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Revisiting the orogenic energy balance in the western Taiwan
orogen with weak faults
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ABSTRACT
Orogens at convergent margins must meet the energetic
requirements necessary to lift rocks against gravity, allow for
frictional sliding along basal detachments and accommodate
internal deformation processes. The combination of critical
taper and kinematic wedge theories predicts the partitioning
between these energy sinks as a function of both fault and
crustal strengths. Integrating contemporary estimates of both
crustal pore fluid pressures and the coefficient of friction on
major faults, we find that work associated with internal
deformation processes is the dominant energy sink in the
western Taiwan orogenic wedge. These processes consume

Introduction
At tectonically active margins, foldand-thrust belts such as the Himalaya, sub-Andes and Taiwan orogens
are marked by high crustal strain
rates accommodating a range of
deformation processes. The energy
balance in these compressive orogens
has been a subject of interest both
for identifying the most energetically
expensive deformation processes
(Elliott, 1976; Dahlen, 1988) and for
assessing whether or not orogens
evolve in accordance with a minimum work principle (e.g. Masek and
Duncan, 1998; Maillot and Leroy,
2003; Cooke and Murphy, 2004;
Ismat and Mitra, 2005; Del Castello
and Cooke, 2007). In addition, quantifying energy partitioning within an
orogen is important for developing
mechanically consistent models that
satisfy the energy balance in addition
to the more commonly considered
momentum and mass balances. A
range of processes may dissipate
energy within an actively deforming
fold-and-thrust belt, including work
done lifting rocks against gravity,
frictional resistance to sliding on a
basal detachment, fracture propagaCorrespondence:
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54% of the total work budget, while the dissipation rates
associated with frictional sliding on the basal detachment
and lifting rocks against gravity are lower, requiring only
11% and 35% respectively. These results suggest a mechanical dichotomy in orogenic wedges where the faulting dominates the kinematic deformation budget, but internal
distributed deformation processes dominate the energy
budget.
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tion, pressure solution, internal faulting and folding. To understand the
partitioning of work into these
energy sinks, and the role of internal
deformation processes in particular,
two approaches have been adopted:
(1) the mechanical analysis of speciﬁc
individual internal deformation processes (Mitra and Boyer, 1986;
Cooke and Murphy, 2004; Ismat and
Mitra, 2005; Del Castello and
Cooke, 2007); and (2) the inference
of internal dissipation rates from an
orogen-wide energy balance perspective (Elliott, 1976; Barr and Dahlen,
1988; Dahlen, 1988). Here, we adopt
the second approach based on simple
mechanical models and consider the
strain budgets associated with candidate deformation processes to constrain upper crustal viscosity and
determine whether faulting not only
dominates the strain rate budget but
also serves as the most energetically
expensive step in orogen growth.

Revisiting energy partitioning in
the Taiwan orogen
Energy partitioning inside of an
actively deforming orogen can be
determined at mass-ﬂux steady state,
where the rate of tectonic inﬂux is
equal to erosional eﬄux (Barr and
Dahlen, 1988; Dahlen, 1988), and the
rate of work done on the orogen by
_ T , is balanced by
tectonic forces, W
the rate of energy dissipation from
(1) frictional slip on the basal detach-

