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Short-duration CAMP magmatic activity at ~200 Ma in eastern North America
provides a temporal benchmark for assessing the relative timing of rifting, drifting, and basin inversion. In the southeastern United States, rifting ceased and
shortening/inversion began before CAMP magmatism. In the northeastern
United States and southeastern Canada, rifting continued during and after CAMP
magmatism. Rifting ceased in the northeastern United States and southeastern
Canada by the early Middle Jurassic, after CAMP magmatic activity. Shortening/inversion occurred in southeastern Canada before or during the Early Cretaceous. The available geological, geophysical, and geochronological data favor a
diachronous rift-drift transition (seafloor spreading began earlier in the south)
rather than the traditional synchronous rift-drift transition along the entire central
North Atlantic margin. In this scenario, there are two magmatic pulses. The first
includes CAMP and the formation of seaward-dipping reflectors (SDR’s) near
the continent-ocean boundary during the rift-drift transition along the southern
margin segment. The second, younger magmatic pulse is associated with the
formation of SDR’s during the rift-drift transition along the northern margin
segment. We believe that the widespread magmatism and shortening/inversion
in eastern North America are related to active asthenospheric upwelling that culminated during the rift-drift transition. Inversion is a common feature along
many volcanic passive margins and is associated with a change in the strain state
from extension at a high angle to the margin during rifting to shortening at a high
angle to the margin during drifting. The presence of dikes oriented at a high angle to the trend of the margin (e.g., the dike swarms in the southeastern United
States, southeastern Greenland, offshore northwest Europe, and South America)
may reflect this change in strain state associated with inversion.

1. INTRODUCTION
The Mesozoic rift system and passive margin of
eastern North America (Figure 1) are arguably the
best exposed and best studied of the rift systems and
passive margins that formed during the progressive
(diachronous) breakup of Pangea [e.g., Dietz and
Holden, 1970]. The rift system and passive margin

provide a natural laboratory for studying the extensional
structures and rift basins associated with continental rifting, breakup, and initiation of seafloor spreading [e.g.,
Manspeizer, 1988; Sheridan and Grow, 1988; Schlische,
1993; Withjack et al., 1998; Schlische, 2002]. The early
Mesozoic is also a critical period in Earth history, as the
Triassic-Jurassic boundary marks the second largest mass
extinction [e.g., Sepkowski, 1997] and is associated with
one of the largest (at least in terms of area) large-igneous
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provinces (LIP’s) in the world [e.g., McHone, 1996,
2000; Marzolli et al., 1999; Olsen, 1999]. The Central Atlantic Magmatic Province (CAMP) includes
flood basalts, dikes, and associated intrusive sheets
generally dated at about 200 Ma [e.g., Olsen et al.,
1996b; Olsen, 1999]. The eastern North American
passive margin is also host to volcanic/volcaniclastic
wedges (seaward-dipping reflectors, SDR’s) [e.g.,
Sheridan et al., 1993; Holbrook and Kelemen, 1993;
Oh et al., 1995; Talwani et al., 1995] that make it a
volcanic passive margin, although the exact temporal
relationships between CAMP and the SDR’s are not
yet clear.
In recent years, a growing body of evidence indicates that the tectonic history of the eastern North
American rift system and passive margin is not as
simple as previously thought. Withjack et al. [1995,
1998] drew attention to a phase of contractional deformation and basin inversion that occurred during
and/or shortly after the rift-drift transition. Although
postrift contractional deformation has long been recognized in the Mesozoic rift system [e.g., Shaler and
Woodworth, 1899; Sanders, 1963; deBoer and
Clifton, 1988; Wise, 1993], the structures documented
by Withjack et al. [1995, 1998] are much more widespread and represent much more shortening than previously reported. More importantly, Withjack et al.
[1998] proposed that the initiation of postrift contractional deformation and basin inversion was
diachronous along the central North American margin. Rifting ended and postrift deformation began
earlier in the south than in the north. Withjack et al.
[1998] hypothesized that the postrift contractional
deformation is associated with processes occurring
during the rift-drift transition. This has two important implications: 1. If the initiation of postrift contractional deformation and basin inversion is
diachronous along the margin, then the initiation of
seafloor spreading is also diachronous. 2. The causes
of inversion may be temporally and causally related
to the processes contributing to the formation of
SDR’s at the rift-drift transition.
This paper explores the early Mesozoic tectonic
history of eastern North America for the region between Georgia and Nova Scotia. We first review
basic concepts regarding the tectonic history of eastern North America and define key terminology. We
then describe critical geological and geophysical data
and observations from eastern North America regarding CAMP, the initiation and cessation of rifting,
the initiation of postrift deformation and basin inversion, and the initiation of seafloor spreading; this
section updates and extends the findings of Withjack
et al. [1998]. We then discuss two possible interpre-

tations of these geological and geophysical data, the possible relationship between inversion and a Middle Jurassic
hydrothermal event, and uncertainties regarding the shortening direction. We tentatively apply our model to other
passive margins, and discuss the causes of inversion in
passive-margin settings.
2. BASIC CONCEPTS AND DEFINITIONS
The eastern North American rift system (Figure 1),
which formed as a result of the continental extension preceding the separation of North America and Africa, consists of a series of exposed and buried rift basins that extends from the southeastern United States to the region of
the Grand Banks, Canada [e.g., Olsen, 1997]. The exclusively continental strata and lava flows that fill the exposed basins are collectively known as the Newark Supergroup (Figure 2) [Froelich and Olsen, 1984]. We divide the rift system into a northern segment and a southern segment. The diffuse boundary between the two segments separates rift basins containing Early Jurassic-age
strata (northern segment) from those lacking Early Jurassic-age strata (southern segment) (Figure 2). Offshore,
the Blake Spur magnetic anomaly dies out to the north
and the East Coast magnetic anomaly shifts to the east in
the boundary region (Figure 1).
