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exhumation with high rates close to the Alpine fault. The zones
of complete annealing for zircon and apatite are shown in
Figure 18b.

413 Topography and orographically enhanced
precipitation. The high rates of exhumation are due in large
part to the strong orographic forcing of precipitation by the
high topography of the Southern Alps which forms a barrier to
moist air flowing eastward from the Tasman Sea. Although the
Southern Alps are not extremely high, with an average divide
elevation of around 2 km, this is sufficient to preduce
precipitation that can locally exceed 10 m annually (Figure
17). The precipitation is strongly asymmetric with much of the
west coast receiving annual precipitation in excess of 5 m. In
contrast, most of the east side of the range receives under 2 m
annually (Figure 17).

The geomorphology of the Southern Alps reflects these
climatic conditions. The west side of the range is characterized
by transverse rivers with steep gradients and high discharge
rates separated by steep interfluves [Adams, 1980;
Whitehouse, 1987; Koons, 1989] (Fig 18). Erosional
processes on the wet, western side of the range are dominated
by the fluvial valley lowering and mass wasting off these
interfluves. Sediment discharge from the rivers is sufficient to
account for the 5 to 10 mm/yr estimated exhumation rates
[Griffiths, 1979, Hovius et al, 1997; Tippet and Hovius,
1999]. The longitudinal profiles of these rivers are remarkably
vpiform  and  show the characteristic concave-up shape
representative of bedrock incision processes [Hovius, 1993].

Precipitation

Figure 17. Mean annual precipitation for the South Island of
New Zealand.
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On the dryer, eastern side of the range, relief is more subdued,
and rivers are more strongly influenced by local rock type and
geological structure [Whitehouse, 1987]. Rivers do not flow
perpendicular to the mountain belt; they exhibit a fanning
drainage pattern with more southerly rivers flowing more
toward the south. The cross-sectional form of the mountain
belt is highly asymmetric with much longer, and lower slope
rivers flowing to the east and southeast (Figure 18a).

4.1.4 Interpretation and model. The Southern Alps provide
a valuable example of the interaction of tectonic and erosional
processes for a number of reasons. First, the transition from
transverse to convergent motion is simpler than the more
common subduction to collision transition in that there is not
a highly deformed subduction complex present in the orogenic
belt. Second, the high precipitation and erosion rates on the
west coast support the possibility that the system is in steady
state. Third, the climate system in South Island is highly
asymmetrical with distinct wet and dry sides to the mountain
belt. In terms of the models of the first section, this represents
an example of a wet retrowedge with a large crosion number,
Ny,

The pertinent observations of topography, exhumation and
precipitation are summarized for a characteristic profile in
Figure 18a, with the tectonic interpretation shown in Figure
I8b. The exhumation is based on the estimate of Tippet and
Kamp [1993], which is inferred from interpretation of zircon
and apatite fission track data (Figure 18b) and is consistent
with other measures of exhumation in showing the deepest
levels of exhumation on the western slopes. Precipitation is
also highest on the western slopes. These patterns are
comparable to the numerical models shown in Figs. 11 and 15a,
both of which include erosion focused on the retrowedge of an
orogen. Observations from New Zealand (Figure 18a) and
these models (Figs. 11 and 15a) are consistent in showing
maximum exhumation near the retromountain front, and the
Alpine fault can be interpreted as representing an exhumation
front as in these models (Figure 18b). Topography in the
models of Figs 11 and 15a shows a contrasting sense of
asymumetry with the New Zealand data comparable to Figure 11
rather than Figure 15a, a point that is discussed below.