_ D , (2) lifting material against
ment, W
_ G , and (3) accommodation
gravity, W
of deformation processes internal to
_ I . We calcuthe orogenic wedge, W
_
_
_
late WT , WD and WG by combining
scale-invariant critical taper wedge
theory (Dahlen, 1984) with scaledependent homogeneous pure shear
wedge kinematics (e.g. Chapple,
1978; Dahlen, 1988), which are
consistent with rock exhumation
pathways inferred from analogue
experiments (e.g. Konstantinovskaia
and Malavieille, 2005) and modelling
of thermochronologic data (e.g.
Willett and Brandon, 2002).
Utilizing critical taper wedge theory Dahlen (1988) showed that the
tectonic work rate on an orogenic
wedge is given by the horizontal
compressive stress integrated over
the height over which it is supported,
_ T ¼ qgΛVH2 =2
W
(W/m
along
strike), with, Λ = 1 + [2(1  ki) sin
(tan1li)]/[1  sin (tan1li)] where q
is the density of crustal rocks, g is
the acceleration of gravity, V is the
convergence velocity, H is the height
of the thickest part of the orogenic
wedge, ki is the ratio of pore ﬂuid to
lithostatic pressure in the orogenic
wedge and li is the internal coeﬃcient of friction. The tectonic work
rate depends linearly on wedge crosssectional area and may range from 3
to 25 kW m1 along strike in western Taiwan (Table 1). The wide
range in work rate values emerges
from diﬀerent interpretations of the
© 2012 Blackwell Publishing Ltd
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Table 1 Summary of differences in
material properties and wedge geometry used for critical taper energy-partitioning calculations (§Dahlen, 1988;
†Suppe, 2007; ‡Yue, 2007; *Yu et al.,
1997). Material properties assumed
throughout are as follows: q = 2500
kg m3, li = 0.8, and kb = 0.7. Variable material properties are the coefficient of friction on the basal
detachment, lb, and the ratio of pore
fluid to lithostatic pressure in the crust
ki. Variable geometric properties are
the mean topographic slope a, the dip
of the basal detachment b and the
thickness of the incoming material at
the toe of the wedge ℎ (Fig. 1). Case 2
is the more localized area described in
this article. The lower three rows show
the normalized work partitioning
percentages with the shaded regions
indicating the largest energy sink in
each case.

lb
ki
a
b
ℎ
W
V
_T
W
_ I =W
_T
W
_ G =W
_T
W
_ D =W
_T
W

Case 1§

Case 2

0.70
0.7
3.0°
6.0°
7 km
90 km
70 mm a1
24 kW m1
16%
39%
45%

0.27†
0.4‡
2.0°†
2.7°†
5 km†
40 km†
40 mm a1*
3 kW m1
54%
35%
11%

Taiwan wedge: treating the entire
western side of Taiwan as the orogenic wedge corresponds to high
work rate values (Barr and Dahlen,
1988; Dahlen, 1988), but limiting the
critical taper wedge model to a 40km-wide foothill region in the vicinity
of the Chelungpu fault (Suppe, 2007)
gives work rate values that are an
order of magnitude smaller (Fig. 1,
Table 1). The rest of the paper is
focused on this foothill region where
suﬃcient data are available on material properties, wedge geometry and
fault kinematics.
The fractional work rates required
for frictional sliding on the basal
detachment, and against gravity are
_ D =W
_ T ¼ 1=½ðb þ Kh=wÞ=fð1  kb Þ
W
_ G =W
_ T ¼ ðb þ h=wÞ=
lb g þ 1 and W
½b þ ð1  kb Þlb þ Kh=w, respectively,
where kb is the ratio of pore ﬂuid to
lithostatic pressure on the basal
detachment, lb is the coeﬃcient of
© 2012 Blackwell Publishing Ltd
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Fig. 1 Schematic cross-section of the western Taiwan fold-and-thrust belt and relation to critical taper wedge theory parameters (at ~24°N latitude, after Suppe,
2007). Continental material of thickness h is accreted from the east margin into the
wedge of width w, which slips above the Chinshui Shale detachment (thick red line)
with a coefficient of friction, lb. The taper (angle between thin black lines) of the
orogen is the sum of the mean topographic slope, a, and detachment dip, b. The
ratio of pore fluid to lithostatic pressure in upper crustal rocks is given by, ki.

