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ABSTRACT

The rate of sediment influx to a basin exerts a first-order control on stratal architecture.
Despite its importance, however, little is known about how sediment flux varies as a function
of morphotectonic processes in the source terrain, such as fold and thrust growth, variations in
bedrock lithology, drainage pattern changes and temporary sediment storage in intermontane
basins. In this study, these factors are explored with a mathematical model of topographic
evolution which couples fluvial erosion with fold and thrust kinematics. The modetl is
calibrated by comparing predicted topographic relief with relief measured from a DEM of the
Central Zagros Mountains fold belt. The sediment-flux curve produced by the Zagros fold belt
simulation shows a delay between the onset of uplift and the ensuing sediment flux response.
This delay is a combination of the natural response time of the geomorphic system and a time
lag associated with filling, and then subsequently uplifting and re-eroding, the proximal part of
the basin. Because deformation typically propagates toward the foreland, the latter time lag
may be common to many ancient foreland basins. Model resulis further suggest that the
response time of the bedrock fluvial system is a function of rock resistance, of the width of the
region subject to uplift and erosion, and, assuining a nonlinear dependence of fluvial erosion
upon channel gradient, of uplift rate. The geomorphic response time for the calibrated Zagros
model is on the order of a few million years, which is commensurate with, or somewhat larger
than, typical recurrence intervals for episodes of thrusting. However, model experiments also
highlight the potential for significant variations in both geomorphic response tirne and in
sediment flux as a function of varying rock resistance. Given a reasonable erodibility contrast
between resistant and erodible lithologies, model sediment flux curves show significant
sediment flux variations that are related solely to changes in rock resistance as the outcrop
pattern changes. An additional control on sediment flux to a basin is drainage diversion in
response to folding or thrusting, which can produce major shifts in the location and magnitude
of sediment source points. Finally, these models illustrate the potential for a significant
mismatch between tectonic events and sediment influx to 2 basin in cases where sediment is
temporarily ponded in an intermontane basin and later remobilized.

INTRODUCTION

The least well studied control on stratal architecture in
sedimentary basins is the rate of sediment influx. While
numerous studies have documented the roles of sea level
(e.gz. Kendall & Lerche, 1988; Posamentier ¢ af., 1988;
Cant, 1989; Posamentier & Allen, 1993a,b) and subsid-
ence {e.g. Jordan & Flemings, 1991; Devlin ez al., 1993;
Steckler er /., 1993; Williams & Dobb, 1993; Cant &
Stockmal, 1994) in producing stratigraphic sequences,
most researchers, for want of more information, have
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considered sediment flux as a knob to be turned at will.
Only recently has the role of sediment flux been examined
in any detail (Christie-Blick, 1991; Slingerland & Zhang,
1991; Jervey, 1992; Heller et al., 1993; Schlager, 1993;
Slingerland et afl., 1993; Steckler e «l, 1993), and
numerous questions remain. What is the functional
relationship between the volume of sediment delivered
o a basin and such independent variables in the source
terrain as relief and climate? To what extent are variations
in sediment influx produced by morphotectonic processes
in the source terrain, such as (1) the episodic growth and
geomorphic decay of individual structures, (2) exposure
of lithologies of varying resistance to erosion, (3) changes
in drainage basin size and geometry (for example by
stream capture) and (4) temporary sediment storage in
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intermontane basins? And more generally, what is the
shape of a sediment yield curve through time in response
to a period of deformation in a typical fold and thrust
belt? Only by answering these questions can we properly
interpret the sedimentary record contained in foreland
basins.

Here we use a mathematical model of landscape evol-
ution to investigate the roles of fold growth, lithological
variations and drainage network rearrangement in moder-
ating the sediment influx to a foreland basin from a fold
and thrust belt. As a case study, we consider the Zagros
Mountains of south-western Iran, a young and presently
active fold and thrust belt. The Zagros are an especially
interesting case because they are quite young (~5 Ma;
Berberian & King, 1981) and because erosion has
unroofed a relatvely uniform (laterally) succession of
marine to paralic strata. These two characteristics allow
a fairly straightforward tectonic and stratigraphic recon-
struction, By combining a fluvial erosion model with
tectonic reconstructions of fold development in the
Zagros, and by calibrating the resulting model based on
the modern topographic relief of the orogen, it is possible
to examine the time-evolving geomorphic and sedimen-
tary response to foreland fold development. In addition,
this paper also considers the more general case of a
foreland subject to intermittent thrusting.

LANDSCAPE EVOLUTION MODEL

The model employed in this study is a variant of
GOLEM (Tucker & Slingerland, 1994; Tucker, 1996), a
landscape evolution model that computes the passage of
water and sediment across a planform finite-difference
grid (Fig. 1). The elevation of each grid cell represents
the elevation of a primary stream channel embedded
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Fig. 1. Modecl representation of topography and drainage. Each
maodel cell has dimensions Ax by Ax and consists of one or
more lithologies capped by a variably thick sediment cover.
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within the cell {in the manner of Howard et al., 1994),
and the drainage area for each point on the grid is
computed using a steepest-descent flow accumulation
algorithm (Tucker & Slingerland, 1994). Channel dis-
charge is modelled as the integral of the precipitation
rate over the upstream contributing area at each point.
Because precipitation is herein assumed to be uniform in
space, this implies that

Q=PA (D

where @ is a long-term effective channel discharge, P is
precipitation rate and A4 is upstream drainage area.

Bedrock channels

Two types of fluvial channel may occur in the model:
bedrock channels and alluvial channels (Howard, 1980,
1987). The former are assumed to occur wherever a
stream’s capacity to entrain and transport particles
exceeds the locally available sediment supply. The latter
occur where the converse is true. Bedrock channels can
be expected to be the dominant channel type in mountain-
ous topography. The incision rate of bedrock channels is
here modelled as a power function of channel gradient,
S, and discharge, Q, according to

Ok, o

o = S 2
where f is time and /4, represents the elevation of the
channel bed relative to a datum within the underlying
rock column that moves up or down according to the
rate of tectonic uplift or subsidence, U(x, y, 1) (Howard
et al., 1994). There are only 2 handful of studies that
bear on the choice of parameters k,, m and #; these are
reviewed by Howard et al. (1994) and will be only briefly
summarized here.