The earlier models that included asymmetric precipitation
were end-member models in that the orographic effect was taken
as completely effective and there was no precipitation or
erosion on leeward slopes. This is clearly not the case in New
Zealand, so a more appropriate model is shown in Figure 19. In
this model the precipitation rate on the windward side is taken
as 3 times larger than on the leeward side resulting in an
erosion number of 1.2 for the retrowedge and 0.4 for the
leeward, prowedge. Note that the figure has been constructed
with the polarity of subduction reversed relative to earlier
models to make it consistent with Figure 18b. The resulting
elevation and exhumation are shown in detail above the model
strain and strain rate fields. The general features of the New
Zealand observations are simulated reasonably well by this
model. The locus of exhumation on the windward mountain
slope as well as the asymmetry of the exhumation pattern are
fundamental features of the model and consistent with the New
Zealand observations. The model elevation shows the same
asymmetry with steeper stopes on the windward, retrowedge,
although the asymmetry is not as pronounced as in the
observed topography. This is the same result as obtained by
Beaumont et al. [1996b] who demonstrated that uplift and
excess topography could only be focused against the Alpine
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Figure 18. (a) Average elevation, exhumation, and precipitation on transect of Southern Alps.
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fault to the degree observed if the fault ts significantly weaker
than the surrounding material, a feature not inciuded in this
model.

The topographic asymmetry of the Southern Alps is an
important characteristic. Comparison of the models in Figs. 11,
15a and 19 show that the asymmetry of the topographic profile
is reversed at high M. More powerful rivers on the wet,
windward side of the range tend to incise back into the range,
decrease river gradients, and eventually reverse the asymmetry
of the topography. The fact that the Southern Alps are steeper
on the west suggests that the characteristic erosion number is
not high and tectonic convergence is still dominating the
topography at the largest scale.

4.2 The Olympic Mountains of Washington State

4.2.1 Background and tectonic setting. The Olympic
mountains represent an anomalous segment of the forearc high
of the Cascadia subduction zone (Figure 20). The forearc high
consists of a scries of mountain ranges from the Klamaths of
northern California to the Insular Range of Vancouver Island. It
is a structural and topographic feature that separates the forearc
lows of the Willamette Valley, Puget Sound and Georgia Strait

from the offshore accretionary complex and perched offshore
basins. The Olympics are anomalous in that, in contrast to the
rest of the forearc, the deep levels of the accretionary complex
have been exhumed and exposed, thereby providing an
opportunity to compare long-term exhumation rates with
modern erosion rates and climate. Elsewhere along the
continental margin, the forearc sediments are underlain by
faterally extensive Eocene basalt (Crescent formation and
correlative units), which along with associated sedimentary
units, are referred to as the Peripheral rocks [Tabor and Cady,
1978a]. In the Olympics the Peripheral rocks have been folded
upward and the core of this structure has been eroded to expose
the underlying accreted sediments (Figure 20). The formation
of this structure has been attributed to the shallower depth to
the Juan de Fuca slab beneath the Olympic Peninsula
[Brandon and Calderwood, 1990). The Olympic Peninsula
became subaerially exposed in the late Miocene [Brandon and
Calderwood, 1990], significantly earlier than the surrounding
regions, and thereby leading to a greater degree of erosion.
Although the Olympics have not formed in response to
collision between two countinental masses as in the Southern
Alps of New Zealand, they still represent an orogen formed by
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contvergence and accretion of continental material. In this case
the accreted material is sediment derived from the Cordillera of
North America and deposited in the trench and offshore basins
on the Juan de Fuca plate [Brandon ard Vance, 1992]. This
sediment is accreted either into the front of the accretionary
wedge or by landward underplating of the wedge (Figure 22b),
but the result is still subduction-driven accretion and
deformation with a kinematic pattern consistent with the
maodels of the first section of this paper.

4.2.2 Exhumation patterns and rates. Exhumation of the
core rocks of the Olympics has been quantitatively
demonstrated by the identification of metamorphic index
minerals [Tabor and Cady, 1978a, b] and, with greater
precision, by fission track studies {Brandon and Vance, 1992;
Brandon et al, 1998]. Tabor and Cady [1978b] identified
metamorphic zones reflecting increasing grade from west to east
based on the presence of laumonite, prehnitetpumpellyite,
pumpellyite, and epidotetchlorite (Figure 20). However,
Brandon and Calderwood [1990] argue that epidote m the
castmost zone is detrital rather than metamorphic, and they also
noted the presence of lawsonite in both the pumpeilyite and
prehnite+pumpellyite zones. Based on these assemblages, they
argued that the maximum pressures and temperatures are
exhibited by the pumpellyite-bearing rocks in the center of the
Olympic core (Figute 20).