friction on the basal detachment, b
is the dip of the basal detachment, h
is the thickness of the accreting layer
at the toe of the orogenic wedge and
w is the width of the orogenic wedge
(Dahlen, 1988). In contrast, the work
associated with individual internal
deformation processes is more diﬃcult to quantify because the spatial
extent of candidate processes (e.g.
pressure solution, fracture propagation, internal faulting, bending, bedding plane slip) is generally obscured
at depth in active mountain belts. Elliott (1976) recognized this problem
and used an energy balance
approach to solve for the work associated with internal deformation that
_ T ¼ 0,
neglected tectonic stress, W
_ G was an energetic
and assumed W
source rather than sink (i.e. gravity
sliding hypothesis). Similarly, Dahlen
(1988) used critical taper wedge theory and pure shear deformation
models to solve for the total amount
of work associated with internal
deformation as:
_I ¼W
_ T  ðW
_DþW
_ G Þ:
W
Applied to the westward side of
the Taiwan orogen and assuming
V = 70 mm a1 with an orogen
width of 90 km, Dahlen (1988) estimated work against frictional sliding
on the basal detachment and against
gravity dissipate 46% and 39%,
respectively, of the total work done
on the orogen (Table 1). Internal
deformation processes are the least
energetically expensive step, consuming only 16% of the total work budget
(Dahlen,
1988).
These
calculations assumed that the basal

detachment is strong, characterized
by a coeﬃcient of friction lb = 0.7,
and that the wedge is eﬀectively
weak because pore ﬂuid pressures are
close to lithostatic, ki = 0.7.
More recently, estimates of wedge
geometry and material properties
have been revised based on new
observations and model inferences
(Table 1). Structural interpretations
of seismic reﬂection data and precise
earthquake locations suggest that
wedge taper in the vicinity of the
Chelungpu fault in western Taiwan is
4.7° (Fig. 1) (Suppe, 2007), approximately 50% less than that previously
assumed (Dahlen, 1988). This shallower wedge taper, deﬁned over a
40-km-wide region, implies a weak
basal detachment (at the depth of
the Chinshui Shale) with a coeﬃcient
of friction µb < 0.3, neglecting cohesive strength and assuming kb = 0.7.
In addition, analysis of sonic logs in
western Taiwan has suggested that
the ratio of pore ﬂuid to lithostatic
pressures at depths <6 km is close to
hydrostatic, ki = 0.4 (Yue, 2007),
rather than the ki = 0.7 value previously assumed (Table 1). Using these
material parameters, and a geodetically constrained shortening rate of
40 mm a1 (Yu et al., 1997), we
calculate that the work rate due to
sliding on the basal detachment is
18% of the total work rate budget.
Internal deformation processes consume 47% (~2 kW m1), the largest
fraction of total work dissipation
(Table 1, Fig. 2). More generally, the
internal deformation work rate is the
largest source of dissipation for basal
detachment coeﬃcients of friction
161
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_ T,
Fig. 2 Energy-partitioning phase diagram. Work done on the orogenic wedge, W
_ G , frictional sliding on the basal detachis balanced by work against gravity, W
_ I . Reasonable
_ D , and that associated with internal deformation processes W
ment, W
variations in orogen width, w, basal detachment coefficient of friction, lb, and the
ratio of pore fluid to lithostatic pressure in crustal rocks, ki, give rise to different
energy-partitioning solutions with different dominant mechanisms. Thick black
_ D , or W
_ I domi_ G; W
lines denote the boundaries between the three regimes where W
nate and coloured contours give the percentage of the total work budget dissipated
by the most energetically expensive process. The white circle is the classic Dahlen
(1988) solution with a weak crust, ki = 0.7, and strong basal detachment, µb = 0.7,
(case 1, in Table 1) where work against frictional sliding on the basal detachment
_ I; W
_ G Þ, and the grey circle is the solution with weak basal
_ D > ðW
dominates, W
detachment µb = 0.27 and a strong crust ki = 0.4 (case 2, in Table 1) where work
_ D; W
_ G ). All cal_ I > ðW
associated with internal deformation processes dominates, W
culations assume q = 2500 kg m3.

µb < 0.45 with ki = 0.4 and kb = 0.7.
_ I is dominant in
However, while W
this case, it is only the combination
of both the pore ﬂuid pressure and
basal detachment friction estimates
that lead to this conclusion; alone
neither is suﬃcient (Fig. 2). If pore
ﬂuid pressures inside the wedge were
70–100% of lithostatic pressure, the
_G
crust would be weaker, and W
would dominate the work rate budget despite the weakness of the basal
detachment (Fig. 2).

