Deccan
lution, sandstone diagenesis, and hydrocar- Traps, the Cretaceous-Tertiary boundary, and
bon history. Am. Assoc. Pet. Geol. Bull. the India-Asia collision.Geology 17:316—
76:1710-34 19

Hubert JF, Forlenza MF. 1988. Sedimentol-Jansa LF, Bujak JP, Williams GL. 1980. Upper
ogy of braided-river deposits in Upper Tri- Triassic salt deposits of the western North
assic Wolfville redbeds, southern shore of Atlantic. Can. J. Earth Scil7:547-59
Cobequid Bay, Nova Scotia, Canada. Sedansa LF, Gradstein FM, Williams GL, Jenk-
Manspeizer 1988, pp. 231-47 ins WAM. 1977. Geology of the Amoco IMP

Hubert JF, Gilchrist JM, Reed AA. 1982. Juras- Skelly A-1 Osprey H-84 well, Grand Banks,
sic redbeds of the Connecticut Valley; 1, NewfoundlandGeol. Surv. Can. Pap. 77-21
Brownstones of the Portland Formation; 2, 17 pp.
Playa-playa lake-oligomictic lake model for Kent DV, Clemmenson LB. 1996. Paleomag-
parts of the East Berlin, Shuttle Meadow and netism and cycle stratigraphy of the Trias-
Portland formations. I&uidebook for Field sic Fleming Fjord and Gipsdalen Formations
Trips in Connecticut and South Central Mas-  of East GreenlandBull. Geol. Soc. Denmark
sachusettsed. R Joesten, SS Quarrier, pp. 42:121-36
103-41. New Engl. Intercoll. Geol. Conf., Kent DV, Muttoni G. 1996. Variability in late
74th Annu. Meet., Guidebook 5. Connecti- Paleozoic and early Mesozoic paleogeogra-
cutt: State Geol. Nat. Hist. Surv. phy. In Tectonic Boundary Conditions for

Hubert JF, Hyde MG. 1982. Sheet-flow deposits Climatic Reconstructioned. TJ Crowley, K
of graded beds and mudstones on an alluvial Burke. In press
sandflat-playa system; Upper Triassic Blo-Kent DV, Olsen PE. 1996. Magnetostratigra-
midon redbeds; St. Mary’s Bay, Nova Scotia. phy and paleopoles from the Late Triassic
Sedimentolog9:457-74 Dan River-Danville basin:interbasin correla-

Hubert JF, Mertz KAJ. 1984. Eolian sandstones tion of continental sediments and a test of the
in Upper Triassic-Lower Jurassic red beds of tectonic coherence of Newark rift basins in
the Fundy Basin, Nova Scotid. Sediment. eastern North Americ&eol. Soc. Am. Bull.
Petrol. 54:798-810 In press

Hubert JF, Reed AA, Carey PJ. 1976. PaleKent DV, Olsen PE, Witte WK. 1995. Late
ogeography of the East Berlin Formation, Triassic-Early Jurassic geomagnetic polar-
Newark Group, Connecticut ValleyAm. J. ity sequence and paleolatitudes from drill
Sci.276:1183-1207 cores in the Newark rift basin, eastern North

Hubert JF, Reed AA, Dowdall WL, Gilchrist ~ America.J. Geophys. Re400(B8):14965—
JM. 1978. Guide to the redbeds of Central 98
Connecticut. 1978 field trip, Eastern SectionKlein G deV. 1962. Triassic sedimentation,
of SEPM,Mass. Univ., Dep. Geol., Contrib.  Maritime Provinces, Canad&eol. Soc. Am.
32129 pp. Bull. 73:1127-45

Hunt AP. 1993. Revision of the MetoposauridaeKlein G deV. 1963. Regional implications of
(Amphibia:Temnospondyli) and description  Triassic paleocurrents, Maritime Provinces,
of a new genus from western North America. CanadaJ. Geol.71:801-8
Mus. N. Ariz. Bull 59:67-97 Klitgord KD, Hutchinson DR, Schouten H.



394 OLSEN

1988. U.S. Atlantic continental margin; Misc. Rep. 1. Connecticutt: State Geol. Nat.
structural and tectonic framework. See Sheri- Hist. Surv. Bull.
dan & Grow 1988, pp. 19-55 LeTourneau PM, Smoot JP. 1985. Comparison
Koning T. 1993. Stratigraphic correlations and of ancient and modern lake margin deposits
similarities between the East Georges Bank from the Lower Jurassic Portland Forma-
basin, offshore Nova Scotia, and the Trias- tion, Connecticut, and Walker Lake, Nevada.
sic and Jurassic outcrops in the High Atlas Geol. Soc. Am. Abstr. Program§:31
Mountains, central Morocco. I@arbonifer- Liew MY-C. 1976.Structure, geochemistry, and
ous to Jurassic Pangea, 1st Int. Symp. Pro- stratigraphy of Triassic rocks, north shore of
gram and Abstractsed. B Beauchamp, A Minas Basin, Nova Scoti?MSc thesis. Aca-
Embry, D Glass, p. 166. Calgary: Can. Soc. dia Univ., Wolfville, NS, Can.