This pattern is also consistent with fission track siudies of
sandstone in the core. Brandon and Vance [1992] studied a
suite of zircon samples from the Olympic peninsula and found

that a small subset of them exhibited young ages (<15 Ma),
suggesting that they had experienced temperatures high
enough to reset the ages. These reset ages all came from
samples in the Mount Olympus region in the center of the
Olympics (inner bold line in Figure 20). As well as
delineating the region of maximum uplift, these zircon fission
track ages provided an estimate of the erosion rate of about 1
mm/yr [Brandor and Vance, 1992]. In a more recent study,
Brandon et al. [1998] used apatite fission track ages to
characterize the lower temperature systematics of the
exhumation processes. They found that apatite ages were reset
over a much broader area (outer bold line in Figure 20)
consistent with exhumation of the entire core but to a lesser
degree. Cooling rates derived from these apatite data were the
same as those based on the zircon ages, suggesting that
exhumation rates have remained constant over at least the last
12 Ma [Brandon et al., 1998]. This supports the premise that
the exhumation rates are in steady state, and insofar as erosion
rates depend on the topography, the topography must also be
in steady state.

The north-south (margin-parallel} extent of the Olympics is
not large, calling into question the assumption of two-
dimensional plane-strain. Although the topography and the
region of metamorphic exposure appear almost radial in form,
major structures are continuous along the margin, and there is
little evidence of margin parallel deformation. Kinematic
indicators within the Olympic core indicate shortening and
kinematic motion in the direction of plate motion [Tabor and
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Cady, 1978b; Brandon et al., 1998). In addition, metamorphic
gradients within the core show the most consistent change in
the direction of relative plate motion, consistent with a two-
dimensional kinematic pattern shown schematically in Figure
22b,

4.2.3 Topography and orography enhanced precipitation.
Unroofing of the subduction complex in the Olympics has not
been accompanied by extreme surface uplift or high
topography. Peak elevations in the Olympics are typically
about 2.5 km, and although local relief can be high, this is due,
at least in part, to recent glaciation. The limited north-south
extent results in an almost radial drainage pattern. However,
with the exception of the Elwa River, which runs north to the
Straits of Juan de Fuca, the major rivers drain to the west.
Rivers all exhibit a concave-up form, although the east flowing
rivers are considerably steeper. Rivers on the western slope
have different basin lengths, reflecting the changing distance
to base level from north to south but, when scaled for basin
size, exhibit similar shapes. The east side of the range Is much

steeper than the west, as illustrated by the average elevation
section of Figure 22a. There is a lithologic factor that could
contribute to this asymmetry in that the east-draining rivers
¢ross out of the subduction complex and cross the basaltic
peripheral rocks which are likely to be more resistant to
erosion. However, most of the area of these drainage basins is
in the subduction complex, and although specific topographic
features such as Hurricane Ridge are associated with the
upturned peripheral rocks, rivers that cross the contact do not
show any distinct change in gradient.

Regional climate is also strongly asymmetric, with high
precipitation rates observed on the western slopes, where
storms approaching from the Pacific first encounter rapid
increases in elevation (Figure 21). Precipitation rates can
locally exceed 5 m/yr, Thete is a distinct rajnshadow so that
thc northeast corner of the Olympic peninsula adjacent to
Puget Sound receives as little as 80 cm of precipitation
annually. Much of the precipitation in the high meountains
comes as snow, which feeds the glaciers of the Mount Olympus
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Figure 21. Mean annual precipitation for the Olympic peninsula.

massif region, but these glaciers or the rivers they feed have
much more erosive capacity than their east flowing
counterparts.

