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ABSTRACT

Three end-member models of half-graben development (detachment
fault, domino-style, and fault growth) evolve differently through time and
produce different basin filling patterns. The detachment fault model in-
corporates a basin-bounding fault that soles into a subhorizontal detach-
ment fault; the change in the rate of increase in the volume of the basin
during uniform fault displacement is zero. Younger strata consistently
pinch out against older synrift strata rather than pre-rift rocks. Both ba-
sin-bounding faults and the intervening fault blocks rotate during exten-
sion in the domino fault block model; a consequence of this rotation is that
the change in the rate of increase of the volume of the basin is negative
during uniform extension. Basin fill commonly forms a fanning wedge
during fluvial sedimentation, whereas lacustrine strata tend to pinch out
against older synrift strata. In the fault growth models, basins grow both
wider and longer through time as the basin-bounding faults lengthen and
displacement accumulates; the change in the rate of increase in basin vol-
ume is positive. Fluvial strata progressively onlap pre-rift rocks of the
hanging wall block, whereas lacustrine strata pinch out against older flu-
vial strata at the center of the basin but onlap pre-rift rocks along the lat-
eral edges. These fundamental differences may be useful in discriminating
among the three end-member models. The transition from fluvial to la-
custrine deposition and hanging wall onlap relationships observed in nu-
merous continental extensional basins are best explained by the fault

growth models.

INTRODUCTION

Extensional basins provide perhaps the most
important record of the history of the stretch-
ing of the crust, for they contain structures that
were active during sedimentation and strata
that provide the necessary chronologic con-
straints for dating the structures. The geometry
of the basins themselves furnishes valuable
information on the mechanisms and amount of
extension. For example, roll-over of hanging
wall strata into basin-bounding faults tradi-
tionally has been used to infer the presence of
listric faults (Hamblin 1965) as well as to cal-
culate the depth to detachment and the amount
of horizontal extension (Verrall 1981). Fur-
thermore, listric faults that sole into sub-
horizontal detachments can accommodate much
greater amounts of horizontal extension above
the detachment than, for example, planar nor-
mal faults or one generation of domino-style

faults (Wernicke & Burchfiel 1982). Unfortunately,
by their very nature, extensional basins commonly
are buried beneath thick sequences of post-rift
strata or under meters of water. Thus, information
on the basins must be obtained by indirect means
and is therefore subject to a wide latitude of inter-
pretation.

This paper examines three end-member types of
extensional basin development: (1) the detachment
fault model consists of a listric fault that soles into
a sub-horizontal detachment or kink-style planar
fault/subhorizontal detachment complex; (2) dom-
ino-style or tilted-fault-block model; and (3) fault
growth models for planar normal faults resulting in
extensional basins that grow both in length and
width through time. Operating under some simple
assumptions related to the sedimentary infilling of
the basins, each model of extensional basin devel-
opment results in a diagnostic set of features of
stratal geometry (including onlap patterns) and
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stratigraphic successions in continental (non-
marine) extensional basins. These stratigraphic
features may therefore serve as an additional
constraint in unraveling the geometry of a ba-
sin, its evolutionary development, and the
mode and magnitude of extension. Given certain
stratigraphic relationships commonly observed
in numerous continental extensional basins of
various ages, the assumptions and general ap-
plicability of the three end-member models are
critically evaluated.

EXTENSIONAL BASIN MODELS

Detachment Fault Models

Detachment fault models of extensional basin
development have two end-member geometries
(Fig. 1A). The first involves listric normal
faults that gradually sole into sub-horizontal
detachments (Wernicke & Burchfiel 1982;
Gibbs 1983). In the second case the fault system
has a kinked geometry consisting of two planar
fault segments (Jackson 1987; Groshong 1989).
Under both end-member conditions, translation
on the sub-horizontal detachment results in po-
tential voids between the hanging wall and
footwall blocks, and collapse of the hanging
wall results in the formation of a half-graben.
The footwall block is assumed to remain pas-
sive during extension (Gibbs 1983; Groshong
1989). The geometry of the half-graben is gov-
erned by (1) the rules of equal-area balancing
(Gibbs 1983), (2) the geometry of the fault sys-
tem, and (3) the nature of the deformation in
the hanging wall, i.e., collapse along zones of
vertical shear, collapse along antithetic faults
of variable dip angles, and the relative
amounts of bedding-plane shear within the
hanging wall block (Gibbs 1983, 1984; White et
al. 1986; Williams & Vann 1987). In general,
half-graben become wider and less deep as the
dip angle of the antithetic faults along which
the hanging wall collapses decreases (Crews &
McGrew 1990). The dip angle of the border fault
and the depth to detachment also strongly in-
fluence the geometry of the basin: for the same
amount of net displacement on the horizontal
detachment, basins become narrower and deeper
as the dip of the basin-bounding fault and
depth to detachment increase (Morley 1989). In
the case of listric faults, a roll-over geometry
results in the hanging wall because of the in-
creasing size of the potential void between the
hanging wall and footwall blocks toward the
listric fault. For the ramp-flat geometry, a
flat-bottomed half-graben results because the
width of the potential void between the hang-
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ing wall and footwall blocks is constant over a con-
siderable portion of its length.

Given the equal-area balancing assumption, the
cross-sectional area of the hanging wall basin is
given by:

A=hd (1)
where his the net displacement on the horizontal
detachment and d is the depth of the detachment.
The rate of increase in the cross-sectional area of
the basin is constant (dA/dh = d), and the change
in the rate of area increase (d2A/dh2) is zero. This is
a feature unique to the detachment fault models.
The volume of the basin also changes similarly
(Fig. 1D) since uniform plane strain conditions pre-
vail (Gibbs 1983). The uniform plane-strain condi-
tion is most likely to be satisfied when the basin is
bounded laterally by vertical transfer faults (ter-
minology of Gibbs 1984).

Domino-Style Fault Block Model

In this model of extensional basin development,
first described by Emmons & Garrey (1910) for the
Basin and Range of the western United States, both
the faults and the blocks between the faults rotate
above a detachment horizon during extension. The
individual faults may be planar or listric, and the
detachment need not be horizontal (Wernicke &
Burchfiel 1982; Axen 1988). Under the simplest con-
ditions (uniform fault spacing, horizontal detach-
ment horizon) Thompson (1960) and Wernicke &
Burchfiel (1982) presented a relationship among
the amount of horizontal extension (f3), the initial
dip of the normal faults (¢j), the subsequent dip of
the faults (@), the dip of horizons that were ini-
tially horizontal (6), the original horizontal com-
ponent of fault spacing (F") and the subsequent
horizontal component of fault spacing (F) (Fig. 1B):

sn g,
sin{¢;-6)

sn(p+4
gn g
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(2)
The cross-sectional area of the triangular-shaped
half-graben is given by:

A=1lF %sino] "

Since the faults decrease in dip with continued ex-
tension, each increment of cross-sectional area is
smaller than the preceding one under conditions of
uniform extension, as can be verified by equation
(3). The domino fault block models are assumed to
be uniform plane strain; again, the simplest geo-
logical example is a basin bounded along-strike by
vertical transfer faults. Given the uniform plane
strain condition, the change in the rate of increase
in basin volume during uniform extension must be
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negative, i.e., the rate at which new basin vol-
ume is added must decrease during uniformly
increasing extension (Fig. 1D). Furthermore,
because of the rotation of the faults, there
comes a point when additional slip on very
low-angle normal faults becomes impossible
(Sibson 1985). A new generation of more
steeply-dipping domino-style normal faults
may then form. Multiple generations of domino-
style faults have been documented by Proffett
(1977) and Miller et al. (1983) in the Basin and
Range of Nevada. Further elaborations on the
domino-style model of extension are found in
Barr (1987), Mandl (1987), Axen (1988), and
Sclater & Célérier (1989).