The basins of the eastern North American rift system
are mostly half graben bounded by predominantly normal-slip border faults, although some basins or subbasins
are bounded by oblique-slip faults [e.g., Manspeizer,
1988; Olsen and Schlische, 1990; Schlische, 1993, 2002]
(Figure 3). The rocks within and surrounding the rift basins may be subdivided into prerift, synrift, and postrift
units. Prerift rocks were present prior to the start of basin
subsidence, and include Precambrian basement and
mildly to strongly deformed Paleozoic sedimentary and
metasedimentary units. These rocks were deformed in the
Appalachian orogenies preceding the assembly of Pangea,
and many of the border faults of the rift basins are reactivated Paleozoic structures [e.g., Lindholm, 1978; Swanson, 1986; Ratcliffe and Burton, 1985; Ratcliffe et al.,
1986]. Synrift units are rocks that accumulated while the
basins were actively subsiding. These units generally dip
and thicken toward the border fault and display a progressive decrease in dip upsection, thereby defining a wedgeshaped unit. Coarse-grained facies may be present in
synrift strata immediately adjacent to the border-fault
system. Postrift units accumulated after the end of faultcontrolled subsidence during thermal subsidence following breakup.
Although controversy surrounds the precise definition
of basin inversion [Williams et al., 1989], it is generally
agreed that a reversal in the deformational style produces
inversion structures. Specifically, an extensional phase
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followed by a contractional phase creates positive
inversion structures. Basin inversion occurs on active margins [e.g., de Graciansky et al., 1989; Letouzey, 1990; Ginger et al., 1993] and passive margins [e.g., Malcolm et al., 1991; Hill et al., 1995;
Doré and Lundin, 1996; Vågnes et al., 1998; Withjack and Eisenstadt, 1999]. The above field and
seismic studies, combined with experimental analysis
[e.g., Buchanan and McClay , 1991; Mitra and Islam,
1994; Eisenstadt and Withjack, 1995; Keller and
McClay, 1995; Brun and Nalpas, 1996], show that
typical inversion structures include normal faults
reactivated as reverse faults, newly formed reverse
and thrust faults, monoclines, anticlines, and synclines (Figure 4). The term "postrift contractional
structure" refers to those structures that did not have
an earlier extensional deformational phase or for
which the pre-contractional history is unclear or unknown. For the sake of brevity, we refer to all contractional structures as inversion structures unless
there is definitive evidence that the structure did not
undergo older extensional deformation.
Because eastern North America has undergone at
least three phases of deformation (Paleozoic orogeny,
early Mesozoic rifting, and inversion), it is not always straightforward to constrain the timing of deformation. Cross-cutting relationships can be used to
determine the relative sequence of deformation. In
addition, the presence or absence of growth features
can be used to determine the absolute age of deformation. For example, strata that thicken into the
troughs of synclines and thin onto the crests of anticlines indicate that these folds formed at the same
time as the growth strata. Alternatively, strata whose
thickness is unaffected by folds indicate that the folds
post-date the deposition of the strata, although the
absolute age of the deformation is unconstrained unless the fold is overlapped by undeformed strata.
Cross-cutting relationships between extensional and
inversion structures and CAMP-related dikes as well
as growth geometries involving CAMP are particularly useful because CAMP magmatism is well dated
and of short duration.
3. CAMP AS A TEMPORAL BENCHMARK
Our understanding of the age and duration of riftrelated magmatism has been continually refined over
the last two decades [e.g., Sutter, 1988; Olsen et al.,
1989, 1996b; Hames et al., 2000], as isotopic dating
methods have improved and innovative stratigraphic
methods have been employed. The igneous rocks of
the Newark basin provide the best constraints on the
age and duration of earliest Jurassic magmatism.

Here, core and outcrop studies [Fedosh and Smoot , 1998;
Olsen et al., 1996a, b] show that three quartz-normative
lava-flow sequences are interbedded with cyclical lacustrine strata. Based on Milankovitch cyclostratigraphy, the
oldest lava is 20-40 kyr younger than the palynologically
defined Triassic-Jurassic boundary [e.g., Fowell et al.,
1994]. Milankovitch cyclostratigraphy also constrains the
duration of the igneous episode (base of the oldest lava
flow to top of youngest flow) to 580±100 kyr [Olsen et
al., 1996b]. The absolute age of the igneous rocks, ~200
Ma, is based on isotopic dating of the lava flows [Hames
et al., 2000] and the Palisades intrusive sheet [Sutter,
1988; Dunning and Hodych, 1990; Turrin, 2000], which
is physically connected to one of the flows [Ratcliffe,
1988]. The age and duration of the earliest Jurassic
magmatic episode also apply to the Culpeper, Hartford,
and Deerfield basins, based on almost exact match in cyclostratigraphy [e.g., Olsen et al., 1989; 1996b], basalt
geochemistry [e.g., Tollo and Gottfried, 1992] (Figure
2b), and paleomagnetic signature [Prevot and McWilliams, 1989; Hozik, 1992]. In the Fundy basin, the North
Mountain Basalt is isotopically dated at ~200 Ma [Hodych and Dunning, 1992]. Furthermore, all extrusive lava
flows and interbedded strata are normally magnetized
[Witte et al., 1991; Kent et al., 1995].
