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Abstract. Mesozoic rift basinsin eastern North
Americaformed during continental extension associated
with the separation of North America and Africa. These
basins locally overprint the Appalachian orogen and
involve the extensiona reactivation of Paleozoic faults.
Half graben are thought to have formed where Mesozoic
extension was subperpendicular to orogenic strike.
Transtensional basins formed where the extension was
more oblique. Segmented border fault systems and
predominantly synthetic intrabasinal faults characterize
the half graben. These basins resemble elongate
synclinesin longitudinal section; this geometry resulted
from border-fault displacement that was greatest near the
center of the fault and decreased toward both ends.
Large-scale segmentation of some border fault systems
resulted in the formation of multiple synclina subbasins
separated by transverse anticlines at segment boundaries,
where fault displacement was less. As displacement
increased on individual fault segments, the faults and
associated basins grew in length, perhaps linking
originally isolated basins. Smaller-scale fault
segmentation resulted in the formation of relay ramps,
rider blocks, and transverse folds. Some transverse
synclines are located near the centers of fault segments,
and related anticlines are located at segment boundaries.
Adjacent half-graben units within larger rift zones do not
alternate polarity along strike and are generally not
linked via accommodation zones, as in the East African
rift system. Strike-slip-dominated basins are
characterized by a network of strike-dlip and normal
faults, and are shallower and narrower than dip-dlip-
dominated basins.

INTRODUCTION

Fault-bounded sedimentary basins, typically half
graben, are a fundamental manifestation of continental
extension [e.g., Bally, 1982; Wernicke and Burchfiel,
1982; Anderson et d., 1983; Jackson and McKenzie,
1983; Gibbs, 1984; Rosendahl, 1987] and are also the
prevalent architecture of transtensional regimes, at least
within the Tanganyika-Rukwa-Malawi system in East

Africa[Rosendahl et al., 1992; Scott et al., 1992].
Numerous basins formed along the margins of the
incipient North Atlantic Ocean during the Mesozoic
breakup of Pangea (Figure 1a) [Van Houten, 1977;
Froelich and Olsen, 1984; Tankard and Balkwill, 1989].
In eastern North America, basins crop out over a
distance of >1700 km; other basins are concealed
beneath coastal plain deposits and the continental shelf
(Figure 1b) (see recent summaries by Froelich and
Robinson [1988], Manspeizer [1988], and Sheridan and
Grow [1988]. The exposed basins are filled with
thousands of meters of exclusively nonmarine strata
[e.g., Smoot, 1985; Manspeizer et al., 1989; Olsen et d.,
1989; Smoot , 1991] aswell astholeiitic lavaflows and
diabaseintrusions [e.g., Frodich and Gottfried, 1988;
Puffer and Philpotts, 1988; Manspeizer et a., 1989;
Puffer and Ragland, 1992], most of which crystallized at
~200 Ma[Sutter, 1988; Dunning and Hodych, 1990].
Biostratigraphic dating indicates that preserved basin
stratarange in age from Middle Triassic to Early
Jurassic (Table 1) [Cornet and Olsen, 1985; Olsen et dl.,
1989].

Rift basins in eastern North Americalocally overprint
the Appalachian orogen and exhibit parallelism with
Paleozoic contractional structures (Figure 1b) [e.g.,
Lindholm, 1978; Swanson, 1986; Ratcliffe et al., 1986).
The exposed rift basins are situated landward of the
hinge zone of the continental margin; thisregion
experienced considerably less crustal thinning than did
the seaward region [Klitgord et al., 1988]. Consequently,
many of these landward basins were not deeply buried
by postrift strata and therefore remain accessible today.

This paper examines the similarities and differencesin
the architecture of exposed Mesozoic rift basinsin
eastern North America. Particular attention is given to
the geometry of border fault systems and associated
structures, especially along-strike variability. The
relationship between structural geology and stratigraphy
isused to infer the evolution of therift basins. Finaly,
the nature of the linkage of basins within therift
complex is examined and compared to that of the well-
studied East African rift system.

NOMENCLATURE

The border fault system (BFS) of a half graben refers
to the network of normal faults bounding the asymmetric
basin (Figure 2a); movement on these faults was largely
responsible for the formation of the basin. Because the
exact slip direction on most of the boundary faultsis
difficult to determine and some boundary faults likely
experienced significant strike slip, BFSisused in the
general sense for the primary basin-bounding fault
system regardless of the nature of slip along it.
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Longitudinal structures or profiles are oriented parallel
to the BFS; transverse structures or profiles are oriented
perpendicular to the BFS (Figure 2¢).

Because the BFS commonly consists of multiple
faults, the term segment refers to an individual fault
within the BFS. As the geometry of the faults at depth is
poorly constrained, segmentation is based exclusively on
the map view trace of the BFS. Following the scheme
used to define the segmentation of seismicaly active
faults[e.g., Zhang et al., 1991], segment boundaries are
marked by changesin strike as well as offsets or
overlaps (Figures 2b and 2¢). For overlapping faults, a
common segment boundary may be placed in the center
of the region of overlap. The relatively unfaulted blocks
of rock located between overlapping fault segments are
called ramps by Kelley [1979], fault bridges by Ramsay
and Huber [1987] and relay ramps by Larsen [1988],

Morley et al. [1990], and Peacock and Sanderson [1991].