In a study of bedrock streams in the Oregon Coast
Ranges, Seidl & Dietrich (1992) demonstrated that the
product of channel gradient and drainage area at tributary
junctions is roughly the same for tributaries and trunk
streams. If one assumes that long-term effective channel
discharge varies linearly with drainage area, this implies
that

—=1 (3)

This finding is consistent with the hypothesis that chan-
nel incision rate varies as a function of stream power, or
the discharge-slope product with m=z=1 (Seid! &
Dietrich, 1992; Seidl et «l., 1994). Alternatively, based
on studies of bedrock channel incision in badlands,
Howard & Kerby (1983) and Howard (1994) suggested
that in some cases the channel incision rate may vary in
proportion to bed shear stress, T, according to

Ok,

— = —k1 4
P {4)
where £, is a proportionality constant that reflects the
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efficiency of channel erosion for a given shear stress. Bed
shear stress can be related to channel gradient and
discharge by considering the following relationships:

1= pgRS steady, uniform flow (5)
Rz=d wide channels {6)
O =VWd continunity of mass (7

8gRS . .
V= T I’ Arcy—Weisbach equation (8)

where p is water density, g is gravitational acceleration,
R is hydraulic radius, 4 is channel depth, W is channel
width, I 1s mean flow velocity and f is a dimensionless
friction factor (Yalin, 1977). Combining Eqs (5)—(8) gives

S A
T= 2 W 8273, (9

The width of natural channels commonly varies as a
function of discharge according to

W=kQ"~ (10)

where £, and m, are constants, and m,, is typically = 0.5
(Yalin, 1992). Combining Eqs {4), (9} and (10), and

assuming », = 0.5, we have

ch
a_z: = _kal/JSZIB (11)
and
pg?/3 113
b=k, (W . (12)

Model calibration studies based on topographic relief and
slope—area relationships in the Central Zagros (Tucker,
1996) suggest that the exponents in Eq. (11) are more
appropriate than the stream power exponents of Eq. (3)
for this region, and therefore Eq. (11} is adopted in
this study.

In order to rationalize the dimensions of the constant
ks in Eq. (11), the equation can be reformulated in terms
of an ‘erosional velocity’, £,, and a characteristic channel
discharge, (., as

ohy oy .
= =k (g) S, (13)

For the purposes of this study, Q. represents the maxi-
mum potential channel discharge, equal to the total area
of the model grid times the assumed precipitated rate;
the values of m and = are 1/3 and 2/3, respectively, as
derived above.

Alluvial channels

Alluvial channels are assumed to occur wherever the
local sediment supply equals or exceeds the transport
capacity. In fold and thrust belts like the Zagros, such
channels are most common in intermontane basins where
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a decrease in channel gradient leads to aggradation.
Treatment of sediment transport capacity in the model
is based on the Bagnold (1966) bed-load transport for-
mula, as modified by Bridge & Dominic (1984):

Wa,
= 172
{(c—pip’g
where 0, is the volumetric total bed load transport rate,
T is bed shear stress, 7, is the critical shear stress for
entrainment of sediment particles, g is gravitational accel-
eration, o is sediment bulk density, # is channel width

and &, is 2 dimensionless constant. If 1> 1., this reduces
to

0 (s =) =) 14

a W
=1
(c—p)p%g

Substituting Eq. (10} for. ¥ and Eq. (9) for 1, we find
that

Qx 3/2. (1 5)

0. =kQS (16)
where

_ap Yaki
kf—mz(c_p). (an

Of these, only f varies appreciably along a channel; for
simplicity, it is held constant here. For alluvial channels,
continuity of mass implies that the rate of change of
channel clevation, in the absence of tectonic uplift or
subsidence, is proportional to downstream changes in the
discharge—slope product:

oh, Ep 305

& W oF (18)

where ¥ denotes distance along a channel.

Hillslope processes

The rate at which sediment is delivered to a channel
network from hillslopes and first-order channels is largely
a function of processes that operate on too fine a scale to
be explicitly treated at the scale of interest in this study.
In regions of high relief, and particularly in arid settings
like the Zagros Mountains, slope transport is often
dominated by mass-wasting processes such as debris
flows and landsliding. In such settings, slopes are typically
maintained at or near 4 threshold failure angle (Carson
& Pelty, 1970; Carson & Kirkby, 1972; Moon & Selby,
1983), and therefore respond very rapidly to changes in
base level along a trunk stream. These characteristics
allow for the simple assumption that the average elevation
of hillsides within a 1-km? grid cell moves up or down
through time at the same rate as the channel that is
explicttly modelled.

Channel transitions

In the model, a transition from a bedrock channel to an
alluvial channel will occur wherever the total available
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sediment supply (defined as the supply from upstream
plus any locally stored sediment) equals or exceeds the
transport capacity, which is given by Eq.(16).
Conversely, a transition from an alluvial channel to a
bedrock channel will occur wherever the total sediment
supply drops below the stream’s carrying capacity, for
instance where a stream exits a piggyback basin and
crosses an emergent fold or thrust. The interaction
between these two channel types gives rise to a third
transitional category, analogous to the ‘mixed bedrock—
alluvial’ category defined by Howard ¢r a/. (1994). This
third channel type occurs where a stream is only slightly
below its carrying capacity, so that the amount of incision
is limited to that amount which produces just enough
sediment to satisfy the carrying capacity. Another way
to say this is that the channel gradient cannot drop below
the minimum gradient required to transport the imposed
sediment supply. In terms of longitudinal profile evol-
ution, these rmixed bedrock—alluvial channels in the model
behave in exactly the same manner as alluvial channels,
because in both cases the sediment transport rate is the
limiting variable.

INITIAL AND BOUNDARY CONDITIONS

In order to keep the model experiments grounded in a
real geological example, the initial and boundary con-
ditions are based on the tectonics of the Zagros Mountains
fold and thrust belt, The Zagros Mountains are part of
the Alpine—Himalayan orogenic system (Fig. 2). The
orogen can be divided into three structural zones: an
inner crystalline zone of overthrusting, an imbricated
belt and a zone of folding often referred to as the Simply
Folded Belt (Falcon, 1969) (Fig. 3). The inner portion of
the orogen has been subject to intermittent deformation
extending at least as far back as the late Palaeozoic
{Berberian & King, 1981). By contrast, the modern fold
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Fig. 2. Shaded relief image of
topography in the Zagros and adjoining
regions. MZRF: Main Zagros reverse
fault; HZRF: High Zagros reverse faulr;
ZF: inner Zagros foreland basin; AP:
Arabian platform and outer foreland
basin; CIOMB,; Central Iranian
cphiclite-melange belts. Topography is
from ET'OPO5 5-arc-minute global
clevation data set published by the
National Geophysical Data Center.
Tectonic zones are from Berberian &
King (1981).