Pet. Geol. 361 pp. Lindholm RC. 1979. Geologic history and
Krueger HW, Reesman RH. 1983. Paleogeo- stratigraphy ofthe Triassic-Jurassic Culpeper
graphic interpretation of strontium and sulfur  Basin, Virginia. Geol. Soc. Am. Bull.

isotopes in Moroccan gypsum&eol. Soc. 90(11):995-97
Am. Abstr. Program45:619 Litwin RJ, Ash SR. 1993. Revision of the bios-
Krynine PD. 1950. Petrology, stratigraphy, and tratigraphy of the Chatham Group (Upper
origin of the Triassic sedimentary rocks of Deep River basin, North Carolina, USRev.
Connecticut.Conn. Geol. Nat. Hist. Surv.  Palaeobot. Palynol77:75-95
Bull. 73. 239 pp. Longwell CR. 1937. Sedimentation in relation
Kummel HB. 1897. The Newark System —re-  to faulting.Geol. Soc. Am. Bul#8:433-41
port of progressNJ Geol. Surv. Annu. Rep. Lorenz JC. 1988Triassic-Jurassic Rift-Basin
State Geal1898:25-88 Sedimentology: History and Methodsew
Kutzbach JE. 1994. |dealized Pangean climates; York: Van Nostrand Reinhold. 315 pp
sensitivity to orbital changeseol. Soc. Am. Luttrell GW. 1989. Stratigraphic nomenclature
Spec. Pap288:41-55 of the Newark Supergroup of eastern North
Lambiase JJ. 1990. A model for tectonic control America.US Geol. Surv. Bull. B 157236
of lacustrine stratigraphic sequences in con- pp.
tinental rift basins. InLacustrine Basin Ex- Lyngberg E. 1984The Orpheus Graben, off-
ploration:Case Studies and Modern Analpgs  shore Nova Scotia; palynology, organic geo-
ed. B Katz, pp. 265-7&m. Assoc. Pet. Geol.  chemistry, maturation and time - temperature
Mem. 50.340 pp. history. MSc thesis. Univ. B. C., Vancouver
La Tour TE, Chowns TM, Fritz WJ. 1995. Geo- Magnusson DH. 1955 he Triassic rocks at St.
chemistry of Mesozoic sedimentary rocks Martins, New BrunswickMSc thesis. Univ.
from the Dunbarton rift basin, SC; evidence New Brunswick, Fredericton. 88 pp.
for protracted deposition by mass flodeol. Malinconico ML. 1995. Duration of rifting
Soc. Am. Abstr. Progran®/:254 and thermal modeling of the Triassic Tay-
LeeKY. 1978. Upper Triassic stratigraphy inthe lorsville Basin, Virginia, based on vitrinite
Culpeper Basin of Virginia and MarylandS reflectanceAnnu. Meet. Soc. Organ. Petrol.
Geol. Surv. Prof. Pap. 110@p. 48-49 Abstr. Programsl2:9-11
Lee KY. 1979. Triassic-Jurassic geology of theManspeizer W. 1980. Rift tectonics inferred
northern part of the Culpeper Basin, Virginia from volcanic and clastic structures. field
and MarylandUS Geol. Surv. Open-File Rep.  Studies of New Jersey Geology and Guide to
29 Field Trips. 52nd Annu. Meet. New York State
Lee KY, Froelich AJ. 1989. Triassic-Jurassic Geol. Assog.ed. W Manspeizer, pp. 314-50.
stratigraphy of the Culpeper and Bar- New York: NY State Geol. Assoc. 398 pp.
boursville basins, Virginia and MarylandS  Manspeizer W. 1982. Triassic-Liassic basins
Geol. Surv. Prof. Pap. 52 sheet and climate of the Atlantic passive margins.
Lehmann EP. 1959. The bedrock geology of the Geol. Rund71:895-917
Middletown quadrangleConn. Geol. Nat. Manspeizer W. 1988. Triassic-Jurassic rifting
Hist. Surv. Quad. Rep.. &0 pp. and opening of the Atlantic: an overview.
LeTourneau PM. 1985 he sedimentology and In Triassic-Jurassic Rifting, Continental
stratigraphy of the Lower Jurassic Portland Breakup, and the Formation of the At-
Formation, central ConnecticuMSc thesis. lantic Ocean and Passive Marginsed.
Wesleyan Univ., Middletown. 247 pp. W Manspeizer, A:41-79Dev. Geotecton
LeTourneau PM. 1996. The stratigraphy and 22:41. Amsterdam: Elsevier. 998 pp.
structure of the buried Late Triassic Tay-Manspeizer W, Cousminer HL. 1988. Late
lorsville basin, Virginia and Maryland: re-  Triassic-Early Jurassic synrift basins of the
sults of recent subsurface investigations. In U.S. Atlantic margin. See Sheridan & Grow
Aspects of Triassic-Jurassic Rift Basin Geo- 1988, pp. 197-216
scienceed. PM LeTourneau, PE Olsen, p.22,Manspeizer W, deBoer JZ. 1989. Rift basins.