Where such structures occur in extensional basins,
synrift strata unconformably overlap prerift rocks on
relay ramps (Figure 2¢) [e.g., Larsen, 1988]. In regions
of overlapping or subparallel faults, the bottom of the
basin may step down along progressively more
basinward-situated faults. The blocks between the faults
are termed riders by Gibbs[1984] (Figure 2a).

Ramping margin refers to the relatively unfaulted
basin margin that generally dips toward the BFS (Figure
2a). The intersection of this margin with the Earth’'s
surface is the prerift-synrift contact. Prerift rocks form
the “basement” to the basins; synrift rocks refer to the
basin fill.

Several basins are composed of smaller or structurally
distinct subbasins. The Fundy basin (Figure 3a) is
subdivided into the northeast trending Fundy and
Chignecto subbasins and the east trending Minas
subbasin. The Deerfield and Hartford subbasins form the
Connecticut Valley basin (Figure 4a). The Deep River
basin (Figure 6¢) consists of the Durham, Sanford, and
Wadeshoro subbasins.

RIFT BASIN ARCHITECTURE

The majority of the exposed basins in eastern North
Americaare north-northeast to northeast trending half
graben or contain half-graben type of subbasins (Table
1); exceptionsinclude the east trending Minas subbasin
and Narrow Neck. Geologic maps of nine basins are
presented in Figures 3-6. Schematic transverse and
longitudinal cross sections of these basins are depicted in
Figures 7 and 8.

Half Graben

Basin Geometry. The Connecticut Valley,
Pomperaug, Newark, Gettysburg, Culpeper, Richmond,
Danville-Dan River, and Deep River basins aswell as
the combined Fundy-Chignecto subbasin vary in length
from 11 to 356 km, in maximum width from 4 km to 77
km, and in estimated maximum depth from 1.5to 7 km
(Table 1). Shorter basins or subbasins tend to be
narrower and shallower than longer basins or subbasins
(Figures 7 and 8). In transverse section, these basins or
subbasins display the classic asymmetric half-graben
geometry (Figure 7). With the exception of the
Connecticut Valley, Pomperaug, and Deep River basins
in which the strata are east-southeast to southeast tilted,
the majority of the basins have west-northwest to
northwest tilted strata.

The trace of the prerift-synrift contact for the
Pomperaug, Newark, Gettysburg, Culpeper, and
Richmond basinsis broadly concave toward the BFS. In
addition, the dip direction of the basin fill is
perpendicular to the BFS near the center of the basin but
oblique near the ends. Both observations suggest that in
longitudinal section these basins resemble elongate
synclines, some of which are asymmetric (Figure 8). A
large-scale synclinal geometry for the Newark basin may
be inferred from Triassic units that thicken from the
lateral edges of the basin toward its center [Olsen,
1980a; Olsen, 1988; Schlische, 1992]; for example, the
outcrop width of the Lockatong Formation increases
markedly toward the basin center (Figure 4b). The
inferred simple synclinal geometry is, however,
complicated by intrabasinal faults (Figure 8, section c-
¢'). The synclinal geometry of the Richmond basinis
corroborated by gravity and magnetic modeling [Mickus
et al., 1988]. On the basis of seismic reflection data, the
Chignecto subbasin (Figure 3a) isinterpreted to shoal
toward the northeast [Schlische, 1990].

The Connecticut Valley, Danville-Dan River, and
Deep River basins consist of multiple synclinal
subbasins separated by transverse anticlines (Figure 8).
The trace of the prerift-synrift contact is broadly concave
toward the BFS for each subbasin; narrower transverse
anticlines are associated with convex traces. Inliers of
prerift rocks crop out within the transverse anticline
between the Deerfield and Hartford subbasins (Figure
43). Seismic refraction data indicate that the Hartford
subbasin is deepest near the M assachusetts-Connecticut
border (Figure 4a) and shoal s northward toward the
transverse anticline and southward toward the edge of
the subbasin [Wenk, 1984b; Wise, 1992]. Pa eoflow
structures indicate that streamsin the Hartford subbasin
flowed southward and those in the Deerfield subbasin
flowed northward away from the transverse anticline



[Hubert et al., 1992]. Lacustrine strata are apparently
absent in “the narrows’ between the northern and
southern subbasins of the Danville-Dan River basin
(Figure 6b) aswell asin the Colon cross structure
between the Durham and Sanford subbasins of the Deep
River basin (Figure 6¢), suggesting that these areas stood
higher than the flanking subbasins. Synrift strata are
thinnest within the Pekin cross structure of the Deep
River basin (Figure 6¢) and thicken toward the Sanford
subbasin to the northeast and toward the Wadesboro
subbasin to the southwest [Zablocki, 1959]; however,
there is no appreciable change in dip direction across the
structure [ Randazzo and Copeland, 1976]. Differential
subsidenceislikely responsible for the geometry of the
subbasins and intervening anticlines.

Border fault systems and associated structures.
Mesozoic rift basins closely parallel and overprint the
Appalachian orogen. Consequently, many of the border
faults are inferred to have reactivated preexisting
weaknesses, mainly Paleozoic thrust faults [ Swanson,
1986] (see Table 1 for more recent citations). The
shallow dip of some of the border faults (Table 1) isalso
consistent with reactivation of gently dipping Paleozoic
structures.