The age and duration for the extrusive rocks discussed
above also apply to most of the early Mesozoic intrusive
rocks in the northern segment (see Figure 1) of the eastern
North American rift system [Olsen et al., 1996b], for the
following reasons: 1. Nearly all intrusive igneous rocks
(sills, sheets, generally NE-trending dikes) (Figures 5a, 6)
belong to the same geochemical categories (all quartznormative) as the flows [e.g., Puffer and Philpotts, 1988;
McHone, 1996]. 2. In some cases, intrusives served as
feeders to the flows, as in the Newark basin [Ratcliffe,
1988]. In the Hartford basin, three NE-trending diabase
dike swarms served as feeders for the three lava-flow sequences [Philpotts and Martello, 1986]. 3. Isotopic dates
for diabase sheets in the Gettysburg basin are very similar
to the Palisades sill [Sutter, 1988; Dunning and Hodych,
1990]. The Shelburne dike, located near the Fundy basin,
is isotopically dated at ~200 Ma [Dunn et al., 1998]. 4.
No tholeiitic intrusions cut strata younger than the youngest flow in a basin [e.g., Olsen et al., 1989]. Therefore,
we are confident that the CAMP flows and intrusives in
the northern segment of the rift system were emplaced in
less than 1 million years at ~200 Ma.
The situation is not as well defined in the southern
segment of the rift system (see Figure 1). There are no
Early Jurassic flows in the exposed rift basins [e.g., Olsen, 1997] (Figure 2a). However, interbedded olivineand quartz-normative flows are present in the subsurface
of South Carolina and Georgia [Behrendt et al., 1981;
Hamilton et al., 1983; McBride et al., 1989]. The flows
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are flat lying whereas rift strata are dipping, suggesting that the flows developed after rifting. Isotopic
ages for these postrift flows span the interval 97-217
Ma, but none are considered reliable [e.g., Lamphere,
1983; Ragland, 1991]. Although the wider compositional range of these flows may suggest a longer temporal duration of magmatic activity, the olivinenormative compositions may be due to alteration [P.
Ragland, personal communication, in Olsen et al.,
1996b]. Alternating magnetic polarity zones for
these flows [Phillips, 1983] also suggest a longer
duration than for the northern-segment magmatism,
but the paleomagnetic results may be unreliable [J.
Phillips, personal communication, in Olsen et al.,
1996b]. Intrusions in the southern segment of the rift
system include abundant dikes and subsurface sills.
The dikes fall into two groups: NW-trending (mostly
olivine normative) and N-trending dikes (mostly
quartz-normative) [e.g., Ragland et al., 1983, 1992]
(Figure 6). All NW-trending dikes are of normal
polarity, and at least one N-trending dike is of reversed polarity [Smith, 1987]. Ragland et al. [1992]
believed that both dike sets are ~200 Ma, although
the N-trending dikes appear to be slightly younger
than the NW-trending dikes based on rare crosscutting relationships. Recent Ar40/Ar39 ages for two
of the NW-trending dikes in South Carolina are ~200
Ma [Hames et al., 2000]. In summary, the NWtrending dikes in the southern segment of the rift
system appear to have the same age as the CAMP
flows and intrusives in the northern segment of the
rift system; however, the age of the N-trending dikes
and the postrift basalt flows is not as well constrained.
4. STRUCTURAL GEOLOGY

4.1. Extensional Structures
Synrift extensional structures are reviewed by
Schlische [1993, 2002] and Withjack et al. [1998].
Briefly, the largest-scale extensional structures are
scoop-shaped half-graben produced by faultdisplacement folding [Schlische, 1995; Withjack et
al., 2002] (Figure 3). In cross section perpendicular
to the border fault, the basin consists of a broad
downfold that results because displacement progressively decreases away from the fault. In cross section
parallel to the border fault, the basin consists of a
broad syncline that results because displacement is
greatest at the center of the border fault and progressively decreases toward the fault tips. Seismic, outcrop, and drill hole data indicate that these large-scale

folds are growth folds. Smaller-scale structures include
mostly NE-striking intrabasinal normal faults and transverse fault-displacement folds related to segmentation
and/or undulations on the border fault. At least in the
Newark basin, these folds began to form during synrift
sedimentation. Commonly, the idealized geometry shown
in Figure 3 is modified by large-scale basin segmentation,
significant strike slip along the border-fault system, and
postrift inversion.
4.2. Inversion Structures
Almost all of the large exposed basins in eastern North
America contain inversion structures (see Withjack et al.
[1995], and reviews by Withjack et al. [1998], and
Schlische [2002]). The most notable structures are: (1)
broad NE-trending anticlines developed in the hanging
walls of gently dipping, NE-striking border faults of the
Fundy subbasin of the Fundy rift basin [Withjack et al.,
1995] (Figures 7b, 8a); (2) tight ENE- to E-trending synclines and anticlines formed in proximity to the steeply
dipping ENE- to E-striking border faults of the Minas
subbasin of the Fundy rift basin [Withjack et al., 1995]
(Figures 7b, 8c); (3) generally NE-striking basementinvolved reverse faults and associated folds in the Richmond basin [Shaler and Woodworth, 1898; Venkatakrishnan and Lutz, 1988] (Figures 9a, b); (4) generally NEtrending inversion folds developed above NE-striking
intrabasinal faults of the Taylorsville basin [LeTourneau,
1999] (Figure 9c); and (5) WNW-striking axial planar
cleavage in some WNW-trending folds in the Newark
basin [e.g., Lucas et al., 1988].
Inversion, by elevating the center of a rift basin relative
to its margins, may have contributed to substantial erosion
of these rift basins. For example, the center of the Minas
subbasin has been uplifted relative to its margins [Withjack et al. , 1995] (Figure 8d). The Taylorsville basin has
undergone 0.9-2.6 km of erosion, with the largest amount
occurring over inversion-related anticlines [Malinconico,
2002] (Figure 9c). The Newark basin has also undergone
2 to 5+ km of erosion [e.g., Pratt et al., 1988; Steckler et
al., 1993; Malinconico, 1999] that may, in part, be related
to inversion. Inversion may also be responsible for some
of the anomalously high stratal dips recorded in many of
the exposed rift basins. Experimental clay models [Eisenstadt and Withjack, 1995] indicate that low (<10°) synrift
stratal dips develop during low to moderate amounts of
extension, but that these dips may steepen appreciably
during inversion (Figure 4c). The Danville rift basin
contains steeply dipping beds (~45°) that may have resulted from inversion (Figure 10b). The basin also contains small-scale reverse faults [Ackermann et al., 2002].