STRATIGRAPHIC RECORD OF RIFTS 395

In The Appalachian-Ouachita Orogen in Portland Formation, Suffield, Connecticut.
the United Statesed. RD Hatcher Jr, WA US Geol. Surv. Bull. 1776p. 24-30
Thomas, GW Viele, pp. 319-7&eol. North  McDonald NG, LeTourneau PM. 1989. Deltaic
Am.F-2. 767 pp. and lake margin paleoenvironments, Lower
Manspeizer W, Puffer JH, Cousminer HL. 1978. Jurassic Portland Formation, north-central
Separation of Morocco and eastern North Connecticut; implications for rift basin mor-
America: a Triassic-Liassic stratigraphic phology. Geol. Soc. Am. Abstr. Programs
record.Geol. Soc. Am. BulB9:901-20 21:31
Margolis J, Robinson GR Jr, Schafer CM. 1986 McDonald NG, Textoris DA. 1984. Petrology of
Annotated bibliography of studies on the ge- o0oid-bearing silcrete, Upper Triassic Cherry
ology, geochemistry, mineral resources, and Brook Basin, ConnecticuGeol. Soc. Am.,
geophysical character of the early Mesozoic Abstr. Programsl6:49
basins of the Eastern United States, 1880McHone JG. 1996a. Broad-terrane Jurassic
1984.US Geol. Surv. Bull. 1688192 pp. flood basalts across northeastern North
Marine IW, Siple GE. 1974. Buried Triassic America.Geology24:319-22
Basin in the Central Savannah River AreaMcHone JG, Puffer JH. 1996. Hettangian flood
South Carolina and Georgi&eol. Soc. Am. basalts across the initial pangean rift.As-
Bull. 85:311-20 pects of Triassic-Jurassic Rift Basin Geo-
McAlpine KD. 1990. Mesozoic stratigraphy, science ed. PM LeTourneau, PE Olsen.
sedimentary evolution, and petroleum poten- Conn. Geol. Nat. Hist. Surv. Bull. Misc.
tial of the Jeanne d’Arc Basin, Grand Banks Rep. 1
of NewfoundlandGeol. Surv. Can. Pap. 89— Mclnerney DP. 1993Fluvial architecture and
17. 50 pp. contrasting fluvial styles of the lower New
McBride JH. 1991. Constraints on the structure Haven Arkose and mid-upper Portland For-
and tectonic development of the early Meso- mation, early Mesozoic Hartford Basin, cen-
zoic South Georgia Rift, Southeastern United tral Connecticut MSc thesis. Univ. Mass.,
States; seismic reflection data processing and Amherst. 271 pp.
interpretationTectonicsl0:1065—-83 McLaughlin DB. 1933. A note on the stratig-
McBride JH, Nelson KD, Brown LD. 1987.  raphy of the Brunswick Formation (Newark)
Early Mesozoic basin structure and tecton- in PennsylvaniaMich. Acad. Sci. Arts Lett.
ics of the Southeastern United States as re- 18:59-74
vealed from COCORP reflection data andMcLaughlin DB. 1946. Continuity of strata in
the relation to Atlantic rifting. InSedimen- the Newark Seriedvlich. Acad. Sci. Arts Lett
tary Basins and Basin-Forming Mechanisms = 32:295-303
ed. C Beaumont, AJ Tankard, pp. 173—-84McLaughlin DB. 1959. Mesozoic rocks, In
Atlantic Geosci. Soc. Spec. Publ. 5. 527 pp. Geology and Mineral Resources of Bucks
McBride JH, Nelson KD, Brown LD. 1989. Ev-  County, Pennsylvanjad. B Willard, pp. 55—
idence and implications of an extensive early 114. Penn. Geol. Surv. Bull. C-9
Mesozoic rift basin and basalt/diabase seMcLaughlin DB, Willard B. 1949. Triassic fa-
quence beneath the southeast coastal plain. cies in the Delaware Valleyeenn. Acad. Sci.
Geol. Soc. Am. Bulll01:512-20 Proc.23:34-44
McCune AR. 1990. Evolutionary novelty and Medina F. 1991. Superimposed extensional tec-
atavism in the Semionotus complex; relaxed tonics in the Argana Triassic formations (Mo-
selection during colonization of anexpanding rocco), related to the early rifting of the cen-
lake.Evolution44:71-85 tral Atlantic. Geol. Mag.128:525-36
McCune AR. 1996. Biogeographic and strati-Meriney PE. 1988Sedimentology and diage-
graphic evidence for rapid speciation in nesis of Jurassic lacustrine sandstones in
semionotid fishes. Paleobiology 22:34— the Hartford and Deerfield basins, Mas-
48 sachusetts and ConnecticuMSc thesis.
McCune AR, Thomson KS, Olsen PE. 1984. Univ. Mass., Amherst. 401 pp.
Semionotid fishes from the Mesozoic GreatMertz KA Jr, Hubert JF. 1990. Cycles of sand-
Lakes of North America. liEvolution of Fish flat sandstone and playa-lacustrine mudstone
Species Flocksed. AA Echelle, | Kornfield, in the Triassic-Jurassic Blomidon redbeds,
pp. 27—44. Ornono: Univ. Maine Press Fundy rift basin, Nova Scotia; implications
McDonald NG. 1996. The Connecticutvalleyin for tectonic and climatic controlsCan. J.
the age of dinosaurs. A guide to the geologic Earth Sci.27:442-51
literature 1681-1998Conn. Geol. Nat. Hist. Meyertons CT. 1963. Triassic formations of the
Surv. Bull.116:450 Danville basinVa. Div. Miner. Resourc. Rep.
McDonald NG, LeTourneau PM. 1988. Pale- Invest. 665 pp.
oenvironmental reconstruction of a fluvial- Mickus KL, Aiken CLV, Peeples WJ. Ziegler
deltaic-lacustrine sequence, Lower Jurassic DG. 1988. A gravity and magnetic study of



396 OLSEN

the Triassic Richmond Basin, Virginia. SeeOlsen PE. 1988. Paleoecology and paleoenvi-

Manspeizer 1988, pp. 401-21
Milici RC, Bayer KC, Pappano, Costain J,
Coruh C, Nolde JE. 1991. Preliminary ge-

ronments of the continental early Mesozoic
Newark Supergroup of Eastern North Amer-
ica. See Manspeizer 1988, pp. 185-230

ologic section across the buried part of theDlsen PE. 1990. Tectonic, climatic, and bi-

Taylorsville basin, Essex and Caroline Coun-
ties, Virginia.VA Div. Miner. Res. Open-File
Rep. 91-131 pp.

Moy C, Traverse A. 1986. Palynostratigraphy of
the subsurface Eagle Mills Formation (Trias-

otic modulation of lacustrine ecosystems: ex-
amples from Newark Supergroup of eastern
North America. Lacustrine basin exploration;
case studies and modern analdgs. Assoc.
Pet. Geol. Mem50:209-24

sic) from a well in east-central Texas, U.S.A.Olsen PE. 1995. Iiseological Association of

Palynology10:225-34

Musser D. 1993Structure, stratigraphy, and
evolution of the Norfolk rift basifMSc. Rut-
gers, The State Univ., New Brunswick. 147

New Jersey. Proc. Symp. Field Trips, and
Teacher Workshop on the Topic - Contribu-
tions to the Paleontology of New Jersey.
JEB Baker, 7:156-90. Trenton, NJ: Geol. As-
soc. 335 pp.

pp.
Nadon GC. 1981The stratigraphy and sedi- Olsen PE, Baird D. 1986. The ichnogenus Atrei-

mentology of the Triassic at St. Martins and
Lepreau, New BrunswickMS thesis. Mc-
Master Univ. 279 pp.