Fig. 3. Structural zones and transverse drainage of the Zagros
Mountains. Modified from Oberlander (1965) and Falcon
(1974).

and thrust belt (comprising the imbricate zone and the
Simply Folded Belt) was a relatively quiescent region of
sediment accumulation until the latest episode of shorten-
ing and uplift began in the late Miocene or early Pliocene
{James & Wynd, 1965; Falcon, 1974; Berberian & King,
1981). Stratigraphic and geomorphic evidence indicates
that deformation has propagated from north-east to
south-west through time (Oberlander, 1965; Falcon, 1974;
Berberian & King, 1981; Mann & Vita-Finzi, 1988) and
continues to the present day. The exact timing of the
onset of the most recent period of deformation, which

© 1996 Blackwell Science Lud, Basin Research, 8, 329-349
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Fig. 4. Space shuttle photograph looking south-cast across the southern Zagros Mountains and the Persian Gulf, toward the

Straight of Hormuz. Photograph courtesy of NASA.

apparently extends throughout much of Iran, is not well
constrained. Berberian & King (1981) estimated that
deformation began about 5 Ma, which coincides with the
start of a second phase of extension along the Red Sea
and Gulf of Aden. If the width of the fold belt
(100-200 km) 1s divided by the duration of folding
(5 Myr), the average rate of mountain front advance is
between 20 and 40 mm yr~1.*

Compression within the fold belt is manifested by a
series of large, doubly plunging folds that verge to the
south-west (Fig. 4). Fold wavelengths are on the order
of 10 km with amplitudes of up to 2-3 km (Colman-Sadd,
1978; Mann & Vita-Finzi, 1988). As the folds are eroded,
their physiography is controlled by variations in the
resistance of different sedimentary strata. The regional

* Mann & Vita-Finzi (1988) used the same approach to estimate
a mountain front advance rate, but assumed that deformation
began 12 million years ago and so arrived at a value of
17 mm yr~ . For the purposes of this study, the exact value
does not matter because the various tectonic parameters are all
scaled to the duration of folding.

© 1996 Blackwell Science Ltd, Basin Research, 8, 329--349

stratigraphy in the fold belt can be divided into four
physiographically effective units (excluding post-Miocene
synorogenic sediments) (Fig. 3). From youngest to oldest,
these are: (1) erodible evaporites, shales and marls of the
Miocene Gachsaran Formation; (2) the highly resistant
Oligocene Asmari Limestone, which forms hogbacks
around cored folds; (3) a series of erodible late Cretaceous
through Eocene flysch deposits, which form valleys where
exposed; and (4) a thick sequence of resistant Mesozoic
carbonates. As folds are exhumed, variations in the
resistance of these strata produce topography charac-
terized by large anticlinal domes (where unbreached
Asmari-shelled anticlines protrude from Miocene evapor-
ites), by elliptical Asmari hogbacks encircling breached
anticlines and, where exhumation has been greatest, by
rugged topography sculpted from Mesozoic carbonates
in the inner cores of the anticlines (Oberlander, 1965)
(Fig. 4).

Sediment is eroded from the Zagros orogen by a series
of transverse streams that either join the longitudinal
Tigris—Euphrates river system or flow directly into the
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Persian Gulf (Fig. 3). Unfortunately, a detailed record of
late Tertiary to Quaternary sediment delivered to the
foreland basin does not presently exist. Plio-Pleistocene
synorogenic gravels do, however, show a pronounced
late (?} Pleistocene unconformity of regional extent
(James & Wynd, 1965; Oberlander, 1965).

In the model, a 42-cell by 82-cell grid with 1-km? cells
is used to represent an idealized subset of the Simply
Folded Belt (Fig. 6, inset). The south-western edge of
the grid is maintained at a constant zero elevation. The
south-east and north-west boundaries are periodic (that
is, they are connected to one another). The north-east
boundary is closed to any flow of water and sediment,
and represents the edge of the Thrust Zone. Although a
number of the transverse streams crossing the Simply
Folded Belt actually have their headwaters within the
Thrust Zone, for the sake of computaticnal simplicity
the presence of such through-going drainage is not
accounted for in this study. Results from other model
expertments not reported in this study {Tucker, 1996)
indicate that the closed-boundary assumption does not
significantly alter the outcome of the models, nor does it
change the conclusions that are drawn from them. The
initial topography for the experiments consists of a planar
surface sloping gently (1 mkm™!) to the south-west.
Small random perturbations ( +0-2 m)} are superimposed
on this initial surface. The initial stratigraphy consists of
four units with differing erodibility (Fig. 6), where erod-
ibility refers to resistance to bedrock channel erosion and
is represented by the parameter £, in Eq. (13). The
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SMESOZOIC

Fig. 5. Generalized stratigraphic
column for the Zagros Simply Folded
Belt, with the Cretaceous through
Miocene interval grouped into four
units according to their relative
resistance to erosion. Modified from

i Colman-Sadd (1978).

Model Stratigraphy

MIOCENE SECTION (Weak)
1500 m

ASMARI LIMESTONE (Resistant)
300m

CRETACEQUS-EOCENE FLYSCH

N (Weak}
GRID 1000 m
ORIENTATICN
CENOMANIAN AND EARLIER

CARBONATES (Resistant)
(effectively infinite thickness)

Fig. 6. Stratigraphic column uscd as an initial condition in the
Zagros fold belt simulation. Inset: the orientation of the model

grid.

stratigraphic units are: (1) a 1500-m-thick erodible unit
corresponding to the evaporites and marls of the Miocene
Gachsaran Formation; (2) a 300-m-thick resistant unit,
corresponding to the Oligocene Asmari Limestone; (3) a
1000-m-thick weak unit corresponding to Campanian
through Eocene flysch (Pabdeh and Gurpi Formations);
and (4) a resistant unit of effectively infinite thickness,
corresponding to Cretaceous carbonates of the Bangestan
group (James & Wynd, 1965). The erodibility of units

© 1996 Blackwell Science Ltd, Basin Research, 8, 329-349



(a)

'mnrrﬁ'l'l'?'fl"fl'rllrﬁf,' ),

iy i

i
lj

30 mm/yr

(b)

T mmm,"'
T ""”‘I"'
urmrﬂm.ll' i
Iy

!

'l
fm"

mm' n

T i,
Jn'f‘;'mnumﬂh'#f

ity nm

yr I e
T

rff:mrrﬂﬂurllﬁuﬁ"#,"ln'l'm
m: iy '",a,r.

4125}
urnrnrn,-

Fig. 7. Uplift function used in the Zagros model experiments.
See text for explanation.

{1) and (3), and units (2) and (4), respectively, is assumed
to be the same.

To simulate Zagros-style fold tectonics, the initial
topography is deformed using the uplift function shown
in Fig. 7. Two types of uplift are represented: broad-
wavelength regional uplift and, superimposed on this,
sinusoidal folding. The presence of broad regional uplift
in the Simply Folded Belt is inferred from geological
cross-sections, which indicate that the Fold Zone has
experienced more rock uplift than can be accounted for
by folding of the Palacozoic sedimentary section alone
(Falcon, 1950; British Petroleum Co., 1956, as reproduced
in Oberlander, 1965). If the Asmari Limestone is taken
as a datum, these cross-sections indicate several thousand
metres of uplift relative to the adjacent foreland basin,
over and above the uplift on individual anticlines. Gravity
modelling (Bird, 1978) and geological evidence (Haynes
& McQuillan, 1974) suggest that this additional uplift
reflects crustal thickening in a wedge-shaped collision
zone accommodated by convergence along blind basement
thrusts (Berberian, 1993), as well as a component of
isostatic uplift. Because isostatic uplift and subsidence
are presumed to be incorporated into the uplift function
described below, dynamic flexural isostasy is not com-
puted in this model.