Fault Growth Models

Studies of small normal faults in British coal
fields and larger normal faults in the North
Sea imaged on a closely-spaced grid of seismic
lines have shown that the displacement on
these faults is generally greatest at or near the
center of the fault and decreases to zero at its
ends (Barnett et al. 1987; Walsh & Watterson
1987, 1988, 1989; Gibson et al. 1989). Lateral
variations in fault displacement were also
measured on a normal fault in the Kenya rift
valley (Fig. 2A; Chapman et al. 1978) and fol-
lowing the 1959 Hebgen lake earthquake
(Fraser et al. 1964). Displacement of sedimen-
tary horizons by blind normal faults decreases
in a direction normal to the fault surface, both
in the hanging wall and the footwall, produc-
ing a reverse-drag geometry (Barnett et al.
1987; Gibson et al. 1989). In the hanging wall,
this reverse drag resembles “roll-over,” even
though it is associated with planar normal
faults. The reverse drag geometry is also pro-
duced for synsedimentary faults in which the
normal fault intersects the earth’s free surface
(Gibson et al. 1989). In this situation, however,
the absolute magnitude of hanging wall subsi-
dence is greater than footwall uplift. The roll-
over radius increases as the displacement in-
creases. Changes in elevation following the
1983 Borah Peak Earthquake in Idaho, showing
both hanging wall subsidence and a considera-
bly smaller footwall uplift (Stein & Barrientos
1985), are also consistent with transverse
variations in displacement (Fig. 2B).

When fault length (L) is plotted against
mean displacement (D) on a log-log plot, lin-
ear relationships are evident (Fig. 2C). Wat-
terson (1986), Walsh & Watterson (1987, 1988),
and Cowie & Scholz (1990) interpreted these
relationships in terms of fault growth: short
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faults with small maximum displacements grow
into longer faults with larger maximum displace-
ments. Watterson (1986) and Walsh & Watterson
(1987, 1988) grouped together all dip-slip faults
from a variety of tectonic settings and lithologies
and derived a universal scaling law of

L=cD%2 (4)
where D is the maximum fault displacement and C
is some constant of proportionality, primarily de-
pendent on rock properties. Cowie & Scholz (1990)
argued that length-displacement data fall into
discrete populations and are better interpreted in
terms of the scaling law

L=Dle (5)
where € is the linear strain and is dependent on rock
type and tectonic environment. Models employing
the first scaling law subsequently will be referred
to as fault growth model I; models using the second
scaling law will be known as fault growth model II.

Sedimentary basins bounded by normal faults
that obey either fault growth model are expected
to grow in length and width through time (Fig. 1C).
Schlische (1990b) noted that the early Mesozoic
half-graben basins of eastern North America ap-
pear to be deepest adjacent to the center of the bor-
der fault system and decrease in depth toward all
edges of the basin. The thicknesses of fixed-period
lacustrine cycles within the Newark basin vary in
a similar manner and may therefore act as a proxy
of variations in fault displacement (Schlische
1990a). The finite lengths of these basins or basin
complexes is also consistent with the notion of de-
creasing displacement toward the ends of the
faults. In the Basin and Range, the elevations of
the ranges [resulting from footwall uplift along the
range-bounding normal faults (Wernicke & Axen
1988)] may be a proxy of variations in fault dis-
placement. The ranges are, of course, of finite
length and generally are higher at their centers,
apparently in general agreement with the fault
growth models.

Gibson et al. (1989) used relationships of fault
growth model | to generate model half-graben. Spe-
cifically, the along-strike dimension of the basin is
given by the fault length L:

1
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where G is the shear modulus, Ac is the stress drop
after each seismic event, S is the increment by
which slip increases after each slip event (neces-
sary for the fault to grow and for the growth se-
guence to match the observational data), and D is
the maximum displacement given by
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1
D=>nin-13 @
where Nis the nth slip event (Walsh & Wat-
terson 1988). The total number of slip events
may be estimated by knowing or assuming the
total time of active faulting and the average
repeat time between slip events. The displace-
ment d at any point on the fault surface is given

by

2 212
= AR Ny _(r
a=mi-gyed W,
where Ris radius of the fault (L/2) and r is the
distance on the fault from the center of the

fault (after Gibson et al. 1989). Displacement
normal to the fault surface, d', is given by

d'=D|d58rRI -0.004r /R )} 9)
where r' is the distance from the fault meas-
ured normal to the fault and R’ is the roll-over
radius (after Gibson et al. 1989). The roll-over
radius is given by

dj2

R'= R D (10)
where R is the maximum roll-over radius,
taken by Gibson et al. (1989) to be equal to the
mean of the major and minor radii of the fault
surface ellipse. The ratio of the major to minor
radii of the ellipse typically ranges from 1.25
to 3 (Gibson et al. 1989).

The preceding equations assumed that the
normal faults were blind and consequently the
displacement of horizons was distributed
equally in the footwall and hanging wall
blocks. For non-vertical synsedimentary faults
(where the fault intersects the free surface of
the earth), there is an asymmetry between
hanging wall and footwall displacement of ho-
rizons, with the asymmetry increasing as the
fault dip decreases. The percent contribution of
hanging wall displacement is given by
HW = 110 - (2¢/3) (11)
where @ is the dip of the fault in degrees (Gib-
son et al. 1989). Maximum displacement is as-
sumed to occur at the free surface.

A necessary condition of the fault growth
model | of basin evolution is that the majority
of the displacement on the basin bounding fault
accumulates during the final time increments of
extension because the amount of slip is increas-
ing arithmetically from slip event to slip event
[equation (7)]. Gibson et al. (1989) infilled their
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model basins assuming that sedimentation always
kept up with subsidence. Therefore, with this con-
straint, the sedimentation rate must increase
through time, and younger strata will always pro-
gressively onlap pre-rift rocks of the hanging wall
block (Gibson et al. 1989). A corollary to this is that
the increment by which the cross-sectional area of
the basin increases after each uniform increment of
time itself must increase.

