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Spatially Variable Exhumation Rates in Orogenic Belts:
An Andean Example
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A B S T R A C T

The Cordillera Real of the Bolivian Andes is a large, tectonically active mountain range that dominates sediment
influx into the Amazon Basin, but rates of exhumation in the orogen are poorly known. We present 20 new apatite
fission track ages from two valleys in the Cordillera Real to constrain patterns of mountain range exhumation over
106–107 yr. We interpret these and previously published data from a third valley using a 2-D thermal model that
accounts for topographic and advective influences on measured cooling ages. Exhumation rates in the Cordillera Real
are ∼0.2–0.6 mm/yr, comparable to rates in parts of Denali, the Washington Cascades, the Olympic Mountains, and
the European Alps and an order of magnitude slower than rates in Taiwan, Nanga Parbat, the Greater Himalaya of
Nepal, and the Southern Alps of New Zealand. Three- to fourfold cooling age variations in the Cordillera Real imply
at least twofold exhumation rate variations within and between valleys over distances of only tens of kilometers.
Topography in the cross-valley dimension affects exhumation rate estimates by 20%–30% in the downstream portions
of two sample transects. Along-valley topographic effects are less significant in this setting, affecting exhumation
rate estimates by !15%. The most significant along-valley topographic effects are associated with long-wavelength
mountain shape, including both retreat of the closure temperature isotherm near the mountain crest and compression
of low-temperature isotherms farther down the mountain flank. Locally varying phenomena (e.g., subregional struc-
tural history or transient patterns of local channel incision) must exert important controls on long-term erosion
patterns in order to produce observed short-wavelength exhumation rate variations. Comparison of exhumation rate
estimates with modern erosion rates suggests that long-term and short-term average erosion rates likely vary by less
than twofold.

Introduction

Recognition of mountain ranges as the world’s
dominant sediment sources (Milliman and Meade
1983; Milliman and Syvitski 1992) has highlighted
the role of mountain erosion in processes ranging
from the filling of lowland basins (Paola 1989; Slin-
gerland et al. 1994) to the chemical evolution of
seawater (e.g., Raymo et al. 1988; Richter et al.
1992). Intrarange variations in long-term erosion
rates not only shape the modern landscape but also
express the response of geomorphic systems to tec-
tonic and climatic forcing and can thus help shed
light on mountain building processes. Establishing
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long-term (order of 106–107 yr) rates and patterns of
mountain erosion, both among and within individ-
ual ranges, is therefore a high priority among geo-
scientists. Thermochronology has become an in-
dispensable tool for such studies because, in many
mountain ranges, the surfaceward movement of
rock (exhumation) recorded by thermochronome-
ters is predominantly accomplished by surface
erosion.

The Cordillera Real in the Bolivian Andes flanks
the Andean plateau at its widest point (fig. 1) and
dominates sediment influx into the Amazon Basin
(Dunne et al. 1998; Aalto et al. 2006). This range
also contains spectacular topography and some of
the highest peaks in the Bolivian Andes, but its rate
of exhumation is not well known. The most widely
cited exhumation rate estimates in the range are
derived from a suite of zircon and apatite fission
track ages from the Zongo River valley (Benjamin



Figure 1. Sample site locations, shown with apatite fission track (AFT) cooling ages. Small-scale inset shows tectonic
provinces of the eastern Andes and the study region (box). Base map shaded relief image depicts sample site locations
within the Eastern Cordillera of the Upper Beni River basin. Map pattern of granodioritic plutons based on Martinez
and Tomasi (1978) is shown in pale blue. Star indicates approximate location of samples yielding young detrital AFT
ages, as reported by Barnes et al. (2004). Downbasin distance scale is that used in figure 2a. Colored maps show local
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topography at sample site locations. White indicates elevations 15100 m; blue indicates elevations between 4200 and
5100 m; red indicates elevations between 3000 and 4200 m; orange and yellow indicate elevations !3000 m. Boxes
contain sample label and mean cooling age (Ma), with measurement error reported to 2j. Zongo River valley data
are from Benjamin et al. (1987) and exclude sample locations in the Altiplano watershed.

et al. 1987). These valuable data demonstrate that,
at least locally, the magnitudes of long-term ex-
humation rates in the Cordillera Real have been a
few tenths of a millimeter per year over the last
40–45 m.yr. However, the geographic scope of this
data set limits assessment of the spatial pattern of
long-term exhumation within the Cordillera Real.