To simulate regional uplift resulting from crustal
thickening, and the south-westward propagation of defor-

© 1996 Blackwell Science Lxd, Basin Research, 8, 329-349
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mation, that portion of the model grid that lies north-
cast of a ‘mountain front’ is subjected to uniform uplift
at a rate U, here set equal to 1 mm yr™! {Falcon, 1969).
The mountain front migrates south-westward at a rate
of 30 mm yr~! (the average of estimates discussed above)
until it reaches the south-western model boundary, at
which point the entire grid is subject to uniform uplift.
This produces the wedge-shaped background uplift
geomerry illustrated in Fig. 7. Superimposed on regional
uplift are four sinusoidal folds growing in sequence from
north-east to south-west (Fig. 7). Fold amplitude, wave-
length and peak uplift rate are based on estimates for the
Zagros folds (Oberlander, 1965; Colman-Sadd, 1978;
Mann & Vita-Finzi, 1988). The positions and timing of
the four folds were chosen from a series of simulations
in which these parameters were selected at random, with
the constraint that the south-westward propagation rate
of folding approximarely equals the estimated mountain
front advance rate of 30 mm yr~ "

Given the uncertainty in the timing of events in the
Zagros foreland, the tectonic reconstruction that is
described by these boundary conditions is but one of a
number of possible scenarios. The purpose of adopting
these boundary conditions is not to test a particular
tectonic scenario, but rather to provide a set of geologi-
cally reasonable conditions as a starting point for model-
ling. Although the details of the behaviour of the
simulations that follow do vary depending upon the
choice of tectonic parameters (such as the fold amplitude),
the conclusions drawn from the model results do not
depend on any one particular tectonic scenario or on any
particular set of initial conditions.

MODEL CALIBRATION

The model has three geomorphic parameters which must
be calibrated: the erodibility of resistant rocks, £,,, and
of weak rocks, k,, (both used in Eq. 13}, and the efficiency
of sediment transport, & (used in Eq. 18). For the case
of an active fold and thrust belt, the most reasonable
mode] solutions are those in which the fluvial system is
dominated over the long term by bedrock channels, with
alluvial channels restricted to structural depressions. In
this case, topographic relief is primarily controlled by
the dimensionless ratio of tectonic uplift rate to bedrock
channel incision efficiency U/k,, with the sediment
transport capacity parameter £ being a second-order
modification. Thus only the two lithologically dependent
parameters £, and k,, need be considered here.

Few studies have attempted to quantify variations in
rock resistance to stream incision. Hack (1973a,b) investi-
gated lithological controls on bedrock river profiles in
the humid-temperate southern Appalachian highlands.
Lithologically controlled gradient variations for some of
these streams are listed in Table 1. Along adjacent stream
reaches overlying significantly different lithologies, stream
gradients vary by anything from a factor of two or three
to a factor of nearly 50. Assuming that the downcutting
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Table 1. Gradient ratios for adjacent or nearby stream reaches on rocks of varying resistance to channel erosion for selected
streams in the central Appalachians. Slopes were computed from the stream gradient indices measured by Hack (1973b).

Ratic  Ratio}

River Resistant lithology Weaker lithology S* Sut Se/Sw k. /k,. Notes
French Broad  granite and massive gneiss sheared biotite gneiss 43 045 95 48 downstream increase
French Broad  granite and massive gneiss carbonates (Knox Group) 43 059 73 4.0 downstream decrease
Cartecay— Low-grade metamorphic ~ carbonates and clastic 11.0 023 478 15.0 downstream decrease

Coosawatece— rocks (Great Smoky sedimentary rocks

Oostanaula group)
New River Resistant sandstone shale and siltstone (Mauch 2.2 074 2.9 2.1 downstream increase

(Pottsville fm) Chunk fm)

* §e = channel gradient on resistant lithology (m km™!). 18, = channel gradient on weaker lithology (mkm™!), } Computed from Eq.(19),

assuming n=2/3.

rates are equal for adjacent reaches and that discharge
varies little between these reaches, the gradient ratios can
be related to the rock erodibility ratio by

& — (ﬁ) (19)
kvr SW

where S; and Sy are the gradients on resistant and
weaker lithologies, respectively, and # is the exponent in
Eq. (13). Although the gradient ratios on these humid-
temperature streams are not directly applicable to arid
settings in which carbonates act as the resistant caprocks,
they do provide a general guide to the degree of natural
variation in erodibility in a landscape where lithology is
important in shaping topography. It is likely that in arid
regions such as the Zagros, where lithology clearly exerts
a first-order control con landforms, rock erodibility vari-
ations are at least as large as those observed in humid-
temperate environments such as the Appalachians.

In the absence of better constraints on rock erodibility,
a 10-fold contrast between erodible and resistant litho-
logies is herein assumed (that is, &, /&, = 10). Models
using lower values of k,,/k,, fail to reproduce the
characteristic erosional topography of the Zagros Simply
Folded Belt, whereas models that assume a 10-fold or
higher contrast do a good job of reproducing the elliptical
hogbacks and centripetal or axial fold valleys that are so
common in the Zagros landscape (Oberlander, 1965)
(Fig. 4).

The absolute values of the parameters £, and &, are
calibrated by comparing predicted and observed topo-
graphic relief (Fig. 8). Several runs were computed in
which only &, and %, were varied. The topographic
relief after 5 Myr of simulation time was then compared
to the observed relief (Fig. 8). Given the lithological and
tectonic boundary conditions described above (Table 2},
and assuming k,,/k,, = 10, values of &, less than about
0.07 m yr™! (for erodible rocks) and 0.007 myr™! (for
resistant ones) produce excessively high relief, while
values much greater than 0.4 and 0.04 m yr ™, respect-
ively, produce significantly lower relief than is observed.
Consequently, values of &, =002myr™! and &,=
0.2 m yr™ ! are used in the experiments described below.
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RESULTS AND DISCUSSION
Morphotectonic evolution

The first simulation of the Zagros fold and thrust belt
represents a scenario in which folds grow serially from
north-east to south-west at a rate of 30 mmyr™! (the
average mountain front advance rate discussed above),
with a maximum fold crest uplift rate of 1 cm yr™!. Once
fold growth has ceased, the landscape remains subject to
uniform uplift at a rate of 1 mm yr~! due to crustal
thickening at depth, while the south-western boundary
elevation remains fized.

As uplift and folding commence, a series of parallel
streams form in the lowlands ahead of and between the
rising folds (Fig. 9a). (Note that for clarity only the larger
streams are sketched in Fig. 9; in the model, every grid
cell contains a channel) Debris transported from the
rising highlands by low-order streams (not shown)
accumulates in an alluvial apron immediately basinward
of the mountain front, with deposition also occurring in
the syncline between the two folds (Fig. %a). Mesozoic
carbonates are exposed in the core of the oldest fold,
while erosion has not yet stripped the younger fold of
its Miocene cover (Fig.9a). As the mountain front
migrates, new folds arise and the drainage pattern adjusts
accordingly (Fig. 9b). (Drainage adjustment and the
mechanics of water gap formation in these simulations
will be the subject of a separate, forthcoming report.)
Sediment previously deposited is remobilized and trans-
ported further into the basin; at this point, significant
synorogenic deposits occur in only a few structural lows.
Because of the large fold amplitude in this experiment,
the resistant Asmari Limestone carapace is quickly pen-
etrated along the anticlinal crests, exposing the underlying
strata to eroston (Fig. 9b). This produces topography
characterized by resistant hogbacks rimming the inner
anticlinal cores (albeit discontinuously in this example as
a result of the model’s coarse resolution).