4.2.4 Interpretation and model. The orographic asymmetry
of the Olympic mountains is opposite to that of the Southern
Alps with respect to the polarity of subduction. The dominant
wind direction is in the same direction as motion of the
subducting Juan de Fuca plate (Figure 22b) resulting in a wet
prowedge similar to the models of Figs. 13 and 15b. The
average elevation, exhumation and precipitation for a
characteristic transect across the Olympics is shown in Figure
22a. The elevation profile shows steeper slopes to the east,
and higher precipitation rates occur on the west facing slopes.
The exhumation profile is more difficult to establish and, as in
New Zealand, requires some degree of interpretation. In this
case, the estimate in Figure 22a is based on the fission track
data of Brandon and Vance [1992] and Brandon et al. [1998]
and predicts up to about 14 km of exhumation in a domal
pattern centered just west of the average high elevation of the
range. Given the asymmetry in precipitation rate, the
corresponding numerical models are those shown in Figs 13
and 15b which include erosion only on the prowedge. Those
medels demonstrate the end-member behavior of the orographic
precipitation enhancement, but a more appropriate model is
shown in Figure 23. In this model, the precipitation rate on the
eastern slopes is half that of the west-facing slopes as an
approximation to the observed rates (Figure 22a). Other

parameters in this model remain the same as in the first section
of this paper. As was the case for Southern Alps, this model is
intended only to show the general behavior, not to fit the data
from the Olympics in any detail. Even so, this model shows
some important characteristics of the Olympics. First, the
asymmetry in the elevation is predicted. As was demonstrated
in the modeling section of this paper, the topographic divide
migrates in the direction of the subducting plate unless a
strongly opposing climate system forces the ridge to migrate in
the opposite direction (Figure 15a). Since both climate and
subduction are operating to force landward migration of the
topographic divide, the observed asymmetry is not diagnostic
of the relative importance of these processes, but the asymmetry
is consistent with the model.

The modeled pattern of exhumation is also generally
consistent with the observations. Both show a broad domal
pattern in exhumation. Although the observed exhumation is
tighter, more focused in the core of the orogen, the important
contrast is between these domal patterns of exhumation and
that observed in the Southern Alps and the corresponding
models. In the Southern Alps, the exhumation is localized
against the Alpine fault with an abrupt exhumation front. No
comparable feature is present in the Olympics. The different
pattern of exhumation is due to the interaction of the erosional
processes and the horizontal motion imposed by the
subduction and accretion.  The horizontal motion is
consistently west to east in the Olympics thereby advecting
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topography to the east away from the orographically focused

precipitation. This results in a broad region of exhumation
with no opportunity for significant exhumation on any
individual structure. In addition, the lack of a distinet
exhumation front suggests that exhurhation is not in steady
state; exhumation in the model of Figure 23 is not in sieady
state although the topography is very near to steady state.
Limitations in this model include the lack of material
heterogeneity due to the presence of the peripheral rocks
ringing the Olympic peninsula. Mechanical strength in the
basalt of these units could tend to decrease the landward
(retro-) propagation of deformation and this effect has not been
included in the model. In addition, the construction of the
accretionary wedge is not modeled very effectively in that, in
reality, the accreted sediment layer is no more than a few
kilometers thick. The offshore accretionary wedge thickens to
about 20 km at the coastline where erosion begins to act on the

system. The model in Figure 23 simulates the deformation of a

full thickness crust, thereby ignoring the deformation
processes in the offshore accretionary wedge. However,
provided the accretionary wedge at the coastline is

homogeneous and the fater deformation is not dependent on
the earlier history, modeling of the ~20 km thick constant-
thickness layer will be equivalent to medeling the thickened
accretionary wedge.

5. Summary and Conclusions

The coupled deformation-erosion model presented in this
paper is used to investigate the important interactions between
tectonic deformation, surface uplift, climate, and exhumation.
The principal assumptions of this model are, first, that
convergent orogens form as the result of a subduction-
accretion process and, second, that the erosion process is
dominated by a streampower-based fluvial incision process.
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Subject to these assumptions and based on this model, the
following conclusions can be made.