The Danville basin is also exceptionally narrow relative to
its length. The narrow width is probably related to ero-
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sion associated with uplift.
5. RELATIONSHIPS AMONG RIFTING, INITIATION OF INVERSION, AND CAMP

5.1. CAMP Basalts, Rift Basins, and the Diachronous End of Rifting
Synrift CAMP basalt flows and related Early Jurassic-age strata are found only in rift basins in the
northern segment of the central Atlantic margin [e.g.,
Olsen et al., 1989; Olsen, 1997] (Figures 1, 2a).
Structural and stratigraphic data indicate that the
northern-segment rift basins were active during this
time (Early Jurassic). In the Newark basin, alluvialfan conglomeratic facies are present in strata interbedded with and succeeding the lava flows, and some
of these units contain clasts of basalt [e.g.,
Manspeizer, 1980; Parker et al., 1988]. In the Connecticut Valley basin (Figure 10a), the basalt flows
and interbedded strata are thickest adjacent to the
border-fault system and thin toward the intrabasin
high between the Hartford and Deerfield subbasins
[e.g., LeTourneau and McDonald, 1988]. In the
Fundy basin, outcrop, drill-hole, and seismic data
indicate that the Late Triassic- and Early Jurassic-age
synrift units generally thicken from the hinged margin of the basin toward the border-fault system [e.g.,
Olsen et al., 1989; Withjack et al., 1995] (Figure 7d,
8a, 8c, 8d). In addition, the sedimentary unit above
the North Mountain Basalt, the McCoy Brook Formation, contains paleo-talus slope deposits composed
predominantly of basalt clasts, indicating active faultcontrolled subsidence along the oblique-slip borderfault system [ Olsen and Schlische, 1990; Tanner and
Hubert, 1991] (Figure 8d). In the Newark basin, accumulation rates for earliest Jurassic-age strata are 25 times higher than for latest Triassic-age strata [e.g.,
Olsen et al., 1989; Schlische and Olsen, 1990]. A
plot of cumulative stratigraphic thickness versus age
for the northern-segment rift basins shows a pronounced steepening in the curves in earliest Jurassic
time (Figure 2c).
The conditions in the southern-segment rift basins
(Figure 1) were notably different. Early Jurassic-age
strata are absent from all of the southern basins (Figure 2a). In fact, the youngest preserved Late Triassic-age strata in any of these basins (found in the
Taylorsville basin) are ~10 Myr older than the Triassic-Jurassic boundary. Erosion and/or non-deposition
may account for the absence of these deposits. Modeling studies based on thermal maturation indices
[Malinconico, 2002] and fission-track analyses

[Tseng et al., 1996] in the Taylorsville basin indicate that,
although more strata accumulated in this basin than is
currently preserved, synrift subsidence most likely ceased
close to the Triassic-Jurassic boundary. If these results
are applicable to other southern-segment basins, then synrift subsidence ceased in the south prior to earliest Jurassic time while it continued in the north into Early Jurassic
time. In fact, the northern-segment basins underwent
accelerated subsidence during this time.
5.2. Different State of Stress in Southern and Northern
Rift Segments During CAMP
The Mesozoic dikes in eastern North America do not
have a uniform orientation [e.g., King, 1971; May, 1971]
(Figures 5a, 6). An interpreted radial pattern [May, 1971]
has been attributed to doming related to a mantle plume
[e.g., Hill, 1991]. However, as discussed by McHone
[1988, 2000], the dikes in eastern North America fall into
several partially overlapping sets that have a fairly uniform orientation within each set. In the northern rift segment, the dikes are generally NE trending. In the southern rift segment, the dikes fall into two sets, a NWtrending set and slightly younger N-trending set. These
dikes cut uniformly across synrift and prerift rocks, indicating little or no influence of preexisting structures on
dike orientations. Thus, the northern and southern rift
segments experienced different states of stress during
CAMP magmatism. In the northern segment, the maximum horizontal stress (SHmax) was oriented NE-SW, and
the minimum horizontal stress (SHmin) was oriented NWSE. In the southern segment, SHmax was NW-SE and SHmin
was NE-SW. The younger N-trending dike set indicates
that SHmax was N-S and S Hmin was E-W. Thus, the state of
stress was different for the northern and southern rift
segments during CAMP magmatism, and it changed between the emplacement of the NW-trending set and the
younger N-trending set in the southern rift segment. Because the boundary between the northern and southern
segments probably was diffuse (see section 2), the state of
stress should have been transitional between NE-SWoriented SHmin in the south and NW-SE-oriented SHmin in
the north. In fact, dikes in the transitional region (the area
near the Culpeper and Gettysburg basins) trend ~N-S,
indicating that SHmin was oriented ~E-W.
The Early Jurassic stress state in the northern rift segment (SHmin oriented NW-SE) is consistent with continued
NW-SE extension, normal faulting, and basin subsidence
in this region (Figures 3a, 6, 10a). However, the stress
state in the southern rift segment (SHmin oriented NE-SW)
is incompatible with NW-SE extension, normal faulting,
and basin subsidence (Figures 6, 9a, 10b). Both dike sets
in the southern rift segment cut across the rift basins and
their bounding faults at a high angle [e.g., Ragland et al.,
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1992]. These results corroborate the major conclusion from Section 5.1 that NW-SE extension, faulting, and subsidence had ceased in the southern segment prior to earliest Jurassic time while it continued
in the northern segment [Withjack et al., 1998].