As uplift continues, the drainage networks adjust to
the structure and lithologies by forming a trellis drainage
pattern (Fig. 9c). Streams begin to exploit the erodible
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Table 2, Model parameter values for Experiment 1.

Description Parameter Value

MODEL DOMAIN

Grid size — 42 by 82
cells
Cell width Ax 1 km
SURFACE PROCESSES
Bedrock channel erosion rate E, k (Q/Q*)2807
Erodibility of a weak lithology 4., 0.23myr™!
Erodibility of a resistant lithology &, 0.023myr™!
Sediment transport efficiency &y 0.1
Effective precipitation rate P lmyr~!
TECTONIC PARAMETERS
Background uplift rate U, I mmyr™!
Mountain front advance rate v, 003myr™!
Number of folds — 4
Fold wavelength A 10 km
Fold length along strike A, 75 km
Maximum fold Amplitude o 2500 m
Fold crest uplift rate U, 0.0l myr™!
Fold lgcations*
Fold #1 — (37,53)
Fold #2 — (22,40)
Fold #3 — (15,13)
Fold #4 — (3,30
Onset of foldingt
Fold #1 Iy 160 kyr
Fold #2 . 590 kyr
Fold #3 Iy 870 kyr
Fold #4 ey 1100 kyr
INITIAL CONDITIONS
Initial surface slope — lmkm™!
Amplitude of random elevation A#, +2Zm
variations
Thickness of uppermost T 1500 m
lithology (weak)
Thickness of ‘Asmari Limestone’ T, 300 m
(resistant}
Thickness of ‘flysch’ horizon T 1000 m
(weak)
Thickness of ‘Mesozoic’ section T o0
(resistant)

*Given in kilometres from the left edge and bottom edge of
the grid, respectively. 1+ Time at which fold uplift begins, in
model years from the start of the simularion.

flysch where it is exposed between the outer Asmari
hogbacks and the inner fold cores. By this point, pre-
viously deposited synorogenic sediments have been com-
pletely stripped from the landscape. Stream erosion has
also stripped off the Miocene marls and evaporites within
most of the valleys, exposing the underlying resistant
Asmari Limestone (Fig. 9¢).

With further uplift and exhumation, the drainage
network continues to adjust to the changing outcrop
pattern (Fig. 9d). Sediment accumulations are negligible,
except for a few discontinuous patches. The Asmari
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Limestone unit has been stripped off of the landscape,
with isolated remnants forming synclinal hills (Fig. 9d).

Sediment flux evolution

Figure 10 gives the sediment flux curve produced by this
morphotectonic evolution. Sediment flux grows mono-
tonically with time, following the tectonic uplift curve
but lagged by about 400000 years. Ar 1.2 Myr, the
sediment flux has reached a maximum, now lagging only
~200000 years behind the time of maximum average
uplift rate. Sediment flux from the fold and thrust belt
now declines, not only because fold growth has stopped,
but also because of increasingly widespread exposure of
resistant rocks. The small reversal on the falling limb of
the first peak results from a temporary acceleration in
erosion as the erodible flysch unit is exposed in the core
of the outermost fold. Stripping of the resistant Asmari
Limestone is associated with a second peak in sediment
supply (Fig. 10). Finally, with the removal of most of
the flysch, the sediment supply is once again diminished.
It begins to rise again as continuing uplift increases the
topographic relief, which produces an increase in denu-
dation rate. The sediment outflux would eventually come
into equilibrium with the tectonic mass influx rate if the
simulation were continued.

The sediment flux variations shown in Fig, 10 arise
primarily from variations in tectonic uplift rate and in
rock resistance. The first peak in sediment supply results
from the initial pulse of uplift associated with outward
expansion of the mountain front and rapid fold growth.
The curve resembles typical sediment yield curves seen
in experimental data and in natural settings at a variety
of scales (Schumm & Rea, 1995}, and shows only a small
lag and attenuation of the sedimentary response to this
initial uplift. In the example of Fig. 10, the presence of
a thick (1500-m) succession of erodible strata at the onset
of uplift allows for a rapid sedimentary response to the
imposed tectonic uplift. Such an initially rapid response
may in fact be a common feature of the early collisional
phase of orogens, where erodible trench sediments are
thrust upward to form a subaerial mountain range.
Exactly how rapid such a response might be depends on
the geomorphic respense time, which in turn is a function
of rock erodibility, climate and (possibly) uplift rate. The
geomorphic response time is crucial because it determines
the degree to which sediment pulses resulting from
episodic uplift will be attenuated — the longer the response
time, the greater the attenuation (cf. Kooi & Beaumont,
1996). If the response time were much longer than the
time scale of tectonic forcing, the uplift signal would be
strongly attenuated and episodic thrusting {for example)
would not show up in the stratigraphic record. On the
other hand, if the geomorphic time scale were less than
or commensurate with the time scale of tectonic forcing,
then episodic uplift would be much more likely to be
recorded in a basin. Episodic uplift would be maost
strongly recorded in proximal terrestrial or nearshore
deposits (Shanley & McCabe, 1994).
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Fig. 8. Relief for three different model
experiments (lines) compared with
observed relief in the Central Zagros
Mountains (symbols). Relief was
computed from a 1 km digital elevation
model (DEM) of the Central Zagros
region, and represents the mean
elevation difference between points
spaced a given distance interval apart.
The highest relief in the Central Zagros
occurs in the Bakhtiari Mountains
(diamonds), and the lowest relief occurs
in the Luristan Fold Basin to the north-
west (triangles) (Fig. 2). (A discussion
of the various structural provinces in
the Central Zagros is given by
Oberlander, 1965.) Curves for the
models represent the topographic relief
after 5 Myr of simulation time, which is
equivalent to 5 km of background
tectonic uplift. Values listed for £,
represent values for the resistant (&,,)
and erodible (£,,} lithologies,
respectively. Of the three simulations
pictured, only the middle one falls

Distance Interval {km)

Results from simple one-dimensional model experi-
ments suggest that for a landscape dominated by bedrock-
floored channels, assuming that the effective precipitation
rate is constant, the time required to reach equilibrium
with a given rate of uplift will be proportional to the
rock erodibility, £,, the width of the uplifted region, L,
and the uplift rate, {/, according to

Uium=nyg

T:! oC ks,l/")

(20)
where # is the exponent on the slope term in Eq. (13).
The response time for models calibrated against the
Zagros relief data can be interpreted in light of this
relationship. Using the calibrated values of &, (Fig. 8),
geomorphic response times (defined as the time required
to reach 90% of the equilibrium sediment flux) are on
the order of 0.1-0.15 Myr for the erodible lithologies,
and 3—4 Myr for the resistant ones, assuming a constant
uplift rate of 1 mm yr~!. By comparison, the interval
berween episodes of activity on thrusts documented in
the western Himalaya by Burbank & Raynolds (1988) is
on the order of 1-3 Myr. (Unfortunately, to the best of
the authors’ knowledge a similar study has not been done
for the Zagros folds and thrusts.} Thus, the calibrated
values for a 40-km-wide model suggest geomorphic
response times for resistant lithologies that are roughly
commensurate with, or slightly longer than, the timing
of thrusting in at least one orogenic belt. Because the
response time also scales with the width of the uplifted
region, narrower thrusts should show a faster response
and thus be more susceptible to producing discrete pulses
of sediment in an associated basin.
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comfortably within the range of
observed topographic relief.