Nadon GC, Middleton GV. 1984. Tectonic con-
trol of Triassic sedimentation in southern

pus and its significance for Triassic bios-
tratigraphy. InThe Beginning of the Age of Di-
nosaurs: Faunal Change Across the Triassic-
Jurassic Boundaryed. K Padian, pp. 61-87.
Cambridge: Cambridge Univ. Press. 378 pp.

New Brunswick; local and regional implica- Olsen PE, Cornet B, McDonald NG. 1989. Cy-

tions.Geology12:619-22

Nadon GC, Middleton GV. 1985. The stratigra-
phy and sedimentology of the Fundy Group
(Triassic) of the St. Martins area, New
Brunswick.Can. J. Earth Sci22:1183-203

clostratigraphy of the Chicopee Fish Bed and
adjacent strata: implications for the palynos-
tratigraphy of the Portland Formation (Early
Jurassic, Newark Supergroupkeol. Soc.
Am. Abstr. Program&1:56

Olsen PE. 1977. Stop 1 - Triangle Brick Quarry.Olsen PE, Fowell SJ, Cornet B. 1990. The Tri-

In Field Guide to the Geology of the Durham
Triassic Basin ed. GL Bain, BW Harvey,
pp. 59-60. Raleigh: Carolina Geol. Soc., NC
Dep. Nat. Resour. Comm. Dev.

assic/Jurassic boundary in continental rocks
of eastern North America; a progress report.
In Global Catastrophes in Earth Historgd.

VL Sharpton, PD Ward, pp. 585-93, Geol.

Olsen PE. 1978. On the use of the term Newark Soc. Am. Spec. Paper 247. 631 pp.
for Triassic and Early Jurassic rocks ofOlsen PE, Froelich AJ, Daniels DL, Smoot JP,

eastern North AmericaNewsl. Strat.7:90—
95

Gore PJW. 1991. Rift basins of early Meso-
zoic age. InGeology of the Carolinged. W

Olsen PE. 1980a. The Latest Triassic and Horton, pp. 142—70. Knoxville: Univ. Tenn.

Early Jurassic Formations of the Newark

Press. 406 pp.

Basin (Eastern North America, Newark Su-Olsen PE, Johansson AK. 1994. Field guide
pergroup): stratigraphy, structure, and corre- to Late Triassic tetrapod sites in Virginia

lation.NJ Acad. Sci. Bull25:25-51

and North Carolina (Culpeper, Richmond,

Olsen PE. 1980b. Triassic and Jurassic forma- and Dan River Basins, Newark Supergroup).
tions of the Newark Basin. See Manspeizer In In the Shadow of the Dinosayrsed.

1988, pp. 2-39

NC Fraser, H-D Sues, pp. 408-30. Cam-

Olsen PE. 1980c. See Manspeizer 1980, pp. bridge/New York: Cambridge Univ. Press.
435

352-98

pp.
Olsen PE. 1981. Commenton “Eolian dune fieldOlsen PE, Kent DV. 1996. Milankovitch climate
of Late Triassic age, Fundy Basin, Nova Sco- forcing in the tropics of Pangaea during the

tia. " Geology9:557-61

Late Triassic.Palaeogeogr. Palaeoclimatol.

Olsen PE. 1983. On the non-correlation of the Palaeoecol122:1-26

Newark Supergroup by fossil fishes: biogeo-Olsen PE, Kent DV, Cornet

graphic, structural, and sedimentological im-
plications.Geol. Soc. Am. Abstr. Programs
15:121

Olsen PE. 1985. Distribution of organic-rich la-

B, Witte
WK, Schlische RW. 1996a. High-resolution
stratigraphy of the Newark rift basin (Early
Mesozoic, Eastern North Americafeol.
Soc. Am108:40-77

custrine rocks in the early Mesozoic NewarkOlsen PE, McCune AR. 1991. Morphology of

SupergroupUS Geol. Surv. Circ946:61-64
Olsen PE. 1986. A 40-million-year lake record
of early Mesozoic climatic forcingScience

234:842-48

the Semionotus elegarspecies group from

the Early Jurassic part of the Newark Su-
pergroup of eastern North America with
comments on the family Semionotidae



STRATIGRAPHIC RECORD OF RIFTS 397

(Neopterygii).J. Vertebr. Paleontol11:269—
92

Olsen PE, McCune AR, Thomson KS. 1982.
Correlation of the early Mesozoic Newark

Mesozoic magmatism of the Eastern Cana-
dian margin; petrogenetic and tectonic sig-
nificance. See Puffer & Ragland 1992, pp.
13-36

Supergroup by vertebrates, principally fishesPhilpotts AR. 1992. A model for emplacement

Am. J. Sci282:1-44
Olsen PE, McDonald NG, Huber P, Cornet

of magma in the Mesozoic Hartford Basin.
See Puffer & Ragland 1992, pp. 137-48

B. 1992. Stratigraphy and Paleoecology ofPhilpotts AR, Asher PM. 1992. The first Meso-

the Deerfield rift basin (Triassic-Jurassic,
Newark Supergroup), Massachusetts. In
Guidebook for Field Trips in the Connecticut

Valley Region of Massachusetts and Adjacent

Statesed. P Robinson, JB Brady, 2:488-535.
New Engl. Intercoll. Geol. Conf., 84th Annu.
Meet., Contrib. 66Amherst: Univ. Mass.

zoic magma of the Hartford Basin; exami-
nation of the feeder dike, laccolith, and Tal-
cott lava flow. InGuidebook for Field Trips
in the Connecticut Valley Region of Mas-
sachusetts and Adjacent Stated. P Robin-
son, JB Brady, 1:67-85. Geol. Dep. Contrib.
66. Univ. Mass.