5.3. Diachronous Initiation of Inversion
All results for the southern segment of the rift system indicate that NW-SE extension had ceased prior
to CAMP time, and that NW-SE to N-S shortening
was taking place before, during, and after CAMP
time [Withjack et al., 1998]. In the Richmond basin,
NW-trending dikes cut a series of NNE-trending
folds and reverse faults [Venkatakrishnan and Lutz,
1988], suggesting that NW-SE shortening began before and continued during CAMP time (Figure 9a).
As mentioned in Section 3, postrift basalts are present
in the subsurface of the southeastern United States
[e.g., Behrendt et al., 1981; Hamilton et al., 1983;
McBride et al., 1989]. Locally, these postrift basalts
are deformed by contractional structures. For example, the NE-striking Cooke fault in South Carolina
underwent at least 140 m of reverse displacement
prior to the emplacement of the postrift basalt and
had continued reverse displacement after the emplacement of the postrift basalt [Behrendt et al.,
1981; Hamilton et al., 1983] (Figure 11e). If these
basalts are CAMP basalts, then they provide additional evidence that rifting ended and inversion began
prior to earliest Jurassic time along the southern segment of the central Atlantic margin.
All inversion structures in the northern segment rift
basins are post-CAMP and also post-date the youngest preserved synrift deposits [Withjack et al., 1995,
1998]. For example, in the Fundy basin, seismic reflection profiles show that Triassic and Early Jurassic-age units thicken toward border faults but exhibit
no thickening or thinning toward the hinges of inversion-related folds (Figure 8c). Inversion therefore
post-dates the Early Jurassic-age North Mountain
Basalt (CAMP) and overlying McCoy Brook Formation. Without the presence of younger Jurassic, Cretaceous, and Tertiary strata, it is impossible to further
constrain the timing of the inversion in the Fundy
basin. Information from the adjacent Orpheus graben, however, can provide this information. The Cobequid-Chedabucto fault system bounds the Minas
subbasin and its offshore continuation, the Orpheus
graben, on the north (Figure 1). If the faults bounding the Minas subbasin had a component of reverse
movement during inversion, then the faults bounding
the kinematically linked Orpheus graben likely experienced similar movements. Previous studies have

shown that, except for regional subsidence and minor salt
movement, structural activity in the Orpheus graben
ceased during Early Cretaceous time [Tankard and Welsink, 1989; Wade and MacLean, 1990; MacLean and
Wade, 1992]. Thus, any inversion in the Orpheus graben
and, by inference, in the Fundy basin occurred before or
during Early Cretaceous time.
Although the duration of inversion is not known, it is
clear that inversion began earlier in the southern rift segment than for the northern rift segment. In the southern
segment, inversion occurred prior to and continued
through CAMP time. In the northern segment, inversion
began not only after CAMP time but after the deposition
of all Early Jurassic-age synrift strata. Thus, not only is
the end of rifting diachronous from south to north but the
initiation of inversion is diachronous from south to north.
5.4. Initiation of Seafloor Spreading and Formation of
SDR’s
Conventionally, continental breakup and the onset of
seafloor spreading are thought to have begun in Middle
Jurassic time along the entire central Atlantic margin
[e.g., Klitgord and Schouten, 1986]. However, this estimate is subject to considerable uncertainty because the
oldest oceanic crust does not contain identifiable and/or
dated magnetic anomalies. In their calculations of the
breakup age, Klitgord and Schouten [1986] assumed that
the half-spreading rates of the Late Jurassic (19 mm/yr)
also applied to earlier times. If spreading rates during
earlier times were slower, however, then seafloor spreading would have initiated earlier. In fact, a half-spreading
rate of 4 mm/yr yields a breakup age of ~200 Ma.
A massive wedge, presumably composed of volcanic or
volcaniclastic rocks, is present along the edge of much of
the central Atlantic margin [Hinz, 1981; Benson and
Doyle, 1988; Klitgord et al., 1988; Austin et al., 1990;
Holbrook and Keleman, 1993, Sheridan et al., 1993;
Keleman and Holbrook, 1995; Oh et al., 1995] (Figures
11a, b, c). The wedge lies near the continent-ocean
boundary, and formed during the transition from rifting to
drifting [Hinz, 1981; Benson and Doyle, 1988; Austin et
al., 1990]. A wedge is not observed on the passive margin of southeastern Canada [Keen and Potter, 1995]. The
exact age of the wedge (and, by inference, the onset of
seafloor spreading) is unknown and, in fact, may vary
along the margin [e.g., Oh et al., 1995]. Beneath the
Georges Bank basin, SDR’s within the wedge underlie a
relatively flat-lying Middle Jurassic postrift sequence
[Schlee and Klitgord, 1988]. Thus, the wedge beneath the
Georges Bank basin formed before the Middle Jurassic
deposition of these postrift strata. Beneath the Baltimore
Canyon trough, SDR’s overlap rift basins [Benson and
Doyle, 1988] and underlie the postrift unconformity
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[Sheridan et al., 1993]. Thus, the wedge beneath the
Baltimore Canyon trough formed after the deposition
of the Late Triassic to Early Jurassic-age synrift
strata and before the deposition of the thick package
of postrift strata beneath the Late Jurassic-age rocks
sampled in offshore wells [Poag and Valentine,
1988]. Beneath the Carolina trough, SDR’s appear to
underlie the postrift basalts [Austin et al., 1990; Oh et
al., 1995]. If so, then the wedge beneath the Carolina
trough formed before the eruption of the postrift basalts. If these postrift basalts belong to CAMP, then
it is possible that the SDR’s in this region are also
associated with CAMP.
6. DISCUSSION

6.1. Summary of Geological and Geophysical Data
1. The CAMP flows and intrusives in the northern
segment of the rift system were emplaced in less than
1 million years at ~200 Ma (earliest Jurassic time).