Using the scaling law of fault growth model Il1,
maximum fault displacement is given by

D=¢eL (12)
Maximum displacement may also be represented by
D=gn (13)

where ( is the displacement per slip event, and N is
the number of slip events. The duration of basin
formation is given by

T=tn (14)
where T is the time since the onset of active fault-
ing and t is the repeat time of slip events, which is
taken to be constant. Equations 8-11 of fault growth
model | are also used here to describe the displace-
ment of horizons measured on the fault surface (d),
the displacement of horizons measured normal to
the fault surface (d'), the roll-over radius (R'), and
percent contribution of the hanging wall to the to-
tal displacement (HW).

In addition to the different scaling laws used to
describe the relationship between maximum dis-
placement and fault length (equations 4 and 12),
the main difference between the two models rests
with the manner in which fault displacement ac-
cumulates through time if the repeat time of slip
events is uniform. Fault growth model | requires
that the maximum displacement per slip event in-
crease with time. Consequently, the model basins
start out shallow and exponentially deepen
through time. In fault growth model Il, the maxi-
mum displacement per slip event remains un-
changed through time, and the model basins line-
arly deepen through time. In fault growth model I,
the amount of slip per slip event is proportional to
the length of the fault. This may be reasonable dur-
ing the early stages of fault growth, when slip on
small faults ruptures the entire fault, yet is insuffi-
cient to relieve all of the accumulated stress; the
excess stress may then be used to fracture intact
rock, lengthening the fault. However, at some time,
when the fault has reached a critical length, the
rupture length and displacement per slip event must
become independent of the total length of the
fault—the basis for the second fault growth model.
Rupture events occurring near the ends of the fault
will still fracture unslipped rock, increasing the
length of the fault. Whichever model is operating,
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the change in the rate of volume increase is
positive (Fig. 1D).

In all three models of extensional basin de-
velopment discussed above, the width of the
basin (measured perpendicular to the basin-
bounding fault) naturally increases during fault
slip, and hence the volume of the basin con-
stantly increases. Under conditions of uniform
fault displacement, the change in the rate of
increase of the basin volume is zero in the case
of the areally-balanced detachment fault mod-
els. For the domino model, the change in the
rate of increase in basin volume is negative. In
the two fault growth models, the change in the
rate of increase in basin volume is positive.
Uniform plane strain conditions are assumed to
prevail in both the domino and detachment
fault models, and therefore the length of the
basin must remain fixed throughout its devel-
opment; that length may be considered the dis-
tance between two adjacent vertical transfer
faults. In contrast, the length of the basin in-
creases in the fault growth model. Based on the
stratigraphic constraints established below,
these significant differences among the models
lead to the development of distinctive stratal
geometries and stratigraphic successions.

STRATIGRAPHIC CONSTRAINTS
FOR NON-MARINE BASINS

As documented by Schlische & Olsen (1990)
and Lambiase (1991), numerous continental (ter-
restrial or non-marine) extensional basins (Ta-
ble 1) display all or part of a tripartite strati-
graphic sequence consisting of (1) a lowermost,
predominantly fluvial unit; (2) a middle, pre-
dominantly lacustrine interval, commonly con-
taining deep-water facies; and (3) an upper unit
consisting of shallow-water lacustrine strata
commonly overlain by predominantly fluvial
strata. Many half-graben also display onlap of
younger strata onto pre-rift rocks (Table 2; An-
derson et al. 1983; Leeder & Gawthorpe 1987;
Gibson et al. 1989; Schlische & Olsen 1990), in-
dicating that the depositional surface area was
progressively increasing through time as the
basin filled.

In non-marine extensional basins, there are
two fundamentally different depositional set-
tings that have tectonostratigraphic signifi-
cance (Schlische & Olsen 1990). In the first case
the volume of sediment available to fill the
basin during a specific interval of time (known
subsequently as the volumetric sedimentation
rate) exceeds the capacity of the basin. The
basin can therefore always fill to its lowest
outlet, with both excess sediment and water
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leaving the basin through its lowest-elevation out-
let. The predominant depositional environment con-
sists of through-flowing streams, although other
fluvial systems will be present along the margins of
the basin, and some minor, local ponding of water
may occur. Under this depositional regime, sedi-
mentation rate (the thickness of sediment depos-
ited during a given increment of time) is equal to
the prevailing subsidence rate (amount of vertical
motion during a given increment of time). This de-
positional regime will subsequently be referred to
as fluvial.

In the second case the volumetric sedimentation
rate is less than the rate at which the basin creates
new space for sediment as a result of continued ex-
tension and/or an increase in elevation of the outlet
of the basin (perhaps a consequence of damming by
lava flows). The basin is therefore sediment
starved: all sediment that enters the basin remains
in the basin. If the inflow rate of water is greater
than the evaporation and groundwater discharge
rates, then a lake can occupy the space between the
depositional surface and the lowest outlet. Depend-
ing on the volume of water available, the basin
may be hydrologically open (some water flows out)
or closed [all water that flows into the basin leaves
only by evaporation or seepage (Smoot 1985)]. La-
custrine sedimentation predominates, although
fluvial and deltaic sedimentation may be common
around the margins of the lake, particularly during
low lake levels driven by climatic fluctuations
(e.g., Olsen 1986). Sedimentation rate always will
be less than the subsidence rate. This depositional
regime subsequently will be known as lacustrine.

Given that fluvial deposition, which requires
only a slope and a supply of sediment, is the most
common depositional regime in a continental set-
ting, it is not surprising that the basal deposits in
many rift basins are fluvial. As discussed above,
lacustrine deposition requires special conditions. In
a half-graben basin, the fluvial-lacustrine transi-
tion might occur as a consequence of decreasing the
volume of sediment entering the basin per unit time
or increasing the capacity of the basin, perhaps as
a result of some tectonic event (Lambiase 1991). In
contrast, Schlische & Olsen (1990) argued that the
tripartite stratigraphy and hanging wall onlap
relationships might simply reflect the infilling of
a basin that is growing in size through time. Even if
the volumetric sedimentation rate is constant, ini-
tial fluvial sedimentation will eventually give
way to lacustrine sedimentation, reflecting the
critical moment when the available supply of
sediment no longer can completely fill the growing
basin and a lake could occupy the space between the
depositional surface area and the outlet of the ba-
sin. Eventually, as basin subsidence waned near the
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end of the extensional period, the basin could
fill to its lowest outlet, and fluvial sedimenta-
tion could return. A critical constraint on the
extensional basin evolution and filling models
presented below will be the necessary condi-
tions (if any) under which the tripartite strati-
graphic architecture and the hanging wall on-
lap patterns develop.