Energetics of candidate internal
deformation processes
The inference that the Chinshui
Shale detachment is weak (Suppe,
2007), characterized by a coeﬃcient
of friction <50% of the Byerlee
(1978) value, is consistent with laboratory experiments (e.g. Di Toro
et al., 2004), and heat ﬂow measure162

ments in active tectonic environments
(e.g. Lachenbruch and Sass, 1980;
Barr and Dahlen, 1990). However,
the source of the energy required for
deformation processes interior to the
Taiwan orogenic wedge (a minimum
_ I  2kW m1, for the narrowest
W
critical taper wedge interpretation,
Table 1) is less well understood, and
in particular, it is diﬃcult to constrain the spatial extent over which
processes such as frictional slip on
internal faults, fracture creation,
pressure solution and Coble creep
operate. To understand the relative
importance of each of these processes
as energetic sinks, we consider each
individually as a simple thought
experiment. Frictional slip on faults
requires a work rate of lð1  ki Þrml,
where r is the mean normal stress on
a fault of length, l slipping at rate, v.
Taking the Chelungpu fault (Fig. 1)
as an example of an active fault

within the west Taiwan orogenic
wedge, slipping at a rate of
~15 mm a1 (Simoes et al., 2007),
gives
a
dissipation
rate
of
0.05 kW m1 along strike assuming
a Byerlee coeﬃcient of friction,
l = 0.85, as an upper bound and
hydrostatic pore ﬂuid pressure. This
dissipation rate is lower than that
associated with the basal detachment
because faults interior to the wedge
slip at slower rates and are subjected
to lower normal stresses at shallow
crustal depths. In order for frictional
sliding on faults within the orogenic
wedge to account for the entirety of
_ I would require ~20 structures simW
ilar to the Chelungpu, which would
be inconsistent with geodetic observations suggesting the shortening
rate across western Taiwan is limited
to ~40 mm a1 (Yu et al., 1997) and
which we assume to be constant in
time. Creation of new fracture sur_ I when
faces will also contribute to W
diﬀerential stress exceeds rock
strength. While mode I fractures are
the less energetically expensive, mode
III cracks may be formed in compressive environments with experimentally determined fracture energies
ranging from 0.3 to 5.1 kJ m2 at
upper crustal conﬁning pressures
(Wong, 1982). If fracture creation
alone were to account for all internal
dissipation, the rate of fracture
length created per unit metre along
orogen
strike
would
be
_ I =G  0.3 m s1. This predicl_ ¼ W
tion may be diﬃcult to test because
signiﬁcant fracture area could be
accommodated in densely fractured
regions, where fault system geometry
is characterized by fractal dimension
as high as 1.6 (e.g. Hirata, 1989).
Ductile deformation processes,
including pressure solution and
Coble creep, dissipate energy at a
rate r _ v A per unit metre along
strike, where _ v is the ductile strain
rate. An upper bound on _ v can be
determined from the relationship
between geologically determined fault
slip rates and geodetic observations
of interseismic deformation. Geodetically measured interseismic strain
rates in western Taiwan are generally
consistent with earthquake cycle
models based on geologically inferred
fault slip rates. Strath terraces
uplifted near the Chelungpu (Fig. 1)
and nearby Chushiang faults suggest
© 2012 Blackwell Publishing Ltd
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Holocene slip rates of 12.9  4.8
mm a1
and
2.9  1.6 mm a1,
respectively (Simoes et al., 2007),
within
the
range
of
15.1–
20.5 mm a1 estimated from geodetically constrained elastic block models
that represent both faults as a single
eastward dipping structure (Ching
et al., 2011). This similarity suggests
that the majority of geodetically
measured strain is likely to result
from recoverable elastic deformation
rather than permanent ductile deformation. While the two slip rate estimates agree within uncertainties, this
would also be the case if _ v
accounted for as much as ~25% of
the geodetically observed 10–14 s1
strain rate (Hsu et al., 2008). Thus,
the viscous strain rate can be as large
as _ v = 2.5 9 10–15 s1 without the
total strain rate budget exceeding the
upper bound from geodetic observations or degrading the agreement
between geological and geodetic fault
slip rate estimates. Assuming a linear
viscous rheology and that viscous
deformation processes account for all
internal wedge dissipation, an average upper crustal viscosity can be
_ I =_2 A = 2.4 9
estimated as: g ¼ W
v
1024 Pa s (Fig. 3). Because the wedge
model is applied to the shallowest
and coolest part of the crust, the
likely active viscous deformation process is pressure solution rather than
Coble creep, which is activated at
temperatures exceeding T = 350 °C
(e.g. McClay, 1977). Pressure solution deformation, the diﬀusive dissolution and reprecipitation of mineral
phases through narrow aqueous ﬁlms
at grain boundaries, can be active at
upper crustal strain rates and temperatures
with
grain
sizes,
d ¼ ð32ra Vm C0 Db wb =_v qRTÞ1=3
of
~5 μm (Fig. 3) at an applied stress,
ra, of 100 MPa (Rutter, 1976). Material parameters, estimated for calcite
and granite, are as follows: the molar
volume of the crystalline solid,
Vm = 3.12 9 1010 m3 mol1;
the
concentration of saturated solution
at grain boundaries, C0 = 400
kg m3; the grain boundary diﬀusivity, Db = 4 9 10–20 m2 s1; the eﬀective grain boundary width, wb =
2 nm; and R is the gas constant
(Rutter, 1976). If active pressure
solution, or Coble creep at greater
depths in Taiwan (Beyssac et al.,
2007), only occurs in more localized
© 2012 Blackwell Publishing Ltd