The delay between the onset of uplift and the ensuing
sediment pulse in the model results in part from tempor-
ary sediment storage in an alluvial apron immediately
basinward of the expanding mountain front (Fig. 9).
Sediment accumulates in this mountain front alluvial
plain until the stream slopes become large enough to
transport material derived from the rising highlands all
the way cut to the fixed base level, which in this case
could represent either a shoreline or a major structural
boundary, such as the Zagros Mountain Front blind
thrust fault described by Berberian (1995). This feature
of the model results suggests a mechanism for the
apparent delay between uplift of the Tibetan Plateau,
some time before 14 Ma (Coleman & Hodges, 1995), and
the onset of rapid sedimentation in the northern Indian
Ocean at ~ 12 Ma (Rea, 1992). If the India—Asia collision
did indeed produce significant uplift well before ~ 12 Ma,
the delay between this event and the sedimentary signal
in the Indian Ocean probably reflects a time during
which sediment was trapped in the proto-Ganges/
Brahmaputra foreland basin, filling the basin until alluvial
gradients became sufficient to allow sediment to bypass
the basin and spill over into the northern Indian Ocean.

Lithological controls on sediment supply

As the first erodible horizon is stripped from the model
landscape, the sediment flux drops below the rate of
tectonic mass influx (Figs 9 and 10). The decrease is
followed by a gradual increase as stream profiles adjust
to the newly exposed resistant rocks. Like natural streams,
the model streams seek an equilibrium profile, which in

© 1996 Blackwell Science Ltd, Basin Research, 8, 329-349
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Fig. 9. Results of the first model run, showing the evolution of topography, drainage patterns and surface lithologies. On the
drainage pattern maps, only stream segments having an upstream drainage area greater than 20 model cells (= 20 km?) are
shown. (a) Simulation at 0.7 Myr, showing sediment accumulation in an alluvial apron ahead of and berween the growing folds.
{b) Simulation at 1.2 Myr, corresponding to the time of peak sediment flux (see Fig. 10). (c) Simulation at 2.6 Myr,
corresponding to the first lithologically produced lag in sediment supply. Most of the landscape at this point is underlain by
resistant lithologies. (d) Simulation at 3.4 Myr, corresponding to the second peak in sediment supply. The surface geology is
dominated by the erodible flysch unit. Note the presence of residual topography formed on remnants of the resistant Asmari

Limestone unit within the synclines.

this case is that profilc which provides just sufficient
energy to lower the channel bed at a rate equal in
magnitude to the local tectonic uplift rate. For the case
of bedrock streams, Eq. (13) implies that at equilibrium
the uplift and downcutting rates are equal:

Q m
U=k |—=—]| S~ 21
¢ (Q-) @

This in turn implies that equilibrium channel gradients
are a function of the uplift rate, the rock erodibility and
the effective discharge, according to

U 1/m —m/n
-(e) @)

A similar relationship exists for capacity-limited alluvial
channels (see Willgoose et al., 1991, for a discussion of
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the equilibrium slope-discharge relationship in this type
of model).

All else being equal, a change in rock resistance {k,)
during exhumation will produce a corresponding change
in the equilibrium profile, and bedrock streams that are
subject to uplift will respond to such a change by
adjusting their incision rates until the new equilibrium
profile is established. The first decline in sedirnent flux
in the model example (Fig. 10) results from a decrease
in rock erodibility as the first resistant stratum is progress-
ively exposed. Sediment yield begins to rise again as
river profiles steepen to approach a new equilibrium with
the resistant lithology and as the proportion of resistant
rocks exposed at the surface declines (Fig. 10). This is
followed by an overshoot in sediment flux (Fig. 10) as
the now-steepened stream profiles penetrate the resistant
unit to expose the underlying erodible unit (correspond-
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ing to Cretaceous—Eocene flysch). A similar sequence of
events follows as the next resistant group of resistant
rocks {Mesozoic carbonates) is exhumed (Fig. 10). The
timing of these lithological variations scales with the ratio
of stratal thickness to rock uplifi rate.

The magnitude of lithologically generated sediment-
supply variations will be a function of the degree of
variation in rock resistance, the degree of internal defor-
mation in the source terrain and the thickness of similarly
resistant rock units. A gquantitative description of rock
resistance variations is presently lacking; however, the
obvious importance of lithology in shaping the topogra-
phy of many orogens, including the Zagros, suggests that
such variations can be considerable. This contention is
supported by a recent study of erosion and sedimentation
along the western Gulf of Suez (Steckler & Omar, 1994),
where the exposure of easily eroded friable sands beneath
a competent limestone unit appears to have initiated
rapid scarp retreat and a concomitant increase in the rate
of sediment delivery to the Gulf of Suez rift basin.

The importance of rock resistance variations depends
also on the degree of internal deformation in the source
terrain. Intense folding and faulting will tend to juxtapose
many different lithologies at the surface, thereby dimin-
ishing the potential for significant lithologically controlled
sediment-flux variations. The greatest potental for litho-
logical control of denudation and sedimentation occurs

© 1996 Blackwell Science L.td, Basin Research, 8, 329-349

where flat lying or gently dipping strata are subject to
coherent block uplift, as in the case of Rocky Mountain-
style block uplifts or rift shoulder uplifts. This is illus-
trated by a model run in which the same stratigraphic
section used in the previous model (Fig. 6) is subject to
uniform block uvplift without folding. In this case, sedi-
ment supply fluctuates considerably (Fig. 11) as strata of
different resistance are progressively exhumed, even
though the rock uplift rate remains constant.