Sedimentation rates are generally difficult to
determine in most continental strata, given the
uncertainties in age control. However, in the
Newark basin of eastern North America,
Schlische & Olsen (1990) used the thicknesses
of fixed-period Milankovitch cycles to calcu-
late sedimentation rates in lacustrine strata.
Although the data, which were collected from
different localities in an asymmetric basin, ex-
hibited some scatter, Schlische & Olsen noted a
general decrease in sedimentation rates after
the onset of lacustrine sedimentation in Triassic
strata, followed by a five-fold increase in lat-
est Triassic and Early Jurassic strata, followed
once again by a decrease. Similar patterns are
observed in other early Mesozoic basins of east-
ern North America. In the subsequent filling
models, particular attention will be paid to
temporal variations in sedimentation rates.

Before attempting to reproduce these strati-
graphic features in the three end-member mod-
els of extensional basin development, it is best
to define some simple terms. Synrift strata are
specifically those strata that accumulated in
the fault-bounded basin while the faults were
active, in contrast to post-rift strata, which
accumulated after fault-controlled subsidence
(generally during regional thermal subsidence)
and which may have accumulated within the
topographic basin but probably accumulated
over a much wider area. The pre-
rift—sediment contact marks the boundary be-
tween pre-rift rocks and synrift strata; it gener-
ally is not equivalent to the breakup
unconformity, which commonly is present be-
tween synrift and post-rift strata. In the three
extensional basin models described in this pa-
per, the pre-rift—sediment contact is always
assumed to be horizontal before the start of ex-
tension. Onlap, as defined here, is a variety of
stratigraphic termination in which synrift
stratal units terminate against pre-rift rocks
and/or more hingeward (i.e., away from the
basin boundary fault in the hanging wall block)
than previously deposited synrift strata.
Pinchout refers to the termination of a given
synrift stratal wedge against the previously
deposited synrift stratal wedge. A fanning
wedge is a form of stratigraphic termination in
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which all stratigraphic horizons converge at the
same point (in two dimensions) or the same line (in
three dimensions).

CONTINENTAL HALF-GRABEN
FILLING MODELS

In this section the consequences of filling exten-
sional basins with sediments during their develop-
ment for each of three end-member types of basins
are explored. In each instance a given amount of
fault displacement results in basin subsidence. Pre-
vious basin filling models assumed that the basin
would be completely and instantaneously infilled
following each increment of subsidence (Gibson et
al. 1989; Crews & McGrew 1990); given the strati-
graphic arguments presented in the previous sec-
tion, this would correspond to perennial fluvial
sedimentation, but only in a terrestrial setting. Barr
(1987) presented filling models for marine half-
graben, assuming that the basins always filled to
sea level. The approach taken here is similar to
that espoused by Schlische & Olsen (1990) for con-
tinental full-graben: the half-graben is only filled
with the volume of sediment available per unit
time (volumetric sedimentation rate). If the se-
lected volume of sediment exceeds the capacity of
the basin, fluvial sediments are deposited; other-
wise lacustrine sediments accumulate. For the uni-
form plane strain linked fault and domino models,
every cross section of the basin drawn perpendicular
to the border fault has the same cross-sectional
area, and therefore the cross-sectional equivalent
of a volumetric sedimentation rate can be used. Pre-
viously deposited synrift strata are deformed dur-
ing each subsequent increment of extension by pre-
serving their cross-sectional areas, although bed
lengths in the case of the linked fault and fault
growth models must necessarily increase. The fill-
ing process is then repeated, again using the same
available volume of sediment. Although a uniform
sediment-supply rate may be unreasonable, particu-
larly over very short time intervals, this approach
was chosen for simplicity and to highlight the in-
herent tectonic differences among the three models.
In all cases the stages of extensional basin evolution
are shown for uniformly-spaced time increments (5
M.yr.). Although this approach is again geologi-
cally unreasonable, it nevertheless does illustrate
in a convenient format the same general features
that are produced if the increments of extension and
filling are much smaller. For simplicity, the effects
of erosion or sediment compaction are not consid-
ered. The elevation of the outlet of the basin
(taken to be the elevation of the earth’s surface
prior to extension) is assumed to remain fixed with
respect to the same surface in an adjacent region not
affected by extension. Because fluvial deposits
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commonly form the basal sequences in numerous
continental extensional basins, the models
shown in Figs 3-7 emphasize the case of initial
fluvial sedimentation, although, for the sake
of completeness, the effects of initial lacustrine
sedimentation are also shown in some cases.
Although volumetric sedimentation rate or its
cross-sectional equivalent are held constant in
all of the models illustrated, the qualitative
effects of varying the sediment supply are also
discussed below. Special attention is paid to
resulting stratal geometry, transitions between
fluvial and lacustrine sedimentation, and
sedimentation rates.

Detachment Fault Models
The results of filling half-graben that formed
under the assumptions of the detachment fault
model are shown for a listric border fault in Fig.
3 and for a planar border fault in Fig. 4. In all
cases illustrated, the hanging wall collapsed
along antithetic faults dipping at 60°.
Following the first increment of fault dis-
placement in Fig. 3B, the volume of the half-
graben is less than the available volume of
sediment, and the half-graben filled com-
pletely with fluvial sediment. Sedimentation
rates progressively decrease toward the hinge
of the basin and precisely mimic the subsidence
rates. Since the second increment of displace-
ment is equal to the first, area balance dictates
that the newly created volume of the half-
graben be equal to that of the first increment.
Since the volumetric sedimentation rate is con-
stant, the basin again completely fills with
fluvial sediments. Notice that the younger
wedge of sediments pinches out against the
older wedge. This is because the footwall, the
basin-bounding fault, and the depocenter of the
basin remain fixed during extension, but the
hinge of the basin migrates away from the ba-
sin-bounding fault. This pattern of fluvial
sedimentation and pinchout of younger strata
against older strata would continue as long as
the displacement rate was uniform. As shown in
the third increment of displacement in Fig. 3B,
however, a doubling of the amount of displace-
ment also doubles the incremental volume of
the basin, which now exceeds the volume of
sediments available. Lacustrine deposition oc-
curs. Note that (1) the lacustrine wedge of
sediment pinches against older fluvial strata,
(2) the maximum sedimentation rate in the la-
custrine wedge is higher than the maxima of
the two older fluvial wedges, and (3) the depo-
sitional surface area of the lacustrine wedge is
less than for the fluvial wedges, requiring a
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higher transverse gradient in sedimentation rates.
Given initial fluvial sedimentation, lacustrine
sedimentation can only occur if there is an increase
in the extension rate and/or if the volumetric sedi-
mentation rate decreases.