In addition, questions remain about how best to
interpret thermochronologic data from the Bolivian
Andes and other mountain ranges. Previous inter-
pretations of the Zongo River valley fission track
ages have focused largely on temporal patterns of
exhumation, and most have assumed spatially uni-
form exhumation along the original ∼25-km-long
sample transect, an assumption that remains un-
tested. No assessments have been made of the in-
fluence of mesoscale topography on local cooling
histories, so the degree of model complexity ap-
propriate for interpreting thermochronologic data
in this range remains uncertain.

The aims of this article are (1) to expand the ther-
mochronologic data set from which long-term ero-
sion rates in this range are derived, (2) to determine
whether long-term exhumation rates in the Cor-
dillera Real vary over spatial scales of several tens
of kilometers and therefore whether a priori as-
sumptions of spatially uniform erosion over the
transect scale are justified, and (3) to assess the sig-
nificance of topographic corrections on exhuma-
tion rate estimates. We report 20 new apatite fis-
sion track (AFT) ages from two valleys in the
Cordillera Real and interpret the entire data set,
including that of Benjamin et al. (1987), with a 2-
D thermal model that accounts for topographic and
advective influences on measured cooling ages.
Hence, we make both an empirical and a meth-
odological contribution to documentation of ex-
humation rates in the Cordillera Real.

Study Area

The Cordillera Real lies at the SW margin of the
Eastern Cordillera, which comprises the eastern
flank of the Andean plateau in Bolivia (fig. 1). In
the study area, the Eastern Cordillera is approxi-
mately 100 km wide, over which mean elevation
drops about 4 km. The landscape is dissected by

deep, SW-NE-trending valleys carved by the trunk
streams of the Upper Beni River system that cut
across regional topographic and structural strike.
To the SW of the Eastern Cordillera lies the inter-
nally drained Altiplano, a predominantly flat pla-
teau surface with an average elevation of ∼3.7 km.
To the NE lie the Sub-Andes, a thin-skinned fold-
and-thrust belt characterized by alternating syn-
clines filled with sediment and anticlines of mod-
erate (∼1 km) relief. Toward the continental
interior, the Sub-Andes give way to the foreland
basin, which contains a sedimentary package 4–7
km thick (Watts et al. 1995) and is the locus of
substantial modern deposition (Guyot 1993; Aalto
et al. 2003).

The Cordillera Real includes a line of Mesozoic
and Tertiary granitic and granodioritic plutons that
form the highest peaks in the eastern Bolivian An-
des. The rest of the Eastern Cordillera is underlain
predominantly by fine-grained Ordovician, Devo-
nian, and Silurian sedimentary rocks intercalated
with sandy beds. These packages are metamor-
phosed to varying degrees, locally producing shales,
slates, phyllites, metagraywackes, schists, sand-
stones, and quartzites. Localized zones of contact
metamorphism are associated with the plutons of
the Cordillera Real.

Apatite Fission Track Sampling and Results

The plutonic rocks of the Cordillera Real have
proven amenable to a broad range of thermochron-
ologic analyses (e.g., Clark and Farrar 1973; Crough
1983; McBride et al. 1983; Benjamin et al. 1987),
unlike the metasedimentary rocks in the rest of the
Eastern Cordillera. Hence, sampling was primarily
confined to granitoid lithologies (fig. 1). A number
of valleys in the Upper Beni River system begin in
the plutons of the Cordillera Real, and the occa-
sional road or trail that follows these valleys offers
access to the plutons. To supplement the samples
of Benjamin et al. (1987) from the Zongo River val-
ley, we collected seven samples from the Taquesi
River valley and 13 samples (including several rep-
licates) from the Challana River valley. Samples
were obtained from outcrops of plutonic rock pre-
dominantly in or near valley bottoms (fig. 1). Sam-



Table 1. Fission Track Sample Locations and Cooling Ages

Samplea
Elevation

(m)

Downbasin
distance

(km) Longitude Latitude
No.

grains

Standard track
density

(#106/cm2)

Fossil track
density

(#104/cm2)

Induced track
density

(#104 cm2)

x2

probability
(%)b

Fission track
age (Ma)c

Percent error
on fission
track age

U
concentration

(ppm)