Stream capture and shifting depocentres

Drainage patterns in orogens often shift in response to
folding, thrusting and rock-type variations as the orogen
is exhumed (e.g. Oberlander, 1965, 1985, Burbank &
Raynolds, 1988; Jolley et ai., 1990; Burbank & Verges,
1994). Major changes in drainage patterns resulting from
stream diversion and/or capture can produce correspond-
ing changes in the location and magnitude of sediment
point sources. Such a mechanism has been invoked to
cxplain rapid facies shifts and changes in shoreline
position {e.g. Martinsen er a4/, 1993; Schlager, 1993).
The effect of stream capture on the location and magni-
tude of sediment point sources is illustrated by a numeri-
cal experiment shown in Fig. 12. Here, drainage has
initially been diverted around either side of 2 large fold,
producing three primary drainage basins (Fig. 12a) and
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two corresponding primary depocentres (Fig. 12b). A
water gap has been carved where a third fold has begun
to grow beneath the right-hand stream (Fig. 12a). As this
fold continues to grow, the right-hand stream is deflected
by the fold and captured by the adjacent drainage basin
{the left-hand basin in Fig. 12c; recall that che left and
right model boundaries are joined, so that the right-hand
stream in Fig. 12c crosses over to the opposite boundary).
This capture event is accompanied by the disappearance
of the first basin as a sediment source point, and a large
increase in the sediment delivery rate at the outlet of the
left-hand drainage basin (Fig. 12¢,d).

Occurrences of stream diversion by folds or emergent
thrusts are common in orogens {e.g. Jolley et al., 1990;
Burbank & Verges, 1994; Talling e af, 1995). The
significance of such diversion for basin stratigraphy
depends upon the scale of the drainage pattern shift,
which in turn depends upon the scale of the structures
involved. With large structures, such as the Kabir Kuh
anticline in the Zagros or the Salt Range thrust in the
Western Himalayas, there exist the potential to shift large
drainages by tens to hundreds of kilometres.

Sediment ponding

In intermontane basins, where external drainage has been
deflected or cut off altogether, temporary ponding and
later evacuation of sediment has the potential to create
significant variations in sediment supply. The timing of
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variations are solely the result of
lithological variations.

such variations may in fact be independent of any direct
tectonic controls, reflecting instead the time required for
streamn incision to ‘re-open’ drainage in a closed intermon-
tane basin (e.g. Kooi & Beaumont, 1996). In the model
examples presented so far, sediment ponding has had a
relatively minor effect. The limited extent of sediment
ponding in the simulations presented so far reflects the
limited lateral extent of the folds — the folds simply are
not long enough to trap much debris. By comparison, in
the Zagros fold and thrust belt, thick accumulations of
synorogenic gravel (the Pliocene upper Agha Jari
Formation and Plio-Pleistocene Bakhtiari Formation) are
rare within the smaller synclines, but common within
structural troughs associated with the larger structures,
as well as along the outer mountain front where these
deposits reach considerable thickness (James & Wynd,
1965; Oberlander, 1965).

The next experiment addresses a case in which struc-
tures are more laterally continuous than those considered
so far. The experiment explores the case of sediment
ponding in response to episodic uplift on two thrusts
separated by a 2(0-km-wide ‘intermontane basin’. Each
thrust is represented by a 10-km-wide block subject to
spatially uniform uplift. The uplift rate of 1 cm yr ! falls
within the typical range of values estimated for folds and
thrusts (e.g. Burbank & Raynolds, 1988; Rockwell et /.,
1988), and the rock erodibility is set equal to the ‘hard
rock’ value estimated from the Zagros relief data
{Table 3). The model is subjected to three 500 000-year-
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Fig. 12. Example of changes in the location and magnirude of depocenires due to stream capture. (a) Topography and drainage
at Time 1. Drainage has been deflected around the centermost fold, producing three primary drainage basins. The right-hand
stream has carved a water gap across the growing fold in the lower right. (b) Sediment flux along the lower model boundary at
Time 1, showing two primary depocentres associated with the left-hand (1 and 2) and right-hand (3} drainage basins.

{c) Topography and drainage pattern at Time 2. The right-hand stream has been deflected by the fold and captured by the left-
hand basins across the reflective lareral model boundary. The two left-hand basins have also amalgamated into one. (d) Sediment
flux across the lower boundary following stream caprure. The right-hand depocentre has been abandoned and the sediment feed
rate at the left-hand depocentre has increased by about a factor of two.

Table 3. Model parameter values for thrust experiment.

Description Parameter  Value
SURFACE PROCESSES
Rock erodibility k, 0.023myr~!
Sediment transport efficiency &, 0.1
TECTONIC PARAMETERS
Uplift rate on thrusts U 0.0l myr!
Thrust timing: A
Uplift on inner thrust — 0-0.5 Myr
No activity — 0.5-1.5 Myr
Uplift on outer thrust — 1.5-2 Myr
No activity — 2-3 Myr
Uplift on inner thrust — 3-3.5 Myr
No activity — 3.5-4.5 Myr

long pulses of uplift, each followed by a 1-Myr period
of quiescence; (1) initial uplift on the hinterland (inner)
thrust; (2) uplift on the basinward (outer) thrust;
{3} renewed {out-of-sequence) uplift on the inner thrust.

The results of initial uplift along the hinterland thrust
{(Fig. 13a) are predictable enough: erosion along the edge
of the thrust and establishment of transverse drainage
across a sloping alluvial plain. Uplift along the basinward
thrust then cuts off the previously established drainage,
creating a closed basin that fills with sediment derived
from both structures (Fig. 13b). This basin is analogous

© 1996 Blackwell Science Ltd, Basin Research, 8, 320-349

to the Kashmir Basin between the Pir Panjal and Great
Himalayan Ranges (Burbank & Raynolds, 1988). Like the
Kashmir Basin, drainage within the closed basin in
Fig. 13(b) consists of primary longitudinal streams that
are fed by shorter transverse streamns draining the two
flanking highlands. Because the basinward thrust has cut
off the previously established transverse drainage, it actu-
ally produces a decrease rather than an increase in sedi-
ment flux (Fig. 14). At this point, sediment delivered to
the outer edge of the model (the foreland basin) derives
solely from one flank of the outer thrust range. Renewed
uplift on the hinterland thrust does not produce an
increase in sediment supply to the foreland basin (Fig. 14).
Instead, this out-of-sequence uplift adds sediment to the
intermontane basin and causes the longitudinal drainage
axis within the intermontane basin to shift toward the
outer thrust. Ultimately, headward erosion along two
streams draining the flank of the outer thrust re-opens
the intermontane basin at two sites (Fig. 13¢), producing
a large pulse of sediment (Fig. 14). The timing of this
sediment pulse corresponds to none of the three episodes
of uplift. Thus, this example illustrates the potential for
a significant mismatch between tectonic activity and sedi-
ment supply in the distal parts of a foreland basin,
especially in cases where deformation in the source terrain
is characterized by episodic activity on large thrusts.
Episodic activity on the two thrusts in this example is
reflected in the synthetic stratigraphic architecture and
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Fig. 13. Topography, drainage and sedimenr accumulation pattern for a model experiment that explores the effect of block uplift
along two ‘thrusts’. (2) Simulation at 1.5 Myr, following the cessation of uplift on the first thrust. {b) Simulation ar 2.5 Myr,
after transverse drainage has been cut off by the second thrust. Sediment ponds in an intermontane basin, backfilling valleys
incised into the inner thrust. (c) Simulation at 4 Myr, following renewed uplift on the inner thrust. The intermontane basin has
been breached by headward erosion along two streams draining the flank of the outer thrust.

palaeocurrent orientations of the resulting intermontane
basin deposits (Fig. 15). The longitudinal drainage axis
gradually shifts landward (to the right in Fig. 15) during
and following growth of the outer thrust. During the
second episode of uplift on the inner thrust, the longitudi-
nal drainage axis shifts rapidly basinward again (to the
left in Fig. 15).