Figure 3C records the filling of an extensional ba-
sin under conditions of accelerating fault displace-
ment rates (to better facilitate comparisons with
fault growth model I). The chosen volumetric sedi-
mentation rate results in fluvial sedimentation fol-
lowing the first two increments of displacement.
After the third increment, the basin is of such a size
that lacustrine sedimentation occurs. In general,
under conditions of accelerated extension, younger
units consistently pinch out against older units, the
maximum sedimentation rate in younger units is
higher than in older units, and a transition from
fluvial to lacustrine is predicted if extension con-
tinues long enough and if the effects of accelerated
displacement overcome the effects of any increase
in the volumetric sedimentation rate.

In the case illustrated in Fig. 3D, the volume of
sediments is less than the capacity of the basin, the
basin is sediment starved, and lacustrine sedimen-
tation occurs from the outset. Under uniform fault
displacement rates and constant volumetric sedi-
mentation rate, lacustrine sedimentation continues,
the basin becomes progressively more sediment
starved, and the gap between the outlet of the ba-
sin and the depositional surface progressively in-
creases. As a consequence, maximum sedimentation
rates in successively younger lacustrine units in-
crease, and the depositional surfaces decrease in
area. As shown in the last stage of Fig. 3D, a de-
crease in the displacement rate permits the young-
est strata, which are fluvial, to onlap pre-rift
rocks; the maximum sedimentation rate shows a
decrease compared to the previous stratigraphic
wedge. A decrease in the displacement rate or a
cessation of extension altogether is therefore the
likely explanation of why fluvial strata cap many
stratigraphic sequences in continental extensional
basins (Schlische & Olsen 1990).

The filling model shown in Fig. 4 for a kinked
linked fault system is virtually identical to the
listric fault case illustrated in Fig. 3B. Younger flu-
vial strata pinch out against older fluvial strata,
and the transition from fluvial to lacustrine deposi-
tion is possible only following an increase in the
displacement rate or a decrease in the available
volume of sediment. The major difference between
these two models is in the variation in sedimenta-
tion rates within a sedimentary wedge. In the case
of the listric basin-bounding fault, sedimentation
rates progressively increase from the hinge of the
basin toward the border fault. Because a flat-
bottomed graben develops in the case of a planar
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basin-bounding fault, sedimentation rates at
the time of deposition are constant over a large
region. Because of hanging wall deformation
during continued extension, considerable thin-
ning occurs within the stratal wedge. Its effect
is to make stratal thicknesses and consequently
sedimentation rates even more uniform
throughout the wedge.

Domino-Style Fault Block Model

Filling models for domino-style half-graben
are shown in Fig. 5. In the first case considered
(Fig. 5B), the volume of the basin is less than
the available volume of sediment, resulting in
fluvial sedimentation with excess sediment
leaving the basin. After the next uniform in-
crement of extension, the available volume of
the basin is even less than the preceding one,
and fluvial sedimentation must continue. Note
that the maximum sedimentation rate of the
younger fluvial wedge is less than in the pre-
ceding wedge. Furthermore, fluvial deposits
define a fanning wedge geometry with all
stratal horizons converging at the same line.
This is because both the basin-bounding faults
and the intervening fault blocks all rotate dur-
ing extension, and the edge of the basin is de-
fined by the position of the next normal fault
during fluvial sedimentation. As shown in last
stage of Fig. 5B, lacustrine sedimentation occurs
because of an increase in the extension rate. The
lacustrine wedge pinches out against previ-
ously-deposited fluvial strata. The fluvial-
lacustrine transition may also be occasioned by
a decrease in the volumetric sedimentation
rate. Figure 5C illustrates the effects of accel-
erated extension on basin filling. The pattern is
nearly identical to that of Fig. 5B except that
the maximum sedimentation rate progressively
increases in younger sedimentary wedges.

The filling history shown in Fig. 5D is for
uniform extension and initially results in a
sediment-starved basin and lacustrine deposi-
tion. The stratal wedges onlap pre-rift rocks.
Because the volume of space created after each
increment of extension is decreasing through
time, the basin progressively becomes less
sediment starved, the depositional surface area
decreases, the maximum sedimentation rate
decreases, and younger strata continue to onlap
pre-rift rocks. As shown in the last stage of Fig.
5D, the negative change in the rate of volume
increase results in a basin in which the supply
of sediment exceeds the capacity of the basin,
causing fluvial sedimentation. In this fluvial
wedge, the maximum sedimentation rate is less
than in all underlying units. If extension were to
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continue at the same rate and with the same volu-
metric sedimentation rate, the fluvial deposits
would form a fanning wedge.

Fault Growth Models

An application of fault growth model | to an evolv-
ing extensional basin is illustrated in Fig. 6A. The
following parameters are used: final maximum dis-
placement, D = 15,625 m; duration of active faulting
, T =25 M.yr.; repeat time of slip events, 5000 yr;
shear modulus, G = 3.0 x 1010 Pa; stress drop, AC =

3.0x 10 Pa; ratio of major and minor radii of fault
surface ellipse, 2; and dip of the fault, ¢ = 60°. The
shear modulus, stress drop, fault ellipse ratio are
average values suggested by Walsh and Watterson
(1987) and Gibson et al. (1989). The total number of
slip events (N = 4000) is obvious and used in equation
(7) to determine the increment by which slip in-
creases from seismic event to another , S=1.25 mm.
Using these parameters equation (6) calculates the
length of the fault zone as a function of maximum
displacement, equation (8) determines how dis-
placement varies with along-strike distance from
the fault center, equations (9) and (10) describe how
displacement varies normal to the fault surface,
and equation (11) calculates the percentage contri-
bution of hanging wall displacement. In all cases
synsedimentary faulting is assumed (maximum dis-
placement occurs at the originally horizontal free
surface at the initiation of faulting), and thus all
the calculated displacements are for the pre-
rift—sediment contact. The displacement of the
pre-rift—sediment contact in the hanging wall
block (hanging wall subsidence) are then contoured
and are shown for time increments of 5 M.yr. in Fig.
6A. Displacement of the same contact in the foot-
wall block (footwall uplift) is not shown.

The filling of the evolving half-graben also re-
quires elaboration. Sediments are only added after
each of the 5-M.yr.-long time increments. Other-
wise the thicknesses of sediment deposited after
each of the slip events would have been impossibly
small to represent and would have resulted in 4000
stratal horizons. One can therefore think of the
approach used in this paper as a lumping of indi-
vidual stratal horizons into 5-M.yr.-long time
equivalents. The available volume of sediment per
5-M.yr.-long time increment, 360 km3, chosen to
yield a fluvial-lacustrine transition at T = 10
M.yr., is iteratively fitted to the basin. Volume
balancing is achieved by dividing the basin into a
number of boxes of fixed width (17.2 km). Cross-
sectional areas are calculated for transects through
the center-line of each box and converted into vol-
umes by multiplying them by the width of the
boxes. The sum of all the boxes shown and multi-
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plied by 2 approximates the total volume of
the sediments. Of course, as the width of the
boxes is reduced to infinitely small, the true
volume is approached as a limit.