1. With positive feedback between surface clevation and
erosion rate, the height of an orogen will grow until reaching a
steady state. Positive feedback arises froom enhanced
precipitation, increased average slope, or enlarged drainage
basin area, all of which lead to greater stream power and higher
rates of fluvial incision. The time to steady state and the final
size of the mountain belt are determined by the ratio of
convergence velocity to a characteristic erosion rate in the form
of a dimensionless "erosion number" A steady state is
achieved even with low erosion rates on the leeward side of a
mountain belt with uplift rates balanced by horizontal
advection rates.

2. The critical topographic profile of a mountain belt formed
by a subduction-accretion process is asymmetric in the absence
of erosion with sieeper siopes on the retrowedge verging
toward the overriding plate and lower slopes on the prowedge
verging toward the subducting plate. Erosion driven by
symmetric precipitation and fluvial incision will sharpen this
topographic form but will not change the asymmetry.

3. Patterns of exhumation are distinctly asymmetric reflecting
the polarity of the subduction. The deepest levels of

exhumation are always opposite the subducting plate, In a
steady state system this results in a well-defined exhumation
front facing the stable overriding plate with a more gradual
decrease in the level of exhumation toward the subducting
plate,  Differing climatic conditions can broaden this
characteristic pattern or offset it relative to the surface uplift,
but the asymmetry of the pattern is consistent.

4. The existence of a dominant wind direction imposes a
second asymmetry on the system. Enhanced precipitation and
erosion rate can occur on either side of an orogen with
significantly different effects. If erosion is enhanced on the
retrowedge above the overriding plate, exhumation is
increasingly localized, and a well-developed exhumation front
develops. At steady state the erosional mass flux from the
retrowedge equals the accreted mass flux, and topography of
the prowedge is maintained by the balance between structural
thickening and horizontal advection of mass. At high erosion
number, fluvial incision dominates over uplift, the topographic
divide migrates in the direction opposite the tectonic flux, and
the topographic asymmetry of the orogen is reversed. If erosion
is enhanced on the prowedge, the exhumation pattern is
broadened as convergence advects structure and topography
away ftom the zone of enhanced erosion. The region of
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maximum exhumation is found in the orogen interior. At high
erosion number and steady state conditions, the retrowedge is
mechanically detached from the tectonic mass transport system
and becomes mactive.

5. Natural examples of orogens that exhibit primary features
of these coupled models exist, demonstrating that the important
effects of these models have geological relevance. The Southern
Alps of New Zegaland and the Olympic Mountaing of
Washington State were selected to show the end-member
behavior of systems with asymmetric climatic effects. Although
models can be fit to observations firom these orogens and
calibrated to estimate erosion parameters, the principle value of
the exercise is in comparison of the spatial patterns of
topography and exhumation of rocks presently at the surface.

6. The Southern Alps of New Zealand provide an example of
enhanced retrowedge crosion. Average annual precipitation
rate decreases by a factor of about 3 across the range divide.
Exhumation is strongly localized at the Alpine fault and
represents approximately 10 times the maximum present
elevation, consistent  with  the exhumation pattern
characteristic of the models with enhanced retrowedge crosion.
The elevation profile of the southern Alps is asymmetric with
the steeper slopes on the wet, retrowedge, suggesting that the
erosion number is still low enough that tectonic advection
dominates over fluvial incision in determining topography at
the largest scale.

7. A complementary example of enhanced erosion on the
prowedge of an orogen is provided by the Olympic Mountains
of Washington State. FErosion of the forearc high of the
Cascadia accretionary wedge is orographically enhanced by
high precipitation rates on the western slopes. Exhumation
estimated by fission track studies shows a broad, domal pattern
with maximum values of about 14 km in the center of the
orogen, consistent with a model including enhanced prowedge
erosion. Topography is not diagnostic in this case but is
strongly asymmetric, with steeper slopes on the dryer,
landwardfacing retrowedge.
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