Olsen PE, Remington CL, Cornet B, ThomsonPhilpotts AR, Martello A. 1986. Diabase feeder

KS. 1978. Cyclic change in Late Triassic la-
custrine communitiesScience201:729-33

dikes for the Mesozoic basalts in southern
New EnglandAm. J. Sci286:105-26

Olsen PE, Schlische RW. 1990. TranstensiondPhilpotts AR, Reichenbach |. 198Bifferen-

arm of the early Mesozoic Fundy rift basin;

penecontemporaneous faulting and sedimen-

tation.Geology18:695—-98

tiation of Mesozoic basalts of the Hartford
Basin, Connecticut. Geol. Soc. Am. BAlb:
1131-39

Olsen PE, Schlische RW, Fedosh MS. 1996bPicard MD, High LR. 1963. Rhythmic al-

600 ky duration of the Early Jurassic flood
basalt event in eastern North America esti-
mated using Milankovitch cyclostratigraphy.
In The Continental Jurassied. M Morales,
pp. 11-22Mus. North. Ariz. Bull. 60581 pp.
Olsen PE, Schlische RW, Gore PJW. 1989.
Field Guide to the Tectonics, Stratigra-

ternation in the Triassic Chugwater and
Brunswick formations, Wyoming and New
JerseyWyoming Univ. Contrib. GeoR:87—
99

Pienkowski A, Steinen RP. 1995. Perennial lake

cyclesin the lower Portland Formation, Hart-
ford, CT. Geol. Soc. Am. Abstr. Programs

phy, Sedimentology, and Paleontology of the 27:74
Newark Supergroup, Eastern North Amer-Poag CW. 1982. Foraminiferal and seismic

ica. Int. Geol. Congr., Guidebooks for Field
Trips T351. Washington, DC: Am. Geophys.
Union. 174 pp.

Olsen PE, Shubin NH, Anders MH. 1988. New

Early Jurassic tetrapod assemblages con-

strain Triassic-Jurassic tetrapod extinction
event.Science238:1025-29

stratigraphy, paleoenvironments, and depo-
sitional cycles in the Georges Bank basin.
In Geological Studies of the COST nos. G-1
and G-2 Wells, United States North Atlantic
Outer Continental Sheled. PA Scholle, CR
Wenkam, pp. 43-91US Geol. Surv. Circ.
861.193 pp.

Papezik VS, Greenough JD, Colwell JA,Poppe LJ, Poag CW. 1993. Mesozoic stratigra-

Mallinson TJ. 1988. North Mountain Basalt
from Digby, Nova Scotia; models for afissure
eruption from stratigraphy and petrochem-
istry. Can. J. Earth Sci25:74-83

Parker RA, Houghton HF, McDowell RC. 1988.

phy and paleoenvironments of the Georges
Bank basin; a correlation of exploratory and
COST wellsMar. Geol.113:147-62

Powers S. 1916. The Acadian TriasslcGeol.

24:1-26, 105-22, 254-68

Stratigraphic framework and distribution of Puffer JH. 1992. Eastern North American flood

early Mesozoic rocks of the northern Newark
Basin, New Jersey and New York. 8tudies
of the Early Mesozoic Basins of the Eastern

basalts in the context of the incipient breakup
of Pangea. See Puffer & Ragland 1992, pp.
95-118

United Statesed. AJ Froelich, GR Robinson Puffer JH, Lechler P. 1980. Geochemical cross

Jr, pp. 31-39. US Geol. Surv. Bull. B 1776.
423 pp.

sections through the Watchung Basalt of New
JerseyGeol. Soc. Am. BulP1:156-91

Parnell J. 1983. Skeletal halites from the JurasPuffer JH, Ragland PC, eds. 199Pastern

sic of Massachusetts, and their significance.

Sedimentolog$0:711-15

North American Mesozoic Magmatis@eol.
Soc. Am. Spec. Pap. 26806 pp.

Parrish JT, Ziegler AM, Scotese CR. 1982.Puffer JH, StudentJJ. 1992. \olcanic structures,

Rainfall patterns and distribution of coals and
evaporites in the Mesozoic and Cenozoic.
Palaeogeogr. Palaeoclimatol. Palaeoecol
40:67-101

eruptive style, and posteruptive deformation
and chemical alteration of the Watchung
flood basalts, New Jersey. See Puffer &
Ragland 1992, pp. 261-77

Pe-Piper G, Jansa LF, Lambert RSJ. 1992. EarlRandazzo AF, Copeland RE. 1976. The geology



398 OLSEN

of the northern portion of the Wadesboro Tri-
assic basin, North Carolin&outheast. Geol.
17:115-38

Randazzo AF, Swe W, Wheeler WH. 1970.

ison of Ancient and Mesozoic Continental
Margins. Proc. 8th Int. Conf. Basement Tec-
tonics ed. MJ Bartholomew, DW Hyndman,
DW Mogk, R Mason, pp. 736-37

A study of tectonic influence on Triassic Robinson P, Luttrell GW. 1985. Revision of
sedimentation, the Wadesboro basin, central some stratigraphic names in central Mas-

piedmontJ. Sediment. Petro#0:998-1006
Ratcliffe NM. 1980. Brittle faults (Ramapo

sachusettdJS Geol. Surv. Bull. 1605;40p.
A71-A78

Fault) and phyllonitic ductile shear zonesRobinson PL. 1973. Palaeoclimatology and

in the basement rocks of the Ramapo seis-

mic zones, New York and New Jersey, and
their relationship to current seismicity. See
Manspeizer 1980, pp. 278-311

Ratcliffe NM. 1988. Reinterpretation of the re-
lationship of the western extension of the Pal-
isades Sill to the lava flows at Ladentown,
New York, based on new core daS Geol.
Surv. Bull. B 1776pp. 113-35

Ratcliffe NM, Burton WC, D’Angelo RM,
Costain JK. 1986. Low-angle extensional

Continental Drift. InImplications of Conti-
nental Drift to the Earth Science$:451-76.
London: Academic