On the basis of seismic reflection profiles, the border
faults of the Fundy subbasin [ Schlische, 1990], Cul peper
basin [Manspeizer et a., 1989], and Sanford subbasin
[Olsen et al., 1990] are interpreted to be listric.
However, velocity pull-ups may cause a planar normal
fault to appear listric [Withjack and Drickman Pollock,
1984; Unger, 1988]. The border faults of other basins
have been inferred to be listric (Table 1), based mainly
on the presence of hanging-wall rollover folds.
However, rollover folding may also be produced by
nonuniform displacement in the volume surrounding a
planar normal fault [Barnett et al., 1987; Gibson et dl.,
1989].

Syndepositional border faulting isindicated by a
progressive decrease in dip in progressively younger
synrift strata; this feature has been observed in the
Connecticut Valley [Wise, 1992], Newark [Schlische,
1992], and Richmond [V enkatakrishnan and Lutz, 1988]
basins. Anincrease in thickness of synrift strata toward
the BFS indicates that border faulting produced an
asymmetric basin during sedimentation. Figure 3c shows
the pronounced thickening of all formations from the
ramping margin toward the BFS of the Fundy subbasin.
Similar thickening trends were observed in the
Chignecto subbasin [Withjack et al., 1991], Hartford
subbasin [Olsen, 1988; Olsen et al., 1989; McDonald
and LeTourneau, 1990; Hubert et al., 1992], Newark
basin [Olsen, 1980a; Olsen et a., 1989; Schlische,
1992], Richmond basin [Olsen et al., 1989], and Sanford
subbasin [Olsen et al., 1990]. The presence of alluvial

fan conglomerate adjacent to virtualy all BFSs (Figures
3-6) is also consistent with syndepositional faulting.

The BFSs of the Mesozoic rift basins are commonly
segmented. Large-scale segmentation of some BFSs
appears to correlate with the geometry of subbasins and
transverse anticlines in some basins. For example, the
Durham subbasin of the Deep River basin is associated
with a north-northeast striking BFS, whereas the Sanford
subbasin is bounded by a northeast striking BFS; the
change in strike occurs at the Colon cross structure
(Figure 6¢). A somewhat smaller-scale segmentation
involving overlapping fault strands is associated with
relay rampsin the Fundy, Newark, Culpeper, Richmond,
and Deep River basins (Figures 3-6). Exposures of
prerift rocks at relay ramps suggest minimal subsidence
between the overlapping fault segments.

Seismic reflection and well data have identified rider
blocks along the BFS margin of the southwest Newark
basin (Figure 7, section G-G’) [Reynolds et al., 1990],
yet some of the fault splays have no known surface
expression. These splays are situated approximately
along strike from fault segments associated with relay
ramps, suggesting that some fault segments continuein
the subsurface. Stratigraphic relations (Figure 7, section
G-G') indicate that younger faults progressively
propagated into the footwall block, widening the basin in
the process [Schlische, 1992]. Geophysical data from the
Hartford subbasin [Wenk, 19844], Gettysburg basin
[Sumner, 1977], and Sanford subbasin [Lai et al., 1985]
suggest that the deepest parts of these basins are located
substantially basinward of the surface trace of the BFSs.
Unless the BFSs have much shallower dips and much
higher displacements than those indicated in Table 1 and
shown in Figure 7, the geophysical data are consistent
with step-faulted BFS margins (rider blocks).

In addition to the basin-scal e folds described above,
smaller-scale transverse folds are common in a number
of basins or subbasins[e.g., Wheeler, 1939] (Table 1). In
the southern part of the Hartford subbasin (Figure 4a),
three large synclines (A, B, and C) are outlined by the
map pattern of Jurassic basalts. The anticline between
synclines C and B appears to correspond to a change in
strike of the BFS, a possible fault segment boundary.
Syncline B contains two smaller-wavelength synclines
separated by an anticline, also corresponding with a
change in strike of the BFS. The transverse folds in the
northeast parts of the Newark basin (Figure 4b) clearly
decrease in amplitude away from the BFS. In the
southwest part of the same basin, synclines are
associated with the centers of fault segments, whereas
anticlines are associated with the overlap regions of
segments, suggesting that the folds are fault-rel ated.
Stratigraphic units thicken in synclinal troughs and thin
inanticlinal crests, indicating that the folds formed



syndepositionally [Schlische, 1992]. In the Cul peper
basin, two northwest plunging synclines (labeled A and
B in Figure 5¢), each of which contain several shorter-
wavelength folds, are defined by the map pattern of the
basalt flows. A tight anticline between synclines A and
B coincides with a BFS segment boundary and small
relay ramp. The main subbasins of the Danville-Dan
River basin contain a series of northwest plunging
transverse folds possibly related to differential
downwarping along the BFS [ Thayer, 1970].

Intrabasinal faults and dikes. The mean strikes of
intrabasinal faults and dikes listed in Table 1 were
derived from the map traces of the faults and dikes
shown in Figures 3-6. A majority of the intrabasinal
faults are northeast striking and synthetic to the BFSs
(see Figure 7). In the Hartford subbasin (Figure 44a),
northeast striking intrabasinal normal faults are oblique
to the generally north-northeast striking BFS. The few
northeast striking segments of the BFS are reported to
have formed initially in the Mesozoic coeval with the
intrabasinal faults [de Boer and Clifford, 1988] and thus
better reflect Mesozoic extension than do the reactivated
segments of the BFS. Intrabasinal faults are also oblique
to the BFSin the Newark basin (Figure 4b). Antithetic
faults generally have less throw than the synthetic faults
(an exception occursin the Richmond basin) and are
most common along the hinged margins of the basins
(Figure 7). Stratigraphic relations based on drill core
dataindicate that intrabasinal faultsin the Newark
[Schlische, 1992] and Richmond [Olsen et al., 1989]
basins were syndepositionally active. Transverse folds
are associated with some intrabasinal faults of the
Connecticut Valley, Newark, and Deep River basins.