Implications for general-purpose basin fill
models

Is it really necessary to use a complicated drainage basin
model in order to properly model sediment supply rates?
Could not sediment supply instead be described using a
simpler set of empirical relationships between sediment
flux and such variables as relief, uplift, lithology and
climate? We suggest that the answer to both questions is
yes. The fold and thrust belt simulations presented above
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imply that the simplest empirical relationships suggested
by sediment yield studies may not be adequate for fold
and thrust belt settings. Consider, for example, the well-
known correlation between sediment yield and topo-
graphic relief {e.s. Schumm, 1963; Ahnert, 1970,
Milliman & Syvitski, 1992, Summerfield & Hulton,
1994). Topographic relief is certainly an important con-
trolling variable in the numerical model, yet the simu-
lations do not show a simple monotonic relationship
between relief and sediment flux (Fig. 16). Instead, there
are periods when the two sigpals are out of phase with
one another. In the example shown in Fig. 16, this arises
primarily from lithological variation: when softer rocks
are exposed, accelerated erosion dissolves away relief
while producing an increase in sediment yield, and the
reverse occurs when resistant rocks are exposed. We
suggest that such lithological controls are responsible for
part of the scatter observed in sediment yield studies. A
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Fig. 13. (continued)

simple sediment-flux model based only on topographic
relief would fail to capture the lags and phase offsets
associated with lithological and other effects, thereby
potentially missing an important part of the story. We
conclude that while it may not ultimately be necessary
to solve the complete, linked uplift—erosion-sedimen-
tation problem in basin-fill models, the problem needs
to be addressed in some detail before simpler relationships

© 1996 Blackwell Science Lid, Basiu Research, 8, 329-349

between sediment flux and its controlling variables can
be derived.

CONCLUSIONS

Coupled models of tectonic uplift, fluvial erosion and
deposition highlight several potentially significant mor-
photectonic controls on basin sediment supply. For scen-
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Fig. 14. Sediment flux through time for

the thrust experiment shown in Fig. 13.

The large peak in sediment flux occurs
when headward-croding streams
penetrate the intermontane basin.

Fig. 15. Synthetic stratigraphic section

showing time lines and sediment

dispersal directions for the

intermontane basin in the thrust
simulation (Fig. 13). The section is
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arios in which deformation migrates progressively
basinward, as in the Zagros Mountains, models show a
delay between the onset of uplift and the ensuing sedi-
ment flux response. This delay reflects the time required
for sediment from the rising highlands to accumulate in
an alluvial apron just beyond the mountain front. Had
these models incorporated flexural subsidence in response
to crustal thickening, the time required to fill the proximal
portion of the basin and later remobilize these deposits
would have been even greater. We suggest that a similar
mechanism may account for the apparent delay between
uplift of the Tibetan Plateau {~ 14+ Ma) and the onset
of rapid sedimentation in the northern Indian QOcean
{~12 Ma).

Models based on a tectonic and stratigraphic recon-
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perpendicular to strike, at the time of
maximum basin fill. The three episodes
of thrusting are reflected in the
migration of the position of the
longitudinal stream, which is shown by
the diamonds.

struction of the Zagros fold belt also show a time lag
between the peak tectonic uplift rate and the peak
sediment delivery rate. This represents the time scale for
adjustment by the fluvial system, and is a function of
rock resistance, the width of the region subject to uplift
and erosion, and, assuming a nonlinear dependence of
fluvial erosion upon channel gradient, of uplift rate. The
dependence upon width implies that, all else being equal,
narrower uplifts will produce a more punctuated sedi-
mentary response than wider ones. The dependence of
response time upon the degree of nonlinearity in the
governing fluvial erosion equation underscores the need
for better constraints on the long-term controls on
bedrock stream incision.

Model erodibility parameters were calibrated by com-
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Fig. 16. Comparison of sediment flux versus mean local relief
through time for the Zagros fold belt simulation pictured in
Fig. 9. Mean local relief represents the average elevation
difference between points spaced 20 km apart.

paring predicted topographic relief with the topographic
relief observed in the Central Zagros Mountains,
assuming a 10-fold erodibility contrast between weak and
resistant lithologies. For a 40-km-wide fold belt, these
values imply geomorphic response times on the order of
0.1-0.15 Myr for erodible lithologies and 3—4 Myr for
resistant ones. Insofar as relief is likely to be more
strongly influenced by the more resistant rocks, the latter
value is more meaningful, Though this number is admit-
tedly rather loosely constrained, it does suggest a geo-
morphic response time that i1s within the same order of
magnitude as typical observed recurrence intervals
between episodes of thrust activity in orogens.

On the other hand, model results also highlight the
potential for significant natural variations in both geo-
morphic response time and in sediment supply rate, due
to variations in rock resistance. Models based on the
Zagros fold belt show significant sediment flux variations
through time as lithologies of varying resistance to erosion
are progressively exhumed. Such variations arise because
a change in bedrock lithology corresponds to a change in
the equilibrium longitudinal stream profile. As each new
lithology is exhumed, a period of either accelerated or
retarded stream downcutting occurs while streams
readjust their longitudinal profiles. The significance of
such lithologically produced sediment-flux variations
depends in part upon the degree of lateral (as opposed
to vertical) lithological homogeneity. If there is significant
lateral heterogeneity (for example resulting from intense
deformation), juxtaposition of multiple lithologies will
tend to dampen any lithological influences on sediment
supply. On the other hand, in cases where near-horizontal
strata are subject to block-style uplift or broad upwarping,
there exists the potential for a significant lithological
control on sediment flux.

Model results also illustrate how stream capture and
drainage diversion in response to folding or thrusting
can lead to significant shifts in the location and magnitude
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of sediment source points. The scale of such depocentre
shifts depends on the lateral extent of the structures
involved, which for modern fold and thrust belts means
tens to possibly hundreds of kilometres.

Finally, these models illustrate that when transverse
drainage is completely cut off by a rising thrust, the
temporary trapping of sediment within an intermontane
basin can produce a significant mismatch between tectonic
events and the rate and timing of sediment delivery to
the outer foreland basin. In one such scenario, most of
the orogenic sediment accumulates in an intermontane
basin until the outer basin-bounding thrust is penetrated
by a headward-eroding stream. A major pulse of sediment
follows as the basin sediments are excavated. The timing
of such an event may have little or nothing to do with
the timing of tectonic events in the source terrain.
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