Figure 6A shows the mapped distribution of
the youngest sediments for each time increment,
and Fig. 6B presents all of the cross sections
used in the volume-balanced filling process.
Following the first 5 M.yr., the available vol-
ume of sediments vastly overwhelms the capac-
ity of the basin by almost a factor of 10 to 1;
fluvial sedimentation results. At 10 M.yr. after
the start of subsidence, the new capacity of the
basin matches the volume of available sedi-
ments; nonetheless, the basin still fills to its
lowest outlet with fluvial sediments. This
younger wedge of fluvial sediments everywhere
onlaps pre-rift rocks. Lacustrine strata fill the
sediment-starved basin at 15 M.yr. after the
onset of subsidence. Although the along-strike
dimension of this sedimentary wedge is ap-
proximately the same as for the underlying
unit, the transverse dimension is considerably
smaller, requiring that the maximum thickness
of the wedge to increase over that of the pre-
ceding wedge. The lacustrine wedge pinches out
against the underlying fluvial strata (cross sec-
tions a3 and b3, Fig. 5B). A second lacustrine
wedge is deposited at 20 M.yr.; it pinches out
against the underlying lacustrine unit in cross
section a4 but onlaps the younger of the fluvial
wedges in cross section b4. The lacustrine wedge
deposited at T=25 M.yr. onlaps fluvial strata in
cross sections a5 and b5 but onlaps prerift rocks
in cross section C5. Because subsidence is concen-
trated toward the end of its active history, the
basin becomes progressively more and more
sediment-starved. In the “5-series” of cross sec-
tions the effects of filling the sediment-starved
basin (volume-balanced) after the cessation of
active faulting are explored. The two sedimen-
tary wedges are both lacustrine and are both
wider than the last synrift wedge. They onlap
older synrift deposits in cross sections a5 and b5
and onlap pre-rift rocks in cross section c5.
There is no change in dip angle between these
two youngest stratal wedges.

In the two fluvial wedges, the sedimentation
rates (thickness/time) are everywhere equal to
the incremental subsidence rates. Sedimenta-
tion rates decrease toward the lateral edges
and toward the hanging wall hinge of the ba-
sin. The maximum sedimentation rate in each
fluvial wedge increases in progressively
younger strata. In progressively younger synrift
lacustrine strata, the maximum sedimentation
rate is constant or decreases slightly at the cen-
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ter of the basin and increases slightly in those cross
sections located closer to the lateral edge of the
basin. Within a given lacustrine wedge, sedimenta-
tion rates generally increase toward the fault at
the center of the fault trace. The post-rift lacus-
trine units deposited after fault displacement
ceased record a decrease in maximum sedimentation
rate because their depositional surface areas in-
crease through time, and thus the thickness of
sediment deposited per unit time decreases. These
post-rift strata may be recognized by the large map
region over which the sedimentation rate is con-
stant within a stratal wedge. This is because these
units were deposited over much of their extent on a
flat-surface (the undeformed upper surface of the
last synrift unit).

The case for initial lacustrine sedimentation
seems trivial. The basin would be sediment starved
from the outset. Because the rate of subsidence in-
creases throughout the active life of the basin, the
almost negligible amount of sediment available
(assuming a constant supply)—in effect—would be
concentrated at the bottom of a very deep hole.
Given the unlikelihood of this scenario coupled
with the slow start to subsidence in the beginning of
its extensional history and the resultant small ca-
pacity for accepting sediment, fault growth model |
of basin evolution almost requires that the initial
deposits of a basin be fluvial.

Figure 7 shows the evolutionary and filling his-
tory of an extensional basin governed by fault
growth model Il. The following parameters are
used: final maximum displacement, D = 12,500 m;
final fault length, L = 175,000 m; linear strain, €=
0.07; total duration of extension, T = 25 Myr; amount
of slip per slip event, d =1 m; and repeat time for
slip events, t = 2000 years. As in the other fault
growth model, the basin is shown after increments
of 5 M.yr. The hanging wall block displacement of
an originally horizontal surface is shown by the
isodisplacement contours in Fig. 7A. Stratal wedges
are also shown for 5 M.yr. increments. Approximate
volume balancing, using a volumetric sedimentation
rate of 650 km3/5 M.yr. (designed to yield a flu-
vial-lacustrine transition at T =10 M.yr.), is again
approximately achieved through the equal subdi-
vision of the basin into boxes of width of 17.5 km;
cross sections through the center of each box are
shown in Fig. 7B.

After the first 5 M.yr. of fault displacement, the
available volume of sediments exceeds the capac-
ity of the basin, and therefore fluvial sedimenta-
tion results. These fluvial strata everywhere onlap
pre-rift rocks. At 10 M.yr. after the start of subsi-
dence, the volume of the basin precisely matches
the available volume of sediments. Fluvial sedi-
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mentation is again the result, and these strata
again everywhere onlap pre-rift rocks. Lacus-
trine strata fill the basin 15 M.yr. after the ini-
tiation of subsidence. These strata pinch out
against the underlying fluvial strata. Lacus-
trine sedimentation continues following the
next two increment of displacement and basin
filling. These stratal wedges pinchout against
older lacustrine strata in cross sections a4 and
a5, onlap fluvial strata in cross sections b4 and
b5, and onlap pre-rift rocks in cross sections c4
and cb.

As in the first fault growth model, sedimen-
tation rates in fluvial strata equal the incre-
mental subsidence rates. Sedimentation rates
generally decrease in all directions from center
of the basin immediately adjacent to the border
fault. Maximum sedimentation rate in younger
fluvial wedges is constant, for the maximum
incremental subsidence rate is also constant.
However, this maximum sedimentation rate is
only found at the center of the basin. In all
other parts of the basin, sedimentation rates in
younger fluvial strata should increase through
time. For example, notice that the sedimenta-
tion rates in the first fluvial wedge at the posi-
tion of the “a-series” of cross sections is consid-
erably less than for the second fluvial wedge,
despite the fact that the fault displacement
rate is uniform. This can be explained as fol-
lows. For T =5 M.yr., cross section al is located
midway between the center of the basin and its
lateral termination. Thus the subsidence at this
position is approximately one-half of the
maximum subsidence at the center of the basin.
For T = 10 M.yr., cross section a2 is located twice
as far from the edge of the basin as it is from
the center of the basin. Thus, for this position
fixed relative to the center of the basin, the
subsidence rate increases through time, even
though the maximum subsidence rate at the
center of the basin is uniform. Note that these
variations in sedimentation rate are only possi-
ble in fluvial strata, where the supply of sedi-
ment exceeds the capacity of the basin.

Lacustrine strata in all cross sections show a
decrease in maximum sedimentation rates up-
section because the depositional surface area
increases through time. Fault growth model |
only exhibited this trend in the a-series of cross
sections. Sedimentation rates within a lacus-
trine wedge increase toward the border fault at
the center of the basin.