The strike of diabase dikes changes from northeasterly
in the northern part of the rift system to northwesterly in
the southern part (Table 1) [e.g., McHone, 1988]. In the
Connecticut Valley and Newark basins, dikes and
intrabasinal faults are subparallel (Figure 4). Northwest
striking dikes of the Dan River basin are not offset along
the BFS [Thayer, 1970] (Figure 6b). Vertical northwest
striking dikes were intruded after rotation of the basin
strata along the BFS of the Deep River basin (Figure 6¢)
[Randazzo and Copeland, 1976; Bain and Harvey,
1977]; these dikes therefore record northeast-southwest
extension that postdated basin formation and
sedimentation.

Srike-Sip Basins

The east trending Minas subbasin and Narrow Neck
are highly oblique to the trend of half-graben basins, and
their border faults likely experienced a large component
of strike dlip. The Minas subbasin is bordered to the
north by the Minas fault zone (Mfz), which merges

westward with the BFS of the Fundy subbasin (Figure
3a) [Olsen and Schlische, 1990; Schlische, 1990;
Withjack et al., 1991]. The Mfz experienced right slip
during the Carboniferous [Keppie, 1982] and was
reactivated in left-oblique dlip during the subsequent
northwest-southeast extension that created the Fundy
and Chignecto half graben [Keppie, 1982; Olsen and
Schlische, 1990]. In the Five Ilands region of Nova
Scotia, the BFS is composed of east striking |eft-lateral
faults and northeast striking normal faults (Figure 3b)
[Olsen and Schlische, 1990] that resemble aleft-dlip
extensional strike-slip duplex [Woodcock and Fischer,
1986]. Stratigraphic thickness varies considerably
among the fault blocks, suggesting syndepositional
faulting but is consistently smaller than in the dip-dlip-
dominated Fundy subbasin (Figure 3c). Since the same
stratigraphic units are present in the Minas and Fundy
subbasins, both the dip-dlip and strike-dlip margins of
the two subbasins were active coevally [Olsen and
Schlische, 1990].

The Narrow Neck is bounded by and contains east and
northeast striking faults (Figure 5b). The east striking
faults are probably sinistral strike-slip faults based on (1)
west-northwest plunging folds that intersect east striking
faults at angles of 10°-15° [McLaughlin, 1963], (2) the
narrow width of the Narrow Neck (7 km), and (3) the
thinner stratigraphic succession within the Narrow Neck
compared with the Newark and Gettysburg basins.
Sinistral faults have been mapped near the eastern end of
the Narrow Neck [Lucas et al., 1988]. The northeast
striking faults are thought to be normal faults.

Sratigraphy

The oldest strataiin al basins are fluvia (Figures 3-7
and Table 1). Basin-wide fluvia sedimentation implies
that the basins received an excess supply of sediment
relative to basin capacity [ Schlische and Olsen, 1990;
Schlische, 1991]. In al basins the fluvial deposits are
overlain by basin-wide lacustrine deposits or lava flows
intercalated with lacustrine strata; these deposits signify
apartially sediment-starved basin [Schlische and Olsen,
1990; Schlische, 1991]. Early Jurassic-age lavaflows
and lacustrine strata are found in the Fundy, Connecticut
Valley, Newark, Gettysburg, and Cul peper basins but are
absent in the southern basins. Jurassic deposits may have
accumulated and been subsequently eroded; however,
the absence of Norian (latest Triassic) depositsin the
Richmond and Deep River basins would also require
substantial erosion of Triassic deposits. Alternatively,
Jurassic strata may never have accumulated in the
southern basinsif they stopped subsiding prior to Early
Jurassic time. This notion is supported by the
observation that Early Jurassic dikes cut across the grain



of the southern basins and are thus postrift structures. A

Jurassic basalt flow sequence of the South Georgia basin
(Figure 1b) is also apparently a postrift unit [McBride et
al., 1989].

Outcrop data from the Fundy subbasin [Hubert and
Forlenza, 1988; Olsen et al., 1989], seismic reflection
data from the Newark basin [Schlische, 1992], and drill
hole data from the Richmond basin [Olsen et al., 1989]
show that progressively younger synrift strata onlap
prerift rocks along the ramping margin. Hanging wall
onlap has also been observed on seismic reflection data
from offshore basins and suggests that the basins
progressively increased in width [ Schlische and Olsen,
1990]. Longitudinal pinchout at the lateral ends of the
northeast Newark and southern Dan River basins
(Figures 4b and 6b) is a map view expression of
longitudinal onlap, suggesting that the basins lengthened
through time.

Synthesis

A generalized model of a Mesozoic extensional basin
in eastern North Americais shown in Figure 9a. A
typical basin isahalf graben with one margin bordered
by afault system that apparently shows predominantly
normal dip slip and that was at |east sporadically active
during synrift sedimentation. The BFS generally
parallels the grain of older Paleozoic structures,
consequently, most of the border faults are known or
inferred to be reactivated structures [e.g., Swanson,
1986]. Where border faults strike oblique to the
Mesozoic extension direction, a strike-slip component of
faulting is common [Ratcliffe and Burton, 1985].