Rosendahl BR, Reynolds DJ, Lorber PM,

Burgess CF, McGill Scott J, et al. 1986.
Structural expressions ofrifting; lessons from
Lake Tanganyika, Africa. IrBedimentation
in the African Riftsed. LE Frostick, RW Re-
naut, | Reid, JJ Tiercelin, pp. 29-43. Geol.
Soc. Spec. Publ. 25. London: Geol. Soc.
Lond.

faulting, reactivated mylonites, and seismicRussell IC. 1878. On the physical history of

reflection geometry of the Newark Basin
margin in eastern Pennsylvani&eology
14:766-70

Reinemund JA. 1955. Geology of the DeepRussell IC. 1892. Correlation papers;

River coal field, North CarolinaUS Geol.
Surv. Prof. Pap. 246159 pp.

the Triassic Formation in New Jersey and
the Connecticut ValleyAnn. NY Acad. Sci.
1:220-54

the
Newark SystemUS Geol. Surv. Bull. B 85.
344 pp.

Renne PR, Basu AR. 1991. Rapid eruption ofSalvan HM. 1975. Lesesies saliferes du Trias

the Siberian Traps flood basalt at the Permo-

Triassic boundaryScience253:176-79
Ressetar R, Taylor GK. 1988. Late Triassic

marocain; caraetes gnéraux et possibilés
d'interprétation.Soc. Geol. Fr. Bull16:724—
31

depositional history of the Richmond andSalvan HM. 1984. Les formations evapori-
Taylorsville basins, eastern Virginia. See tiques du Trias marocain; problemes strati-

Manspeizer 1988, pp. 423-43
Reynolds DJ. 1993Sedimentary basin evolu-
tion: tectonic and climatic interactiarPhD

graphiques, paleogeographiques et paleo-
climatologiques; quelques reflexionRev.
Geol. Dyn. Geogr. Phy25:187-203

thesis. Columbia Univ., New York. 215 pp. Sanders JE. 1962. Stratigraphy of Talcott forma-

Riccioni R-M, Brock PWG, Schreiber BC. tion (Upper Triassic), southern Connecticut.
1996. Evidence for early aragonite in Geol. Soc. Am. Spec. P&§B:260 (Abstr.)
paleo-lacustrine sediments.Sediment. Res. Sanders JE. 1963. Late Triassic tectonic his-
66:1003-10 tory of northeastern United Statésn. J. Sci.

Robbins El. 1982. Fossil Lake Danvillg the 61:501-24
paleoecology of Late Triassic ecosystem orsanders JE. 1968. Stratigraphy and primary
the North Carolina-Virginia borderPhD the- sedimentary structures of fine-grained, well-
sis. Penn. State Univ., University Park. 464 bedded strata, inferred lake deposits, upper
pp. Triassic, central and southern Connecticut.

Robbins El, Wilkes GP, Textoris DA. 1988. Geol. Soc. Am. Spec. Pal)6:265-305
Coal deposits of the Newark rift system. SeeSanders JE. 1970. Stratigraphy and structure
Manspeizer 1988, pp. 649-82 of the Triassic strata of the Gaillard graben,

Roberts JK. 1928. The geology of the Virginia south-central Connecticu€onn. Geol. Nat.
Triassic.Va. Geol. Surv. Bull. 2205 pp. Hist. Surv., Guidebook 35 pp.

Roberts SC. 1989Sedimentology, paleontol- Schlee JS, Klitgord KD. 1988. Georges Bank
ogy, mineralogy, and geochemistry of the basin; a regional synthesis. See Sheridan &
Midland fish-bed, a Jurassic lacustrine de- Grow 1988, pp. 24368
posit in the Culpeper Basin, VirginiaMSc  Schlische RW. 1992. Structural and strati-
thesis. Emory Univ., Atlanta. 491 pp. graphic development of the Newark exten-

Roberts SC, Gore PJW. 1988. The Midland sional basin, eastern North America; evi-
fish-bed; an Early Jurassic transgressive- dence for the growth of the basin and its
regressive lacustrine sequence in the bounding structuresGeol. Soc. Am. Bull.
Culpeper Basin, Virginia. InBasement 104:1246-63
Tectonics 8: Characterization and Compar- Schlische RW. 1993. Anatomy and evolution of



STRATIGRAPHIC RECORD OF RIFTS 399

the Triassic-Jurassic continental rift system, pretation of the Newark Supergroup. See
eastern North Americalectonics12:1026— Manspeizer 1988, pp. 249-74
42 Smoot JP, Olsen PE. 1994. Climatic cycles as

Schlische RW, AckermannRV. 1995. Kinematic sedimentary controls of rift basin lacustrine
significance of sediment-filled fissures in the deposits in the early Mesozoic Newark basin
North Mountain Basalt, Fundy rift basin, based on continuous core. llacustrine De-
Nova Scotia, Canada. Struct. Geol17:987— positional System®d. A Lomando, M Har-
96 ris, pp. 201-37. SEPM Core Workshop Notes

Schlische RW, Olsen PE. 1990. Quantitative fill-  19. 381 pp.
ing models for continental extensional basinsStagg JW, Textoris DA, Wheeler WH. 1985.
with applications to the early Mesozoic rifts  Petrology of basal conglomerate of Triassic
of eastern North Americal. Geol.98:135— Pekin Formation, Sanford Subbasin, North
55 Carolina. Am. Assoc. Pet. Geol. BulB9:

Schoelles CA. 1995Paleosols and Paleosol 1448
features in the New Haven Arko9dSc the- Steele KB, Colquhoun DJ. 1995. Subsurface ev-
sis. Bowling Green State Univ., Bowling idence of the Triassic Newark Supergroup in
Green, OH. 81 pp. the South Carolina Coastal PlaB.. C. Geol.