C1A 4630 5.4 68�14�31.2W 16�4�33.6S 5 1.97 (3144) .41 (39) 6.78 (638) 94 19.3 � 6.4 33 33.9
C1B 4640 5.3 68�14�34.8W 16�4�37.2S 20 1.96 (3122) .28 (156) .33 (2426) 3 20.0 � 3.4 17 21.9
C1C 4630 5.4 68�14�31.2W 16�4�33.6S 20 2.08 (3337) .15 (58) 2.56 (1009) 52 19.1 � 5.2 27 12.3
C2 2875 17.0 68�10�12.0W 15�59�49.2S 19 1.96 (3122) .06 (24) 1.89 (824) 99 9.1 � 2.8 31 9.6
C3 2735 16.3 68�10�22.8W 16�0�10.8S 9 1.94 (3100) .17 (44) 8.38 (2144) 4 6.4 � 2.0 31 43.2
C4 3070 17.2 68�10�22.8W 15�59�27.6S 20 1.94 (3100) .42 (127) 12.06 (3690) 75 10.7 � 2.0 19 62.1
C5 3380 17.0 68�10�37.2W 15�59�20.4S 20 1.93 (3078) .15 (66) 4.19 (1871) 62 10.9 � 2.8 26 21.7
C7 4115 12.3 68�14�6.0W 15�59�13.2S 20 2.11 (3381) .24 (149) 4.18 (2627) 89 19.2 � 3.2 17 19.7
C8 4388 9.5 68�15�10.8W 16�0�18.0S 20 2.11 (3381) .09 (31) 1.28 (456) 81 23.0 � 8.6 37 6.1
C9 4580 7.4 68�15�46.8W 16�1�30S 20 1.93 (3078) .68 (176) 11.67 (3039) 16 17.9 � 2.8 16 60.4
C10A 4800 3.4 68�17�13.2W 16�3�7.2S 20 1.91 (3055) .26 (125) 6.39 (3045) 72 12.5 � 2.2 18 33.5
C10B 4800 3.4 68�17�13.2W 16�3�7.2S 20 1.91 (3055) .41 (139) 7.19 (2412) 99 17.6 � 3.0 17 37.7
C11 5020 2.3 68�17�45.6W 16�3�28.8S 12 1.90 (3033) .24 (51) 4.93 (1058) 26 14.7 � 4.2 29 25.9
T1 4640 5.7 67�53�13.2W 16�29�6.0S 20 1.89 (3011) .16 (59) 8.59 (3148) 45 5.7 � 1.4 25 45.5
T2 4490 6.6 67�52�33.6W 16�29�13.2S 20 1.87 (2988) .12 (54) 5.86 (2666) 72 6.1 � 1.6 26 31.3
T3 4290 7.6 67�52�8.4W 16�28�48.0S 6 2.13 (3425) .07 (14) 2.53 (487) 30 9.8 � 5.4 55 11.6
T4 4080 8.4 67�51�43.2W 16�28�33.6S 15 1.87 (2988) .13 (40) 6.09 (1833) 13 6.5 � 2.0 31 32.6
T5 3800 10.3 67�50�42.0W 16�28�8.4S 14 1.86 (2955) .23 (65) 8.58 (2420) 53 8.0 � 2.0 25 46.1
T6 3500 12.4 67�49�55.2W 16�27�18.0S 20 1.86 (2955) .20 (54) 10.91 (2900) 99 5.5 � 1.6 29 58.7
T7 3240 14.0 67�49�26.4W 16�26�27.6S 20 2.16 (3468) .16 (101) 5.17 (3311) 23 10.5 � 2.2 21 27.1
Z3 2040 16.8 68�4�33.6W 16�6�32.4S 44f/72id .07 (74) .56 (477) 6.7 � 2.4 36
Z4 2380 14.1 68�5�34.8W 16�7�37.2S 90f/76id .12 (176) .68 (448) 11.4 � 2.0 18
Z5 2680 12.1 68�6�39.6W 16�8�6.0S 127f/97id .11 (122) .84 (781) 8.0 � 1.6 20
Z6 3000 10.2 68�7�8.4W 16�9�10.8S 43f/41id .26 (97) 1.13 (403) 14.1 � 3.8 27
Z7 3300 8.4 68�7�44.4W 16�9�57.6S 100f/51id .06 (55) .80 (351) 4.9 � 1.8 37
Z9 3450 6.9 68�8�24.0W 16�10�30S 59f/36id .24 (121) 1.60 (497) 9.0 � 2.0 22
Z10 4280 3.7 68�7�19.2W 16�14�31.2S 54f/21id .13 (59) .74 (135) 10.3 � 3.2 31
Z11 4560 1.3 68�7�12.0W 16�16�37.2S 55f/41id .82 (392) 3.25 (1154) 15.5 � 2.0 13
Z12 4780 0 68�7�40.8W 16�17�9.6S 53f/21id .34 (158) 1.79 (326) 11.7 � 3.4 29