The BFS is commonly segmented, with segment
boundaries marked by changesin fault strike or fault
overlap. Relay ramps and rider blocks occur between
overlapping fault segments. Fault-normal anticlines tend
to occur at or near segment boundaries, whereas
synclines are found at or near the centers of fault
segments. The ramping margin is generally unfaulted or
contains only minor, mostly antithetic faults. Intrabasinal
faults are typically synthetic to and may be slightly
oblique to the BFS. Antithetic intrabasinal faults
generaly display less throw than the synthetic faults.
Dikes are subparallel to intrabasinal normal faults and
may be oblique to border faults.

In transverse profile, the idealized basin has aclassic
half-graben geometry. Total basin depth and the
thickness of stratal unitsincrease toward the BFS,
reflecting fault-controlled basin asymmetry. In
longitudinal profile, the basin is synclinal, with total
basin depth and synrift stratal thickness increasing from
the lateral edges to the center of the basin. The typical
Triassic stratigraphy consists of abasal fluvial unit

overlain by lacustrine strata, with the deepest lakes
occurring near the base of the lacustrine succession; this
isoverlain by an Early Jurassic-age sequence of lava
flows and intercal ated lacustrine strata overlain by
shallow lacustrine and fluvial strata.

Major exceptions to the general basin model outlined
are asfollows: (1) In the southern basins, diabase dikes
are perpendicular to or highly oblique to the basin
margins, and Jurassic strata are absent; (2) there are
apparently no Triassic lacustrine stratain the
Connecticut Valley basin; (3) some basins consist of
multiple synclinal subbasins separated by transverse
anticlines (Figure 9b); and (4) basins dominated by
strike dlip are shallower and have athinner stratigraphic
section than dip-slip basins (Figure 9c); if the Minas
subbasin is representative of this structure, then such
basins are characterized by mosaics of strike-dlip faults
that are oblique to the regional extension direction and
normal faultsthat are perpendicular to the regional
extension direction.

DISCUSSION
Growth of Normal Faults and Basin Evolution

Many of therift basins or subbasinsin eastern North
America approximate el ongate, in some cases
asymmetric, synclinesin longitudinal section (Figures 8
and 9a). These structures suggest differential subsidence,
which was highest near the center of the basin or
subbasin and decreased along strike. Because most of
the subsidence in these basins was fault-controlled, the
synclinal geometry likely resulted from along-strike
variations in displacement along the BFSs: fault
displacement was greatest near the center of the BFS and
systematically decreased toward its ends. Similar
displacement variations occur on faults ranging in length
from afew centimetersto tens of kilometers, indicating
that thisis a scale-invariant feature of normal faults
[Chapman et al., 1978; Muraoka and Kamata, 1983;
Barnett et al., 1987; Walsh and Watterson, 1987;
Peacock and Sanderson, 1991; Dawers and Anders,
1992].

A positive correlation between fault length and
maximum displacement indicates that faults grow in
length as cumulative displacement increases [e.g.,
Watterson, 1986; Walsh and Watterson, 1988; Marrett
and Allmendinger, 1991; Cowie and Scholz, 19923, b, c;
Dawers and Anders, 1992]. A similar relationship
among basin length, width, and depth for Mesozoic
basins (Table 1) suggests basin growth. In agrowing
basin, younger synrift units should progressively onlap
prerift rocks (Figure 10a). Longitudinal onlap is
expressed in map view by longitudinal pinchout (Figure



10a, stage 4), which has been observed in the Newark
and Dan River basins. If the rate at which basin capacity
increases due to basin growth is faster than the rate of
sediment infilling, there may be atransition from an
oversupply of sediment (fluvial sedimentation) to partial
sediment starvation (lacustrine sedimentation) (Figure
10a). Fluvial-lacustrine transitions occur in all Mesozoic
basins (Table 1).

Normal fault systems and rift basins associated with
large normal faults are commonly segmented [ Schwartz
and Coppersmith, 1984; Peacock and Sanderson, 1991,
Nelson et al., 1992]. In eastern North America, the
largest-scale segmentation is expressed by multiple
subbasins within larger basin complexes. The evolution
of such basins may involve linkage of originaly isolated
subbasins (Figure 10b). Asfault slip increased, the faults
lengthened and the isolated basins grew in size and
eventually merged. Older synrift units are expected to
form restricted sequences in each subbasin, whereas
younger units may be deposited basin-wide.

Basin growth and subbasin linkage have been inferred
for other continental rift systems. Lake Baikal occupies
the oldest part of the Baikal rift system, and the age of
normal faulting and associated sedimentation becomes
younger to the northeast and southwest [L ogatchev and
Florensov, 1978]. Within Lake Baikal itself, the northern
subbasin may be younger than, and have been originally
isolated from, the central subbasin [Hutchinson et al.,
1992]. Coalescence of subbasins has also been inferred
from stratigraphic and structural relationsin the East
African rift system [Burgess et al., 1988; Ebinger,
1989b; Sander and Rosendahl, 1989; Rosendahl et al.,
1992] and the Rio Grande rift [Chapin, 1979].

Border Fault Segmentation, Relay Ramps,
Transverse Folds, and Rider Blocks

Large-scale border fault ssgmentation is thought to be
responsible for the formation of multiple subbasins. As
shown in the idealized model in Figure 11, additional
segmentation of the BFS may be responsible for the
presence of relay ramps, rider blocks, and transverse
folds. Consider a number of fault ssgmentsarranged in a
relay seriesin which the ends of the fault segments
overlap. If each fault segment displays the characteristic
along-strike variations in displacement, then
displacement maxima occur near the centers of fault
segments, and displacement minima occur at the
segment boundaries (the zones of overlap). Thisresults
in aset of fault-displacement folds, with synclinal fold
traces located at displacement maxima and anticlinal
traces at displacement minima. Relay ramps formin the
regions between the overlapping segments (Figure 11).
Many of the transverse folds in the southwest Newark

basin (Figure 4b) are related to fault segments arranged
inrelay.