The NW-trending dikes in the southern segment of
the rift system have the same age as the CAMP flows
and intrusives in the northern segment of the rift system. It is possible, however, that the emplacement of
the postrift basalts and some of the other intrusives in
the southern segment of the rift system occurred
shortly before, during, or shortly after CAMP magmatism.
2. Synrift subsidence ceased in the southern segment of the rift system prior to earliest Jurassic time.
It continued, however, in the northern segment of the
rift system into Early Jurassic time. In fact, the rift
basins in the northern segment underwent accelerated
subsidence during earliest Jurassic time.
3. During earliest Jurassic time, the stress state
indicated by dike trends (SHmin oriented NW-SE) in
the northern segment of the rift system is compatible
with continued NW-SE extension, normal faulting,
and basin subsidence. The stress state indicated by
dike trends (SHmin oriented NE-SW) in the southern
segment of the rift system, however, is incompatible
with NW-SE extension, normal faulting, and basin
subsidence.
4. Inversion began earlier in the southern segment
of the rift system than in the northern segment. In the
southern segment, inversion occurred prior to and
continued through CAMP time. In the northern segment, inversion began not only after CAMP time but
after the deposition of all Early Jurassic-age synrift
strata.
5. The formation of SDR’s and the onset of seafloor spreading in the northern segment of the rift

system occurred after the deposition of the Early Jurassicage synrift strata and before the deposition of the Early to
Middle Jurassic-age postrift strata. The formation of the
SDR’s and the onset of seafloor spreading in the southern
segment of the rift system occurred after the deposition of
the Late Triassic-age synrift strata and before the deposition of the thick sedimentary wedge below sampled Late
Jurassic-age postrift strata.
6.2. Interpretations
Two end-member scenarios can honor these available
geological and geophysical observations. In scenario 1
(traditional scenario), the initiation of seafloor spreading
was synchronous along the entire margin of the central
North Atlantic Ocean during the late Early Jurassic to
early Middle Jurassic. With this scenario, all of the
SDR’s on the margin of eastern North America are the
same age (i.e., late Early Jurassic to early Middle Jurassic). Thus, with this scenario, two distinct episodes of
magmatism affected eastern North America: CAMP
(earliest Jurassic) and a later episode associated with the
emplacement of all of the SDR’s and possibly some of the
igneous activity in the southern segment of the rift system. This scenario also implies that rifting ceased and
inversion began in the southern segment of the rift system
before the onset of seafloor spreading. Presumably, localized extensional deformation continued at the eventual
site of continental breakup. In this scenario, the cause of
the NW-SE compression responsible for the NW-trending
dikes of CAMP age is unexplained. In scenario 2, the
initiation of seafloor spreading was diachronous, beginning in the southern segment of the rift system during
latest Triassic to earliest Jurassic time and beginning in
the northern segment during late Early Jurassic to early
Middle Jurassic time. With this scenario, the emplacement of the SDR’s on the margin of eastern North America was diachronous (latest Triassic/earliest Jurassic in the
south and late Early Jurassic to early Middle Jurassic in
the north). As in scenario 1, two distinct episodes of
magmatism affected eastern North America: CAMP (including the southern SDR’s) and a later episode associated with the emplacement of the northern SDR’s (late
Early Jurassic to early Middle Jurassic). This scenario
also implies that the cessation of rifting and the onset of
inversion occurred during the transition from rifting to
drifting on both the northern and southern segments of the
rift system. Coring and dating the postrift basalts and the
SDR’s is critical to deciding which scenario is most viable. This is a key scientific goal of the Pole-to-Pole
Pangea Coring Project [McHone et al., 2002; Schlische et
al., 2002b].
We believe that several lines of evidence support scenario 2. 1. Numerical simulations by Bott [1992] suggest
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that a change in the stress state is likely to occur
during the rift-drift transition. 2. On many volcanic
passive margins, the timing of the rift-drift transition
and LIP magmatism are synchronous (e.g., the passive margins of the North Atlantic Ocean) [e.g.,
White, 1992]. 3. By analyzing subsidence curves,
Dunbar and Sawyer [1989] proposed that spreading
first began between the Blake Spur and Delaware
Bay fracture zones and then subsequently initiated
between the Delaware Bay and Newfoundland fracture zones (Figure 1). These and other fracture zones
may have accommodated some of the differences in
strain between the area that was undergoing seafloor
spreading and the area to the north that was still undergoing continental extension. 4. The inferred
diachronous initiation of spreading for the central
North Atlantic Ocean is part of regional trend that
reflects the progressive breakup of Pangea. Seafloor
spreading between the Grand Banks and southwestern Europe began during the Early Cretaceous [e.g.,
Srivastava and Tapscott, 1986]; seafloor spreading
between Labrador and western Greenland began
during the early Tertiary (anomaly 27N) [e.g.,
Chalmers et al., 1993]; seafloor spreading between
eastern Greenland and northwestern Europe began
slightly later during the early Tertiary (anomaly 24R)
[e.g., Talwani and Eldholm, 1977; Hinz et al., 1993].
6.3. Relationship to Middle Jurassic Hydrothermal
Event
Inversion in the southern rift segment is temporally
associated with CAMP and possibly with the emplacement of SDR’s at the continent-ocean boundary.