Note. Numbers in parentheses indicate number of tracks. E. Safran, M. Singer, and L. Holland crushed and washed samples and separated minerals at the University of
California, Santa Barbara, using standard techniques. All fission track analyses were done by A. Blythe at the University of Southern California. Apatites were mounted in
epoxy. Sample surfaces were ground and polished. Apatite mounts were etched in 7% HNO3 at 18�C for 22 s. An “external detector” (e.g., Naeser 1979) consisting of low-
U (!5 ppb) Brazil ruby muscovite was used for each sample. Samples were irradiated in the Cornell University Triga nuclear reactor. After irradiation, the muscovites were
etched in 48% HF at 18�C for 30 min. Tracks were counted using a #100 dry lens and #1250 total magnification in crystals with well-etched, clearly visible tracks and
sharp polishing scratches. Standard and induced track densities were determined on external detectors (geometry ), and fossil track densities were determinedfactor p 0.5
on internal mineral surfaces. Ages were calculated using for dosimeter glass SRM 962a (e.g., Hurford and Green 1983). The conventional method (Greenzeta p 320 � 9
1981) was used to determine errors on sample ages. The x2 test estimated the probability that individual grain ages for each sample belong to a single population with
Poissonian distribution (Galbraith 1981). Of the new ages presented in this study, only two failed the x2 test. One of these (C3) was likely due to the small number of grains
available for counting. The cause of the x2 test failure in the other sample (C1B) is unclear, but the central age of this sample is identical (within error) to those of nearby
samples C1A and C1C.
a Zongo (Z) data from Benjamin et al. (1987), exclusive of samples in Altiplano watershed.
b A central age (Galbraith and Laslett 1993) is used in interpretations when the pooled data failed the x2 test at !5%.
c Errors are 2j.
d Population method was used to date the Zongo River valley apatite samples (Benjamin et al. 1987); mount; mount.f p fossil i p induced
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ple locations were determined from 1 : 50,000-scale
topographic maps and from a hand-held GPS unit,
and they are accurate to within approximately
�500 m horizontally. Elevations were determined
from topographic maps or with a barometric altim-
eter and are believed to be accurate to within about
�50 m (table 1).

A fission track in a crystal lattice is a damaged
zone formed by the spontaneous fission of 238U
(Naeser 1976). Fission tracks are fully retained in
sufficiently cool rocks and partially retained within
a closure zone that spans ∼40�–60�C (Fleischer et
al. 1965; Green et al. 1989). A fission track “age”
represents the time at which a rock cools below an
effective closure temperature, which varies de-
pending on cooling rates (Dodson 1979) but is
∼110�–120�C for rocks that cool at 10�–20�C/Ma
(Naeser and Faul 1969; Green et al. 1986).

Fission track ages from the Taquesi, Challana,
and Zongo river valleys are shown in figures 1 and
2 and table 1. The oldest ages are ∼20 Ma and occur
only in the Challana River valley. These old ages
are found on the valley walls at the upstream end
of the main valley or in small tributary valleys
etched into those walls. Ages at the downstream
end of the sampled portion of the valley are all �11
Ma, with the youngest age of ∼6 Ma occurring at
the valley bottom at the downstream-most extent
of sampling (fig. 2). In the Zongo River valley, the
oldest age is ∼16 Ma (Benjamin et al. 1987). As in
the Challana valley, the youngest ages in the Zongo
valley are also ∼5–7 Ma. Ages appear to decrease
slightly downvalley, although the trend is not sta-
tistically significant at the 5% level (fig. 2). AFT
ages in the Taquesi River valley exhibit a different
pattern. The youngest ages again fall between 5 and
7 Ma, but these cluster at the upstream end of the
valley. The older ages, peaking at ∼10 Ma, tend to
occur at the downstream end of the area sampled
(fig. 2), although, again, the trend is not statistically
significant ( ).P p 0.05

These age distributions illustrate that distinct
intra- and intervalley variations in thermochron-
ologic patterns occur over distances of only tens of
kilometers. The interpretation of exhumation his-
tories from these patterns inevitably involves some
assumptions. In the following section, we review
previous interpretations of the Zongo River valley
fission track data, highlighting the assumptions im-
plicit in these interpretations. In the subsequent
sections, we introduce our interpretive schemes
and their assumptions and apply them to the
Zongo, Challana, and Taquesi river valley data.