BFS segmentation responsible for the transverse folds
usually has no basin-wide expression. In the southwest
Newark basin (Figure 4b), many folds and BFS
segments are present, yet the trace of the prerift-synrift
contact is unaffected by this segmentation. Instead, the
trace of this contact suggests that the BFS of the Newark
basin can be treated as a single fault with maximum
displacement near its center. This also appears to be the
case in the southern Connecticut Valley and central
Culpeper basins and is depicted in the idealized model in
Figure 9a. There are three possible explanations for
these observations:

1. The current segmented BFS developed relatively
late in the history of the basin, modifying an earlier BFS
that was largely responsible for the geometry of the
prerift-synrift contact. In the southwest Newark basin,
stratigraphic data indicate that parts of the BFS were
once situated more basinward [ Schlische, 1992].

2. The transverse folds are controlled by displacement
variations on the nearest BFS segment, whereas the trace
of prerift-synrift contact reflects the sum of
displacements on all faults, large and small, within and
bounding the basin. In the North Sea, alarge percentage
of regional extension is accommodated on small faults
[e.g., Marrett and Allmendinger, 1992].

3. The BFS segmentation responsible for the
transverse folds is arelatively near-surface phenomenon.
At depth, individual segments may merge into a master
fault (Figure 11); the overall geometry of the basin thus
reflects displacement variations on the composite fault
system. More data on the subsurface geometry of BFSs
are needed to test this hypothesis, but kinematic linkage
among normal fault splays has been demonstrated in the
North Sea[Walsh and Watterson, 1991].

Differential displacement along complex normal faults
has been proposed to account for the transverse foldsin
the Connecticut Valley [Wheeler, 1939; Withjack and
Drickman Pollock, 1984], Newark [Wheeler, 1939], and
Dan River basins [ Thayer, 1970]. Wheeler [1939]
emphasized the role of fault-surface irregularitiesin
generating the folds; he argued that synclines and
anticlines formed at recesses and salients, respectively,
in the fault surface. Some of the smaller-wavelength
folds from the southern Hartford subbasin (Figure 4a)
appear to fit this model rather well. Wheeler’ smodel is
not incompatible with the segmentation model for
producing transverse folds discussed above because
salients delimit fault segment boundaries along active
normal faultsin the Basin and Range [e.g., Machette et
al., 1991].

Previoudly published folding mechanisms unrelated to
differential displacement along normal faults include



strike-dlip faulting [Manspeizer, 1981], synrift
shortening subparallel to the BFS [Ratcliffe and Burton,
1985], and postrift regional shortening [ Sanders, 1963].
Schlische [1992] rejected these models for the Newark
basin because (1) en echelon folds intersect strike-dlip
faults at angles of <45° [Christie-Blick and Biddle,
1985], not the 70°-90° typically observed; (2) diabase
dikes apparently synchronous with folding indicate
extension parallel to the BFS; and (3) somefolds are
clearly synrift structures.

The formation of some rider blocks can be attributed
to the relay geometry of border fault segments as shown
in Figure 11. This geometry implies that segment B
continues southwestward in the subsurface. Segments B
and C may also appear to extend northeastward (as
shown by the dashed linesin Figure 11) if these
segments reactivated Paleozoic faults. However, the
extent of Mesozoic reactivation is limited to the areas
around the relay ramps because the presence of prerift
rocksin the relay ramps implies minimal subsidence.
Rider blocks also formed as aresult of progressive
incisement of the footwall block, as observed in the
Newark basin. Thistype of rider block may have
developed in response to gravitational collapse of the
uplifted footwall block [Gibbs, 1984], perhaps aided by
preexisting structural weaknesses within the footwall
block [Schlische, 1992]. This mechanism contrasts with
the rolling-hinge model of Buck [1988], which predicts
progressive hanging wall incisement of fault splays.

Intrabasinal Faults

Intrabasinal faults synthetic to the BFS are
considerably more common than antithetic faults. There
are two possible explanations.

1. Normal faultsthat dip in the same general direction
are lesslikely to crosscut at depth. Consequently, a
larger number of faults can be active at the sametimein
order to accommaodate extension [e.g., Jackson and
McKenzie, 1983].

2. Aswith border faults, intrabasinal faults may have
originated as preexisting structuresin prerift rocks. As
intrabasinal faults propagated upward through the basin
fill, the faults may have changed orientation in order to
become normal to the extension direction. Thus, the
strikes of intrabasinal and border faults may differ, and
thisis commonly observed (Table 1).

The density of intrabasinal faults apparent at the
surface varies from basin to basin and even within a
basin. This may in part represent mapping details; for
example, faults that offset sedimentary rocks are more
difficult to detect than those cutting basalt and diabase.
In the Newark basin, the apparent frequency of
intrabasinal faultsincreases in those parts of the basin

where the BFS has a shallower dip [Schlische, 1992].
The orientation of the reactivated BFS with respect to
the extension direction also may be afactor. Where
extension is oblique, new faults oriented normal to the
extension direction may have formed to more easily
accommodate the extension.