Inversion in the northern basins is broadly contemporaneous with an inferred hydrothermal event (~175178 Ma) that reset many isotopic clocks [Sutter,
1988], that remagnetized many rocks [Witte and
Kent, 1991; Witte et al., 1991], and that may be temporally associated with the emplacement of SDR’s
during the initiation of seafloor spreading along the
northern segment of the central North Atlantic margin. Sutter [1988] hypothesized that the hydrothermal fluids migrated in response to regional tilting
and/or uplift. Schlische and Olsen [1990] attributed
this fluid flow to a period of accelerated normal
faulting immediately prior to breakup. However,
faulting, tilting, and uplift during inversion is equally
plausible. For example, Schlische [2002] described a
NE-striking reverse fault from the Newark basin that
exhibits evidence of extensive fluid flow. Paleomagnetic data from the Jacksonwald and Sassamansville
synclines of the Newark basin show that the magnetization component related to the hydrothermal event

was acquired during folding [Witte and Kent, 1991; Kodama et al., 1994]. Both synclines probably initiated as
synrift fault-displacement folds [Schlische, 1992, 1995],
but the presence of very steep dips and axial planar cleavage suggest that the folds were amplified during inversion. The paleomagnetic data suggest that the inversion
occurred penecontemporaneously with the hydrothermal
event. Interestingly, Sibson [1995] argued that high fluid
pressures are required to reverse-reactivate normal faults
that are not optimally oriented (i.e., those dipping steeper
than 50°) and that fluid pressures increase during inversion as open subvertical fractures close during regional
subhorizontal compression. Thus, inversion, fluid flow,
and hydrothermal activity are all related processes.
6.4. Uncertainties in Inversion-Related Shortening Direction and Magnitude
The shortening direction for the southern rift segment is
relatively well constrained because it is likely subparallel
to S Hmax inferred from the CAMP dikes, i.e., NW-SE for
the NW-trending set and N-S for the N-trending set (Figure 6). However, it is not known why the SHmax and the
shortening direction rotated from NW-SE to N-S between
the emplacement of the two sets of dikes.
The shortening direction for the northern rift segment is
not as well constrained because it post-dates the CAMP
dikes. Withjack et al. [1995] inferred that the shortening
direction was NW-SE for the Fundy basin, based principally on the mean orientation of inversion-related folds
and reverse- and oblique-slip faults associated with inversion structures (Figure 7b, c). DeBoer [1992] used smallscale faults to infer a NE-SW shortening direction for the
Fundy basin. DeBoer and Clifton [1988] also used smallscale faults to infer a NE-SW shortening direction for the
Hartford basin. In the Newark basin, Lomando and
Engelder [1984] inferred a N-S shortening direction based
on calcite twins, whereas Lucas et al. [1988] inferred a
NNE-SSW shortening direction based on the geometry of
the Jacksonwald syncline and its axial planar cleavage.
Part of the uncertainty is related to the fact that inversion structures are inexact recorders of the shortening
direction. By definition, inversion structures are twophase structures that must have undergone an earlier extensional phase of deformation. Thus, the attitude of an
inversion structure is, at least in part, controlled by the
original extensional geometry. In addition, experimental
modeling of reactivated structures shows that both extensional and contractional forced folds form subparallel to
the trend of a preexisting fault, even where the shortening
direction is oblique to the trend of the fault [Schlische et
al., 1999a, b, 2002a; Tindall et al., 1999a, b]. Postrift
contractional structures that did not have an earlier extensional phase are more likely to reflect the true shortening
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direction. Regional analyses of inversion structures
may be useful in constraining the shortening direction. As shown in Figure 12, different shortening
directions result in different senses of displacement
on the differently oriented boundary faults of various
eastern North American rift basins.
Experimental clay models [Eisenstadt and Withjack, 1995] indicate that the basin-scale inversion
structures may be difficult to detect. Obvious basinscale inversion folds only develop in the models
when the amount of shortening is equal to or greater
than the amount of extension (Figure 4c). However,
if erosion removes the upper part of the model, the
majority of the inversion-related regional fold disappears, leaving a classical half-graben basin with
somewhat steeper dips than normal (which may be
misinterpreted to indicate higher amounts of regional
extension). The foregoing discussion suggests that
inversion in eastern North America may be even
more widespread than currently appreciated.
6.5. Applications to Other Passive Margins
In addition to the central North Atlantic passive
margin, inversion in a passive-margin setting has
occurred along the Norwegian margin of the North
Atlantic Ocean [e.g., Doré and Lundin, 1996; Vågnes
et al., 1998], the southeastern Australian margin [e.g.,
Hill et al., 1995], and the Northwest Shelf of Australia [e.g., Malcolm et al., 1991; Withjack and Eisenstadt, 1999] (Figure 4b). Like the central North Atlantic margin, the Norwegian margin is a volcanic
passive margin [e.g., Hinz, 1981; Hinz et al., 1993],
and parts of the Northwest Shelf of Australia are volcanic [Hopper et al., 1992]. On the Norwegian margin, inversion began soon after the initiation of seafloor spreading [Vågnes et al., 1998] and continued
into Miocene time. Inversion may have occurred on
the Australia margin soon after the initiation of seafloor spreading [Withjack and Eisenstadt, 1999].
Significant inversion occurred during late Miocene
time [Malcolm et al., 1991; Withjack and Eisenstadt,
1999].
A key feature related to inversion during the riftdrift transition is the presence of dikes trending at a
high angle to the continental margin. A number of
other rifted margins have dikes oriented at a high
angle to the rifted margin [e.g., White, 1992]. These
include the east Greenland and United Kingdom
margins of the northern North Atlantic (breakup age:
55 Ma); the southwest India margin (breakup age: 65
Ma); and the southeastern margin of South America
of the southern South Atlantic (breakup age: 130 Ma)
(Figures 5b, c, d). Interestingly, in the last example,

both margin-perpendicular and margin-parallel dike sets
are present, and, like the central North Atlantic region, is
associated with south-to-north diachronous initiation of
seafloor spreading [White, 1992]. Although all three examples discussed here are associated with mantle plumes
and White [1992] related the dikes to lateral transport
away from the plume head, we speculate that the dike
orientations may be more indicative of a change in stress
state (from rifting to inversion) that is broadly contemporaneous with the rift-drift transition on volcanic passive
margins.