Seidemann DE. 1989. Age of the Triassic/ 28:11-22
Jurassic boundary; a view from the HartfordStevens GR. 1980. Field trip guidebook. Trip
Basin.Am. J. Sci289:553-62 8, Mesozoic volcanism and structure, north-

Seidemann DE. 1991. U/Pb zircon and badde- ern Bay of Fundy region, Nova Scoti@eol.
leyite ages for the Palisades and Gettysburg Assoc. Can., Can. Miner. Assoc. Cdd. pp.
sills of the northeastern United States: im-Stevens RL, Hubert JF. 1980. Alluvial fans,
plications for the age of the Triassic/Jurassic braided rivers, and lakes in fault-bounded
boundary: commenGeology19:766-67 semiarid valley; Sugarloaf Arkose (Late

Sepkoski JJ Jr. 1993. Ten years in the library; Triassic-Early Jurassic), Newark Super-
new data confirm paleontological patterns. group, Deerfield Basin, Massachusetts.
Paleobiologyl19:43-51 Northeast. Geol2:100-17

Shaler NS, Woodworth JB. 1899. Geology ofStose GW, Bascom F. 1929. Fairfield-
the Richmond Basin, VirginidJS Geol. Surv. Gettysburg folio, PennsylvanidJS Geol.
Annu. Repl9(Part 2):385-515 Surv. Geol. Atlas U825:8 maps. 22 pp.

Sheridan RE, Grow JA, eds. 198fhe Atlantic Stose GW, Jonas Al. 1939. Geology and min-
Continental Margin: US. Geol. North Am.  eral resources of York Vounty, Pennsylva-
Vol. 1, 2. Boulder, CO: Geol. Soc. Am. 610 nia. Penn. Geol. Surv. 4th Ser. Bull. C67
pp. 199 pp.

Silvestri S-M, Szajna MJ. 1993. Biostratigra- Suchecki RK, Hubert JF, de Wet CB. 1988.
phy of vertebrate footprints in the Late Tri- Isotopic imprint of climate and hydrogeo-
assic section of the Newark Basin, Pennsyl- chemistry on terrestrial strata of the Triassic-
vania; reassessment of stratigraphic ranges. Jurassic Hartford and Fundy rift basink.

In The Nonmarine Triassjed. SG Lucas, M Sediment. Petrob8:801-11
Morales, pp. 439-45. Bull. New Mex. Mus. Sutter JF. 1988. Innovative approaches to the
Nat. Hist. Sci. 3+476 pp. dating of igneous events in the early Meso-

Smith RC II, Rose AW, Lanning RM. 1975. Ge-  zoic basins of the Eastern United StatdS
ology and geochemistry of Triassic diabasein Geol. Surv. Bull. BL776:194-200
PennsylvaniaGeol. Soc. Am. BulB6:943— Tankard AJ, Balkwill HR, eds. 1989. Exten-
55 sional tectonics and stratigraphy of the North

Smoot JP. 1991a. Sedimentary facies and Atlantic margins:introduction.Extensional
depositional environments of early Meso- Tectonics and Stratigraphy of the North At-
zoic Newark Supergroup basins, eastern lantic Margins pp. 265-82. Am. Assoc. Pet.
North America.Palaeogeogr. Palaeoclima-  Geol. Mem. 46. 641 pp.
tol. Palaeoecal84:369-423 Tankard AJ, Welsink HJ. 1988. Extensional tec-

Smoot JP. 1991b. Eolian sandsheet and dune tonics, structural styles and stratigraphy of
strata in the Upper Triassic New Haven the Mesozoic Grand Banks of Newfound-
Arkose, Hartford Basin, Connecticueol. land. See Manspeizer 1988, pp. 129-65
Soc. Am. Abstr. Progran3:130 Tankard AJ, Welsink HJ, Jenkins WAM. 1989.

Smoot JP, Olsen PE. 1985. Massive mudstones Structural styles and stratigraphy of the
in basin analysis and paleoclimatic interpre- Jeanne d’Arc Basin, Grand Banks of New-
tation of the Newark SupergrouplS Geol. foundland. See Tankard & Balkwill 1989, pp.
Surv. Circ. 946pp. 29-33 265-82

Smoot JP, Olsen PE. 1988. Massive mudstoneganner LH, Hubert JF. 1992. Depositional fa-
in basin analysis and paleoclimatic inter- cies, palaeogeography and palaeoclimatol-



400 OLSEN

ogy of the Lower Jurassic McCoy Brook

Course Notes. Denver, CO: SEPM

Formation, Fundy Rift basin, Nova Scotia. Turner-Peterson CE, Smoot JP. 1985. New

Palaeogeogr. Palaeoclimatol. Palaeoecol
96:261-80

Textoris DA. 1994. Upper Triassic playa,
Durham sub-basin, North Carolina, USA.
See Gierlowski-Kordesch & Kelts 1994,
4:179-83

Textoris DA, Gore PJW. 1994. Upper Triassic

thoughts on facies relationships in the Tri-
assic Stockton and Lockatong formations,
Pennsylvania and New Jersey.fnoc. 2nd
US Geol. Surv. Workshop on the Early Meso-
zoic Basins of the Eastern United Stated.
GR Robinson Jr, AJ Froelich, pp. 10-17. US
Geol. Surv. Circ. 946. 147 pp

organic rich lake, Sanford Sub-basin, NorthVan Houten FB. 1962. Cyclic sedimentation and

Carolina, USA. See Gierlowski-Kordesch &
Kelts 1994, 4:173-77

the origin of analcime-rich Upper Triassic
Lockatong Formation. west central New Jer-

Thayer PA. 1970. Stratigraphy and geology of sey and adjacent Pennsylvanfm. J. Sci.

the Dan River Triassic basiS8outheast. Geol.
12:1-31

260:561-76

Van Houten FB. 1964. Cyclic lacustrine sedi-

Thayer PA. 1985. Petrology, diagenesis, and mentation, Upper Triassic Lockatong Forma-

reservoir potential of Upper Triassic Dan

tion, central New Jersey and adjacent Penn-

River Group sandstones, North Carolina sylvania. InSymposium on Cyclic Sedimen-

and Virginia. Am. Assoc. Petrol Geol. Bull.
69:1450

tation, ed. DF Meriam, pp. 497-531. Kans.
Geol. Surv. Bull. 169

Thayer PA, Robbins El. 1992. SedimentologyVan Houten FB. 1969. Late Triassic Newark

of Triassic Dan River Group, North Carolina
and Virginia. In Geologic Field Guides to
North Carolina and Vicinity ed. JM Den-
nison, KG Stewart, 189-200. Chapel Hill:
Univ. N.C.