As for fault growth model I, the case of ini-
tial lacustrine sedimentation is somewhat triv-
ial. Progressively younger lacustrine strata
will onlap pre-rift rocks and show a progres-
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sive decrease in maximum sedimentation rates, but
all sediment will be deposited at the bottom of a
very sediment-starved basin.

SUMMARY AND DISCUSSION
All three end-member models of extensional basin
development discussed in this paper are inherently
different. The domino fault block and linked fault
system models are uniform plane strain and involve
no along-strike changes through their evolution;
the fault growth models provide for the along-
strike dimension of the basin to increase. For a con-
stant displacement rate or uniform extension, the
change in the rate at which the basin volume in-
creases from one time increment to the next is zero
for the detachment fault model, negative for the
domino fault block model, and positive for fault
growth model Il. Fault growth model |—as pre-
sented here—involves an increasing displacement
rate through time, which also translates into a
positive change in the rate of increase in basin vol-
ume. Transitions from fluvial to lacustrine transi-
tion in the detachment fault and domino fault block
models require either an increase in the displace-
ment or extension rate and/or a decrease in the
available volume of sediment. The fault growth
models provide a natural transition from fluvial to
lacustrine deposition because of the positive change
in the rate of increase in basin capacity, although
the timing of this transition may be hastened or
postponed by decreasing or increasing, respectively,
the sediment supply. Prior to this modeling, flu-
vial-lacustrine transitions were seen as a response
to accelerated subsidence and/or decreasing sedi-
ment supply (e.g., Lambiase 1991). The fault
growth models have shown that the transition may
simply be produced in a basin which the change in
the rate of increase in basin capacity is positive.

Each half-graben model also produces its own
unique suites of stratal geometries. The detachment
fault model generally is characterized by pinchout
of younger stratal units against older synrift strata,
with the exception of the oldest stratal wedge,
which rests directly on pre-rift rocks. This pattern
applies to both fluvial and lacustrine strata. In the
domino fault block model fluvial strata define a
fanning wedge geometry, and younger lacustrine
strata pinchout against older fluvial strata. In a
basin in which only lacustrine strata are found,
these units onlap pre-rift rocks. The fault growth
models result in fluvial strata that progressively
onlap pre-rift rocks and lacustrine strata that
pinch out against or onlap syn-rift rocks in the cen-
ter of the basin and onlap pre-rift rocks at its lat-
eral edges.

No particular half-graben model can explain all
the major stratigraphic transitions exhibited in the
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tripartite stratigraphy and the hanging wall
onlap features observed in many continental
extensional basins (Tables 1 and 2). However,
fault growth models come closest. These models
are particularly successful in explaining hang-
ing wall onlap patterns in the fluvial sequence
and the transition from fluvial to lacustrine
sedimentation. These models also predict some
hanging wall onlap for lacustrine strata in some
parts of the basin. They do not specifically
predict a portion of the third element of the
tripartite  stratigraphy (fluvial deposits).
These sequences may be generated during filling
of the sediment-starved basin after subsidence
has stopped or slowed considerably and the
basin has filled to its lowest outlet.

Fault growth model 11, with its uniform dis-
placement rate, appears to best explain the
general decrease in sedimentation rates in suc-
cessively younger Triassic lacustrine strata of
the Newark basin of eastern North America
(Schlische & Olsen 1990). An increase in the
displacement rate (see results of fault growth
model 1) may account for the pronouced increase
in sedimentation rates in latest Triassic and
Early Jurassic strata. As discussed by Schlische
& Olsen (1990), this increase in displacement
rates shortly preceeded a widespread but
shortlived igneous extrusion and intrusion event
in eastern North America. The subsequent de-
cline in sedimentation rates in Jurassic lacus-
trine strata may reflect a return to a more uni-
form or decelerating displacement rates.

In addition to explaining most features of the
stratigraphic development and stratal geome-
try of continental extensional basins, the fault
growth models are also superior in explaining
the source of sediment for extensional basins.
Based on the physiography of the East African
rift system, Lambiase (1991) concluded that
sediment is derived principally from the hang-
ing wall block, which slopes toward the depo-
sitional basin, and from rivers flowing down
the axis of the rift system. Only a minor compo-
nent of sediment is derived from the footwall
block, which slopes away from the rift basin
due to footwall uplift. Rivers flowing down the
slope of the footwall may eventually enter the
basin at its lateral ends, where there is no
footwall uplift, and contribute to the axial
source of sediments. Schlische (1990a) noted
that the provenance of sediment within the
Mesozoic Newark basin of eastern North Amer-
ica supports a similar conclusion. The fault
growth models specifically predict a hanging
wall that slopes toward the basin and a foot-
wall that slopes away from the basin, a geome-
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try identical to that following a single seismic
event (Fig. 2B; Stein and Barrientos 1985). The
flexural-cantilever model of Kusznir et al. (1991),
in which the hanging wall and footwall blocks
flexurally/isostatically respond to displacement on
planar normal faults, produces a similar geometry.
It should be noted that, for any given basin situated
between domino-style fault blocks, the hanging
wall also slopes toward the basin and the footwall
away from the basin. The footwall of the basin-
bounding fault does not slope away from the basin
in the linked fault system model because the foot-
wall is assumed to be passive, although this is a
problem with the model and not necessarily with
detachment faults per se.

Neither the domino fault block nor the detach-
ment fault filling model generates strata that on-
lap pre-rift rocks during initial fluvial sedimenta-
tion nor in any lacustrine strata deposited after the
accumulation of fluvial strata. Both models are
capable of generating the transition from fluvial to
lacustrine transition but only through changes in
the displacement or extension rate and/or the
volumetric sedimentation rate. Distinguishing be-
tween these two mechanisms is difficult, but
changes in the displacement rate may be recognized
if data on the attitude of strata coupled with chro-
nostratigraphic information are available. Since
strata progressively increase in dip during exten-
sion in all models except the detachment fault
model involving a kinked fault geometry (compare
Figs 3, 5, 6B, and 7B with Fig. 4), changes in differ-
ential dip between groups of beds representing ap-
proximately equal durations of time should indi-
cate a change in the extension rate. The modeling
also indicates a general increase in maximum sedi-
mentation rate associated with an increase in the
displacement or extension rate.