6.6. Causes of Inversion on Passive Margins
The causes of shortening on passive margins include
plate collision or subduction, ridge-push forces, continental resistance to plate motion, and active asthenospheric upwelling [e.g., Dewey, 1988; Bott, 1992;
Boldreel and Anderson, 1993; Withjack et al., 1998;
Vågnes et al., 1998]. The last two are likely to be most
intense during the rift-drift transition and the earliest
stages of drifting and to act in concert to produce shortening on the passive margin. Holbrook and Kelemen
[1993] and Kelemen and Holbrook [1995] argued that
active asthenospheric upwelling (in which the upwelling
rate is greater than the lithospheric extension rate) is necessary to produce the volume and seismic velocities of the
SDR’s along the central North Atlantic margin. The active asthenospheric upwelling is a type of convection
driven in part by the change in lithospheric thickness
across the rifted zone [e.g., Mutter et al., 1988] and possibly aided by the presence of a thermal anomaly associated
with the thermal-blanketing effect of the Pangean supercontinent [e.g., Anderson, 1982]. The active asthenospheric upwelling would occur along a laterally extensive,
linear zone rather than the domal or radial zone associated
with a mantle plume. (Additional evidence against a
mantle-plume origin for the eastern North American Jurassic magmatism is discussed in Kelemen and Holbrook
[1993], McHone [2000], and Puffer [2001].)
In the geodynamic model of Withjack et al. [1998], the
lithospheric mantle and the asthenosphere are initially
partially decoupled (Figure 13). This means that the displacement rates of the lithosphere and the asthenosphere
are slightly different. Prior to plate rupture, this leads to
widespread intraplate extension (Figure 13a). Following
plate rupture, the mantle lithosphere is likely to become
coupled to the asthenosphere near the spreading center,
whereas they remain uncoupled farther away from the
spreading center. Because the portion of the plate adjacent to the spreading center is moving at a faster rate than
the portion of the plate farther from the spreading center,
compensating crustal shortening occurs in this region
(Figure 13b). In this model, the shortening is expected to
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decrease in magnitude through time because (1) continental resistance to plate motion decreases as the
lithosphere and asthenosphere become increasingly
coupled, and (2) active asthenospheric upwelling
gives rise to passive upwelling associated with normal seafloor-spreading processes (Figure 13c).
Compressional stresses will not disappear entirely, as
ridge-push forces will always be present. These
ridge-push forces may be responsible, at least in part,
for the reverse faults that have offset coastal plain
deposits [e.g., Prowell, 1988] and may contribute to
the present-day state of stress [e.g., Zoback and
Zoback, 1989]. However, the present-day SHmax is
oriented NE-SW, which is not parallel to the presentday spreading direction (WNW-ESE) and the presumable direction of ridge push.
The diachronous rift-drift transition (scenario 2)
has additional (albeit speculative) implications for
this geodynamic model involving active asthenospheric upwelling. Along the southern segment of
the margin, both CAMP and the SDR’s are related to
the active asthenospheric upwelling that culiminated
during the rift-drift transition. CAMP magmatism
along the northern segment of the margin may reflect
"leakage" or lateral transport of the mostly southern
magmas into the region that was still undergoing
continental extension. In this case, the magmatism
ceased abruptly (while continental extension continued) because the formation of the SDR’s and the
transition to normal seafloor spreading along the
southern segment of the margin largely dissipated the
original thermal anomaly in the source region for
much of the magma. This thermal anomaly would
not have been dissipated (or not dissipated sufficiently) along the northern segment of the margin,
thus leading to the formation of SDR’s during the
active asthenospheric upwelling that culminated
during the younger rift-drift transition. This geodynamic model of active asthenospheric upwelling coupled with a diachronous rift-drift transition therefore
predicts that a given rifted margin may experience
multiple magmatic pulses (some of which are synrift,
some of which are postrift) and that the SDR’s are
diachronous along the margin, as observed on many
volcanic margins [Menzies et al., 2000].
7. SUMMARY AND CONCLUSIONS
1. CAMP igneous activity is an excellent temporal
benchmark for assessing the timing of tectonic activity because it is well dated and of short duration.
2. Many of the rift basins in the eastern North
American rift system have undergone basin inversion.

3. Along the southern segment of the central North
Atlantic margin, rifting ended prior to CAMP igneous
activity, while rifting continued during and after CAMP
along the northern segment.
4. Along the southern segment of the central North
Atlantic margin, basin inversion began prior to CAMP
igneous activity. Along the northern segment, inversion
began after CAMP igneous activity (i.e, after synrift
deposition in Early Jurassic time) and ended before or
during the Early Cretaceous.
5. The end of rifting and the initiation of inversion
were diachronous along the central North Atlantic margin.
6. It is likely that the initiation of seafloor spreading
was diachronous along the central North Atlantic margin.
If so, then the rift-drift transition is associated with a
change in the strain state from NW-SE extension to NWSE to N-S shortening along the southern segment of the
central North Atlantic margin. Also, SDR’s, emplaced
during the rift-drift transition, have different ages along
the length of the margin.
7. Widespread magmatism and inversion in eastern
North America are related to active asthenospheric upwelling that peaked during the rift-drift transition.
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Reconstruction of the South Atlantic at 120 Ma, showing extent of Paran‡ flood basalt and Etendeka igneous province (gray) and
known dikes of similar age. d) Reconstruction of the Indian-Seychelles region at ~65 Ma, showing extent of Deccan plateau
basalts and related igneous activity (gray), and dikes of similar age. Parts (b), (c), and (d) are modified from White [1992], use a
Lambert stereographic projection, and encompass areas with diameters of 3000 km, approximately the same scale as (a).
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