Thayer PA, Robbins El. 1994. Late Triassic
rift valley lacustrine sequence in the Dan
River (North Carolina)-Danville (Virginia)

Group, north-central New Jersey and adja-
cent Pennsylvania and New York. IGe-
ology of Selected Areas in New Jersey
and Eastern Pennsylvania and Guidebook
of Excursions ed. S Subitzki, pp. 314-47.
Geol. Soc. Am., Field Trip 4, Atlantic City,
NJ. New Brunswick: Rutgers Univ. Press.
382

pp.
Basin, USA. See Gierlowski-Kordesch & Van Houten FB. 1977. Triassic-Liassic deposits

Kelts 1994, 1:165-72
Tixeront M. 1973. Lithostratigraphie et min-

of Morocco and eastern North America; com-
parison.Am. Assoc. Pet. Geol. Bubl1:79—

eralisations cupriferes et uraniferes strat- 99
iformes syngenetiques et familieres des/an Houten FB. 1980. Late Triassic part of
formations detritiques permo-triasiques du Newark Supergroup, Delaware River section,

couloir d’Argana, Haut Atlas occidental
(Maroc).Notes Serv. Geol. Maroc Tome 33,
Notes Mem. Serv. Gedl49:147-77

Tollo RP. 1988, Petrographic and major-

west central New Jersey. See Manspeizer
1980, pp. 264-69

Wang Z, Meyers WJ, Hanson GN. 1995. Geo-

chemistry of calcretes in the New Haven

element characteristics of Mesozoic basalts, Arkose (Trias.), Hartford Basin, Connecticut.

Culpeper Basin, VirginiaUS Geol. Surv.
Bull. B1776:105-13

Geol. Soc. Am. Abstr. Progran®y:422-23
(Abstr.)

Tollo RP, Gottfried D. 1992. Petrochemistry Weaver CE. 1976Waste Storage Potential of
of Jurassic basalt from eight cores, Newark Triassic Basins in Southeast United States

Basin, New Jersey; implications for the vol-

Oak Ridge, Union Carbide Corp., Off. Waste

canic petrogenesis of the Newark Super- Isolation. 23 pp.
group See Puffer & Ragland 1992, pp. 233-Weddle TK, Hubert JF. 1983. Petrology of Up-

per Triassic sandstones of the Newark Su-

Tortochaux F. 1968. Occurrence and structure pergroup in the northern Newark, Pomper-

of evaporites in North AfricaGeol. Soc. Am.
Spec. Pap88:107-38

aug, Hartford & Deerfield basinslortheast.
Geol.5:8-22

Traverse A. 1986. Pollen and spores date origifeems RE. 1980. Geology of the Taylorsville

of rift basins from Texas to Nova Scotia as
early Late TriassicScience?36:1469-72

Basin, Hanover County, Virginia. Contribu-
tions to Virginia geology; |Va. Div. Miner.

Turner-Peterson CE. 1980. Sedimentology and Resourc. Publ27:23-38
Uranium mineralization in the Triassic- Welsink HJ, Dwyer JD, Knight RJ. 1989.
Jurassic Newark basin, Pennsylvania and Tectono-stratigraphy of the passive margin

New Jersey. InUranium in Sedimentary
Rocks: Applications of the Facies Con-

off Nova Scotia. See Tankard & Balkwill
1989, pp. 215-31

ceptto Explorationed. CM Turner-Peterson, Welsink HJ, Tankard A. 1988. Structural and

pp. 149-76. SEPM, Rocky Mt. Sect., Short

stratigraphic framework of the Jeanne d’Arc



STRATIGRAPHIC RECORD OF RIFTS 401

Basin, Grand Banks. IrAtlas of Seismic  son SL, Wold CN. 1994. General circulation
Stratigraphy ed. AW Bally, 2:14-21. Am. model simulations of Triassic climates; pre-
Assoc. Pet. Geol. Stud. Geol. 27. Tulsa, OK: liminary results.Geol. Soc. Am. Spec. Pap.
Am. Assoc. Pet. Geol. 125 pp. 288:91-116

Wheeler WH, Textoris DA. 1978. Triassic lime- Withjack MO, Olsen PE, Schlische RW. 1995.
stone and chert of playa origin in North Car- Tectonic evolution of the Fundy rift basin,
olina.J. Sediment. Petro#l8:765—76 Canada; evidence of extension and shorten-

Wilkes GP. 1988. Mining history of the Rich-  ing during passive margin developmenec-

mond Coalfield of VirginiaVa. Div. Miner. tonics14:390-405
Resourc. Publ51 Witte WK, Kent DV, Olsen PE. 1991. Mag-

Willard M-E. 1951. Bedrock geology of the netostratigraphy and paleomagnetic poles
Mount Toby Quadrangle, MassachusettS. from Late Triassic-earliest Jurassic strata
Geol. Surv. Geol. Quadap GQ-0008 of the Newark basinGeol. Soc. Am. Bull.

Williams GL. 1975. Palynological analysis 103:1648-62
of Amoco IOE Cormorant N-83.Geol. Ziegler PA. 1988. Post-Hercynian plate reorga-

Surv. Can. Intern. RefePGS/PAL-75GLW. nization in the Tethys and Arctic-North At-
8 lantic domains. See Manspeizer 1988, pp.

pp.
Wilson KM, Pollard D, Hay WW, Thomp- 711-55