Fig. 3 Upper crustal viscosity (solid blue line) and characteristic grain size (solid
red lines) for homogeneously distributed pressure solution flow as a function of viscous strain rate. Values of viscosity and grain size consistent with both the internal
dissipation rate and an upper bound to the strain rate (vertical grey line,
_ v = 2.5 9 10–15) associated with viscous processes in the western Taiwan orogenic
wedge are shown as dashed lines.

regions, the mean grain size in the
ductile process zones may be larger,
and the eﬀective upper crustal viscosity higher.

Discussion
All three of the candidate energetic
sinks (frictional sliding on faults
internal to the orogenic wedge, fracture creation and pressure solution)
likely act within the western Taiwan
foothills. Simple models of diﬀuse
pressure solution alone with an
upper crustal viscosity exceeding
1024 Pa s appear consistent with
both geodetic strain rate observations and the orogen-wide energy
balance. The hypothesis that diﬀuse
deformation of highly viscous upper
crust requires more energy than does
frictional sliding on faults is complementary to the inference of weak
major faults within a strong crust in
western Taiwan (Suppe, 2007). Over
geological time, deformation of the
orogenic wedge requires that the relative work budget requirements for
all dissipation sources be met, so that
these processes may be considered
coupled rather than independent (e.g.
Elliott, 1976). For the fold-andthrust belt case, the deformation
associated with any dissipative pro_ G =W
_ T; W
_ D =W
_ T; W
_ I =W
_ T ) cancess (W
not occur unless the energetic
requirement for the most expensive
dissipation source is also met (e.g.
_ I =W
_ T for the case of the western
W
Taiwan foothills). In other words, a

dichotomy may exist within the
Taiwan orogen: distributed deformation of a high viscosity, or densely
fractured, upper crust may dominate
the energy budget, but the majority
of geodetically and geologically
observed strain may be accommodated by relatively energetically eﬃcient faulting. Whether or not this is
the case for other orogenic wedges
will require not only an assessment
of wedge geometries and material
properties but also characterizations
of fault slip rates above the basal
detachment, making it challenging to
test this theory at submarine wedges.
Studies of other orogenic wedges
may also reveal cases where work
_ G =W
_T ¼
rates are equipartitioned, W
_ D =W
_T ¼W
_ I =W
_ T , so that there
W
may be no uniquely identiﬁable ratelimiting process.
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