Rift Basin Linkage

The Connecticut Valley basin, Newark-Gettysburg-
Culpeper basins, and the Deep River basin may be
considered to be rift zones (nomenclature of Rosendahl
[1987]) in that they consist of multiple half graben.
Although the polarity (sense of asymmetry) of the rift
zones varies aong the eastern North American rift
system, individual half graben within agiven rift zone
exhibit no reversalsin asymmetry. In contrast, the
Tanganyika and Malawi rift zones each exhibit six to
eight reversalsin half-graben asymmetry along strike
[Rosendahl, 1987; Ebinger, 1989b; Rosendahl et al.,
1992]. Thelack of polarity reversals within rift zonesin
eastern North America may be due to the existence of a
precursor tectonic fabric of the Appalachiansin eastern
North America, which probably controlled the
localization of border faults [Burgess et al., 1988;
Reynolds and Schlische, 1989; Rosendahl, 1990]. No
doubt, the explanation for this significant differenceis
more complicated: (1) the BFSs of some basinsin the
East African rift system may be reoccuppied thrust faults
[Wheeler, 1989; Kilembe and Rosendahl, 1991]; (2)
large shear zones may influence the locations of polarity
reversalsin East Africa[Versfelt and Rosendahl, 1989];
and (3) there is no known preexisting structural control
for the border faults of the Deep River basin.

There appears to be little physical (“hard”) linkage
among border faults bounding basins and subbasinsin
eastern North America. No known structures directly
connect the southeast dipping border fault of the Newark
basin and the west dipping border fault of the Hartford
subbasin. Rather, displacement on the Newark basin
border fault apparently dies out to the northeast, and that
on the Hartford subbasin border fault apparently dies out
to the south. Thus, no accommodation structureis
required. Although the Hartford and Deerfield subbasins
are connected, they are essentially overlapping zones of
subsidence associated with two distinct BFS segments
(similar to the model in Figure 10b) that may have only
completely linked together in Early Jurassic time [Wise,
1992]. The subbasins of the Deep River basin are
similarly “soft”-linked. This type of linkage may also
apply to the Gettysburg and Culpeper basins, but erosion
has removed the shallow basin in the zone of
overlapping subsidence.



Physical linkage among the major faults of the Fundy
basin is plausible. Asthe width of the Fundy subbasin is
much greater than that of the Chignecto subbasin, it is
likely that some dip-dlip displacement of the Fundy
subbasin BFS was transferred to the left-oblique slip
Minas fault zone (Figure 3a). The Minas fault zone also
appears to have linked the Fundy basin with the
Chedabucto (Orpheus) basin and may once have
extended into the Gibraltar region (Figure 1a) [Olsen and
Schlische, 1990]. Hard linkage is also possible between
the Newark and Gettysburg basins via the Narrow Neck.

In the East African rift system, adjacent half graben
are commonly linked by accommodation zones, which
are faults or fault zones that trend oblique to the main
border faults and underwent a considerable component
of strike slip [Rosendahl, 1987; Ebinger, 19893, b;
Morley et al., 1990]. These accommodation zones
appear to be particularly well devel oped along adjacent
half graben of opposite polarity (Figure 10c). The larger
number of accommodation zones in the East African rift
system compared to eastern North Americamay be
related to the closer spacing of and more frequent
polarity reversals between adjacent half graben in East
Africa. Clearly, an oblique or strike-slip accommodation
structure is required between two oppositely dipping,
overlapping BFS segments on which there is significant
displacement (Figure 10c). No large-scale “hard”
linkage structures are required where half graben are
sufficiently widely spaced, displacement goesto zero at
the fault tips, and adjacent faults dip in the same
direction (Figure 10b).

CONCLUSIONS

1. Most exposed rift basins in eastern North America
are half graben with border faults that likely originated
as Paleozoic structures. These structures formed where
the Mesozoic extension direction was oriented at a high
angle to preexisting structures. Preexisting faults
oriented obliquely to the extension direction experienced
significant components of strike dlip.

2. Predominantly dip-dlip border fault margins display
considerable variability along strike and are
characterized by segmented fault systems (sometimes
arranged in arelay pattern), relay ramps, rider blocks,
and transverse folds.

3. In addition to the classic half-graben geometry in
transverse section, the basins are synclinal in
longitudinal section. This geometry relates to variations
in border fault displacement, with maximum slip near
the center of the border fault system and decreasing
toward its ends.

4. Some rift basins consist of multiple synclinal
subbasins separated by transverse anticlines related to

displacement variations on multiple fault segments.
Originally isolated subbasins may have coalesced when
their border fault tips propagated laterally as
displacement increased.

5. Nearly all exposed basins contain a basal fluvial
unit overlain by lacustrine strata. Progressively younger
strata onlap prerift rocks on the hanging wall block. Both
stratigraphic relations are consistent with fault and basin
growth, which isresponsible for the positive correlation
among basin or subbasin length, width, and depth.

6. In many basins, border fault systems are segmented
at a scale smaller than the smallest subbasin. Some
border fault segments are arranged in arelay pattern,
with relay ramps situated at the overlap sections. Local
fault displacement maximum (transverse synclines) are
found near the centers of fault segments, whereas local
displacement minima (transverse anticlines) are found at
segment boundaries. Rider blocks formed both at relay
ramps and as aresult of progressive footwall incisement,
perhaps driven by gravitational collapse of the uplifted
footwall block.