Previous Interpretations of Fission Track
Data in the Cordillera Real

The Zongo River valley data presented by Benjamin
et al. (1987) have been interpreted in several ways,
with a primary focus on defining temporal patterns
of exhumation in the Cordillera Real. For example,
Benjamin et al. (1987) posited increasing exhuma-
tion rates toward the present on the basis of two
kinds of analyses. The simplest interpretation plot-
ted sample elevation against cooling age and de-
termined “mean” exhumation rates from the
slopes of best-fit lines, which Benjamin (1986) re-
ported as 0.18 mm/yr for the apatite cooling ages
(∼7–16 Ma) and 0.07 mm/yr for the reset zircon
cooling ages (∼45–30 Ma). Benjamin et al. (1987)
also obtained erosion rate estimates for individual
samples or pairs of samples using both the elevation
dependence (e.g., Wagner and Reimer 1972; Fitz-
gerald et al. 1993) and mineral pair (e.g., Zeitler et
al. 1982) methods. The resulting exhumation rate
estimates, widely cited in the literature, ranged
from 0.1 to 0.7 mm/yr and were presented in a plot
of mean erosion rate associated with each sample
against the mean age of the sample. From this plot,
Benjamin et al. (1987) inferred increasing exhu-
mation rates toward the present.

While both Masek et al. (1994) and Anders et al.
(2002) critiqued the latter interpretation as an ar-
tifact of the common variable problem, each study
upheld the notion of an exhumation rate increasing
toward the present. Masek et al. (1994) reasoned
that, because the closure temperature of zircon is
roughly twice that of apatite and yet Benjamin et
al.’s (1987) zircon ages were more than twice those
of the corresponding apatite samples, erosion rate
must have increased toward the present. Anders et
al. (2002) supported this conclusion with a quan-
titative forward model that coupled apatite and zir-
con age-elevation profiles and identified vertical ve-
locity functions that fit both sets of data. They
argued for exponentially increasing exhumation
rates over the last 50 m.yr., from 0.12 to 0.40–0.75
mm/yr.

Masek et al. (1994) assumed a linear geothermal
gradient, and Anders et al. (2002) assumed a spacing
between zircon and apatite closure isotherms in-
variant in space and time. However, because heat
advection via erosion can cause the geothermal gra-
dient to vary both with depth and through time
(e.g., England and Richardson 1980; Foster et al.
1994; Mancktelow and Grasemann 1997), asser-
tions about temporally increasing erosion rate re-
quired further testing. Moore and England (2001)
used a 1-D diffusive-advective thermal model to
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Figure 2. a, Apatite fission track cooling ages plotted against downbasin distance. Error bars are 2j. b, Age versus
elevation relationships for samples derived from each valley. Only the elevation versus age regression for the Challana
River valley is statistically significant ( ).P p 0.05

simulate time-temperature histories in the Cordil-
lera Real. The authors found that, within the un-
certainties of the data, the Benjamin et al. (1987)
zircon and AFT cooling ages were consistent with
a steady, uniform erosion rate of 0.3 mm/yr over
the last 50 m.yr.

Spatial patterns of exhumation in the Cordillera
Real have been much less extensively examined
than temporal patterns. Each analysis that used all
the Zongo River valley data to define a single ex-
humation history (e.g., Benjamin et al. 1987; Moore
and England 2001; Anders et al. 2002) implicitly or

explicitly assumed spatially uniform exhumation
among sample locations during the time when
cooling ages were set. However, long-term non-
uniformity of exhumation along the Zongo valley
transect is a possibility that requires evaluation,
given the substantial length of the original transect
(∼25 km). Only Masek et al. (1994) emphasized po-
tential spatial variations in exhumation rate by
making individual exhumation rate estimates for
each sample location and plotting these estimates
(ranging from 0.2 to 0.9 mm/yr) against along-
transect position.