Although the detachment fault model and the
domino fault block model are inadequate in ex-
plaining some features commonly observed in exten-
sional basins, they should not be summarily aban-
doned. Particularly for the domino model, there are
some well-documented examples in the geologic
record (e.g., Proffett 1977). However, given their
drawbacks and questionable assumptions (notably
uniform plane strain), care should be taken when
invoking them. The domino model should only be
used [for example, in estimating the amount of ex-
tension; equation (2)] in areas where the following
key features are present: (1) numerous normal faults
dip in the same direction and by the same amount ;
(2) strata in adjacent (and presumably genetically-
related basins) have similar dips, and/Zor (3) basins
show a fanning-wedge geometry. Because the
change in the rate of volume increase is negative,
domino-style basins should contain predominantly
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fluvial deposits. The detachment fault model,
in my opinion, has been particularly overap-
plied and therefore should only be invoked in
cases where both the basin bounding fault and
the detachment are known to exist. The infer-
ence of a listric normal fault is not sufficient in
invoking this model because: (1) roll-over ge-
ometry, commonly attributed to listric faults
(Hamblin 1965; Wernicke & Burchfiel 1982;
Gibbs 1983, 1984) can also be generated by pla-
nar normal faults (Gibson et al. 1989; see also
Fig. 2B and the flexural-cantilever models of
Kusznir et al. 1991) and (2) improperly mi-
grated seismic lines may give the appearance
of kinked or listric geometry (Unger 1988).
Nonetheless, some of the features of the fault
growth models can be incorporated into the vet-
eran domino and linked fault system models
(e.g., Walsh & Watterson 1991).

Given the lessons of the variable fault dis-
placement model, it is also clear that care
should be taken in constructing balanced cross
sections, for it is unlikely that uniform plane
strain conditions prevail on the scale of a single
extensional basin. It remains to be seen if uni-
form plane strain is a reasonably good ap-
proximation for a region containing numerous
basins that subsided coevally, i.e., where a de-
crease in subsidence in one basin is taken up in
another basin parallel to it. The results pre-
sented in this paper also suggest that two-
dimensional forward stratigraphic modeling
has limited applicability.

Finally, care should be taken in interpreting
very specific results of the basin filling models
presented here because: (1) the effects of com-
paction and erosion of previously deposited
sediments were not considered, (2) fluvial de-
posits were not allowed to aggrade above the
outlet level of the basin, (3) the displacement
and filling increments in all models were unre-
alistically large, and (4) the isostatic conse-
guences of sediment loading were not consid-
ered. Future basin filling models should seek to
remedy these deficiencies and should be tested
against a growing body of fine-scale strati-
graphic data for continental extensional basins
(e.g., Olsen & Kent 1990). Nonetheless, the
simplifying assumptions used in the models
presented here should not detract from the
main thrust of this paper—that there are in-
herent tectonic differences among the three
end-member models, which vyield different
stratal geometries and successions in model ba-
sins. Although these filling models are clearly
not appropriate in predicting bed-scale strati-
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graphy, they are useful in understanding, if not
predicting, basin-scale stratigraphy.
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Table 1. Stratigraphy of continental extensional basins. Summarized from Schlische & Olsen (1990) and
Lambiase (1990).

Basin Location Age Stratigraphic Succession
Keweenawan USA/Canada Precambrian Fluvial lacustrine fluvial
Morondava Madagascar Permian-Triassic ~ Fluvio-deltaic deep lacustrine fluvio-deltaic fluvial
Mombasa Kenya Permian-Triassic ~ Lacustrine fluvio-deltaic
Deep River Eastern USA Triassic Fluvial lacustrine fluvial
Dan River Eastern USA Triassic Fluvial deep lacustrine shallow lacustrine/fluvial
Richmond Eastern USA Triassic Fluvial deep lacustrine shallow lacustrine fluvial
Culpeper! Eastern USA Triassic-Jurassic ~ Fluvial lacustrine fluvio-lacustrine; deep lacustrine
Gettysburg Eastern USA Triassic-Jurassic ~ Fluvial lacustrine
Newark! Eastern USA Triassic-Jurassic ~ Fluvial deep lacustrine shallow lacustrine/fluvial;
deep lacustrine shallow lacustrine
Hartford/Deerfield Eastern USA Triassic-Jurassic ~ Fluvial deep lacustrine shallow lacustrine fluvial
Fundy! Eastern Canada  Triassic-Jurassic ~ Fluvial lacustrine shallow lacustrine;
deep lacustrine shallow lacustrine
Reconcavo Brazil Cretaceous Deep lacustrine deltaic fluvial
West African! Gabon/Angola Cretaceous Fluvial deep lacustrine deltaic;
shallow lacustrine deltaic
Sudan! Southern Sudan  Cretaceous Fluvio-lacustrine deep lacustrine fluvial;
lacustrine deltaic fluvial
Central Sumatra  Sumatra Paleogene Shallow lacustrine deep lacustrine fluvio-deltaic

IIndicates basin that experienced multiple tectonic cycles (dual-cycle basins of Lambiase 1990)

Table 2. Basins in which progressively younger synrift strata onlap pre-rift rocks of the hanging wall

block. Summarized from Schlische & Olsen (1990).

Basin Location Age

Richmond Eastern USA Triassic

Newark Eastern USA Triassic-Jurassic
Atlantis Offshoreeastern USA  Triassic-Jurassic?
Long Isand Offshoreeastern USA  Early Mesozoic
Nantucket Offshore eastern USA  Early Mesozoic
Fundy Eastern Canada Triassic-Jdurassic
Hopedde Labrador Margin Mesozoic
Saglek Labrador Margin Mesozoic

North Viking North Sea Mesozoic
Tanganyika East Africa Cenozoic

Dixie Valley Western USA Cenozoic
Northern Fallon  Western USA Cenozoic
Diamond Valey  Western USA Cenozoic
Railroad Valley Western USA Cenozoic

Great Salt Lake ~ Western USA Cenozoic
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FIG. 1: Three models of extensional basin development. (A) Linked fault system model involves two end
members: (1) listric fault-subhorizontal detachment and (2) planar kink fault geometry. In both instances
horizontal displacement (h) on the detachment fault creates a potential void between the hanging wall and
footwall, which is erased by the collapse of the hanging wall along vertical faults in (1) and antithetic faults
dipping at 45 in (2). The deformation is area balanced. Adapted from Gibbs (1983) and Groshong (1989). (B)
Domino fault block model in which both the faults and the intervening fault blocks rotate during extension. ¢, is
the initial dip angle of the faults; ¢ is the dip after extension; 8 is the dip of a horizon that was horizontal before
extension; F' is the initial fault spacing; F is the fault spacing after extension. Adapted from Wernicke &
Burchfiel (1982). (C) Essential elements of the fault growth model (modified from Gibson et al 1989). The ruled
"ellipse" is the map view of a normal fault in which displacement is greatest at the fault center and decreases to
zero at the ends. Contours represent the elevation change (positive for dotted contours, negative for solid
contours) of the originally horizontal free surface. Note that the footwall uplift is smaller than the hanging wall
subsidence. L is the length of the fault, R is the radius of the fault (L/2), T is fault motion toward the reader, A is
away. (D) Graph of cumulative basin volume vs. horizontal component of fault displacement for the models
presented in this paper. The change in the rate of increase in basin volume is zero for the detachment fault
model, negative for the domino model, and positive for the two fault growth models.