7. Intrabasinal faults are predominantly synthetic to
border fault systems to better allow coeval activity on a
number of faults and due to reactivation of preexisting
structures in prerift rocks.

8. Half-graben units within alarger rift zone do not
alternate asymmetry along strike. Adjacent half graben
are generally not linked by accommodation zones. These
notabl e differences with the East African rift system
stem from the localization of North American basins
along preexisting structures that generally dip in the
same direction over large areas and the wider spacing of
half-graben units.

9. Basin margins dominated by strike dlip are
characterized by mosaics of strike-slip and normal faults
and less subsidence than dip-slip margins, although both
formed coevally.
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North America

MESOZOIC BASINS
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2. Connecticut Valley

3. Pomperaug

4. Newark

5. Gettysburg 35°
6. Culpeper

7. Richmond

8. Danville/Dan River

9. Deep River

10. South Georgia

I Exposed Triassic Rocks
I Exrosed Jurassic Rocks
[ ] Buried Triassic Rocks
% Buried Jurassic Rocks

/// Major Paleozoic fault

ey
0 Kkm 400

75°

Fig. 1. () Rift basins (black) of the circum-North Atlantic
shown on a predrift reconstruction. Modified from Tankard
and Balkwill [1989] and Olsen and Schlische [1990]. (b)
Mesozoic basins of eastern North America. Note the general
parallelism between the basins and Paleozoic structures. The
Jurassic rocks of the South Georgia basin are postrift deposits
[McBride et a., 1989] and thus extend beyond the boundaries
of some of the synrift basins. Modified from Froelich and
Olsen [1984], Klitgord et al. [1988], and Olsen et al. [1990],
and Schlische [1990].
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Fig. 2. Nomenclature of rift basin structures as seen in cross
section (a) and map views (b and c). BFS refersto the
border fault system. See text for discussion.
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Fig. 3. () Geologic map of the Fundy basin. Rectangle shows area detailed in Figure 3b. Open circles are wells. Geometry of
Chignecto subbasin is schematic. (b) Geologic map of Five Islands region, illustrating the structure of the northern margin of the
Minas subbasin. Note the presence of extensional strike-dlip duplexes. The geometry of dashed faultsisin part schematic. Mfzis
the Minas fault zone. (c) Stratigraphic sections from several localities within the Fundy basin, locations of which are shown by the
numbersin Figures 3aand 3b. Modified from Keppie [1979], Donohoe and Wallace [1982], and Olsen and Schlische [1990].
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Hartford basin. Compiled from Zen [1983] and Rodgers [1985]. (b) Geologic map of the Newark basin. Thin black lines are distinctive clusters of
deeper-water lacustrine strata within the Passaic Formation; thin gray lines depict form lines of bedding. Modified from Schlische [1992] based on
Berg [1980], Olsen [1980b], Ratcliffe et al. [1986], Lyttle and Epstein [1987], Parker et a. [1988], Ratcliffe and Burton [1988], and Schlische and

Olsen [1988].
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The geometry of the basins at depth is, in part, conjectural. Note the general half-graben geometry of most basins, the presence
of rider blocks, and the mostly synthetic intrabasinal faults. Fundy basin section A-A' based partly on seismic reflection data
[after Olsen and Schlische, 1990]; Newark basin sections modified from Schlische [1992]; Gettysburg basin section based
partly on Root [1988]; Cul peper basin section based on seismic reflection profiles [Manspeizer et a., 1989]; Richmond basin
section based partly on well and seismic data[B. Cornet, personal communication, 1990]; Dan River-Danville and Deep River
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Fig. 8. Diagrammatic longitudinal cross sections of selected half graben (for locations, see Figures 4-6). Although complicated by
intrabasinal faults, basins consist of either a single elongate syncline or multiple synclines separated by transverse anticlines.
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Fig. 9. (8) Geologic map and cross sections of an idealized, dip-slip-dominated Mesozoic rift basin. Note that although the trace of the
prerift-synrift contact defines alarge syncline, it is not affected by the transverse folds adjacent to the border fault system. (b)
Geologic map of idealized Mesozoic basin containing multiple subbasins. (c) Geologic map of basin with both dip-slip and strike-
dlip-dominated margins.
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Fig. 10. (a) Model for the growth of arift basin bounded by a single border fault system. The basin increasesin depth, width, and length
through time such that depositional surface area progressively increases, resulting in onlap geometries and a fluvial-lacustrine transition
as the basin becomes sediment starved. Stage 4 shows amap view of the basin following erosional truncation. The oldest unit does not
crop out at the surface, and the second oldest unit pinches out longitudinally. (b) Model for the growth of a basin complex containing
two border fault segments. Early isolated basins merge as the fault tips propagate along strike. (c) Model for the growth and linkage of
two basins bounded by oppositely dipping border fault segments; an accommodation zone forms in the zone of overlap.



Fig. 11. Block diagram illustrating the geometric relationships among border fault segmentation, relay ramps, transverse folds,
and rider blocks. Synrift unit A forms arestricted wedge, suggesting that fault segment B lengthened through time. Synrift unit
B is absent from the hanging wall block of fault segment C, suggesting that segment C is younger than segment B. Segments B
and C may merge at depth, forming akinematically linked fault system, although thisis not required. Faults (dashed) may
extend from the ends of segments B and C if they involve only partial reactivation of preexisting structures. Partly on the basis
of Ramsay and Huber [1987], Peacock and Sanderson [1991], and Schlische [1992].