Journal of Geology V A R I A B L E E X H U M A T I O N R A T E S 671

Masek et al.’s (1994) exhumation rate estimates
would change in the face of more detailed repre-
sentations of local geothermal gradients (e.g., that
vary in time and space). In addition to reflecting
advective effects, near-surface geothermal gradi-
ents can be strongly affected by mesoscale (wave-
length and amplitude of order of 10 and 1 km, re-
spectively) topography (e.g., England 1979; Stüwe
et al. 1994; Mancktelow and Grasemann 1997),
which likely existed when the apatite cooling ages
were set. At present, topographic wavelength and
amplitude vary from about 5 and 0.25 km near the
western end of the Zongo transect to about 15 and
1 km at the eastern end. No previous interpreta-
tions of thermochronologic data in the Cordillera
Real account for these effects; hence, their impor-
tance remains unknown.

Like Masek et al. (1994), we relax the assumption
that all sample locations experienced the same ex-
humation history by estimating exhumation rates
for individual sites. Like Moore and England (2001),
we relax the assumption of a steady, linear geo-
thermal gradient by interpreting our data with a
diffusive-advective thermal model. Last, we relax
the assumption that “preexisting topography, and
any differential erosion that took place to produce
the present relief, did not influence the isotherms
until after the youngest ages were set” (Moore and
England 2001, p. 279). We do so by representing
topographic conditions at each sample site within
a 2-D thermal model and by modeling cooling ages
individually. This approach, in combination with
new AFT data from two valleys, permits evaluation
of spatial patterns of exhumation in the Cordillera
Real. We also reflect briefly on temporal patterns
of erosion (see “Discussion”) by comparing the rel-
ative magnitudes of exhumation rate estimates
presented here with new erosion data collected in
the Upper Beni River region that average over
thousands of years (Safran et al. 2005).

A Thermal Modeling–Based Exploration of
Fission Track Age Interpretation

The aim of our modeling effort was to determine
how much of a difference increasing degrees of
model complexity make to exhumation rate esti-
mates for the Cordillera Real and in which dimen-
sions, if any, topographic representations are im-
portant. To address these questions, we derived four
exhumation rate estimates from each individual
cooling age. The first was calculated simply by di-
viding a presumed closure isotherm depth by the
cooling age of each sample, assuming a linear, spa-
tially and temporally invariant geothermal gradi-

ent. To be consistent with Benjamin et al. (1987),
we assumed a geothermal gradient of 30�C/km, a
surface temperature of 10�C, and a 110�C closure
temperature (at a 3.3-km depth) for the AFT system.
This exhumation rate estimate represented the
simplest and most traditional method of cooling
age interpretation. The other three exhumation rate
estimates were all made using a combination of a
2-D thermal model and a fission track annealing
model. The thermal model was applied to three
different topographic characterizations of each
sample site, using (1) flat topography (calculation
reduces to a 1-D case), (2) a cross-valley topographic
profile, and (3) a longitudinal or along-valley to-
pographic profile.

Our modeling strategy was to use the thermal
and fission track annealing models to obtain a sim-
ulated cooling age for each sample site, and we ad-
justed exhumation rate in the thermal model until
the simulated cooling age matched the measured
cooling age. Specifically, we used the thermal
model to simulate a temperature field in the shal-
low subsurface that varies as a function of time,
space, and exhumation rate. The model, described
by Safran (2003), is a finite difference program that
solves the governing equation

2 2�T � T � T �T
p k � � � , (1)2 2( )�t �x �z �z

where k is thermal diffusivity (here represented as
31 m2/yr; Turcotte and Schubert 1982), T is tem-
perature (�C), x is horizontal distance (km), z is ver-
tical distance (km), � is exhumation rate (km/yr),
and t is time (yr). On the right-hand side of the
equation, the first term represents the contribution
of lateral and vertical heat conduction to temper-
ature variation through time. The second term rep-
resents the contribution of vertical advection of
heat via exhumation. We neglected near-surface ef-
fects of radiogenic heat production because these
are small relative to the effects of advection for
moderate (10–12 km) amounts of exhumation
(Mancktelow and Grasemann 1997).

For each simulation, we selected an exhumation
rate and followed a rock parcel from depth to its
point of emergence on the surface (the sample col-
lection site), recording the time-temperature his-
tory during the parcel’s upward trajectory. The re-
sulting time-temperature history was then put
through a numerical model of fission track an-
nealing, AFTSolve (Ketcham et al. 2000), to obtain
a simulated cooling age. This was necessary be-
cause, for slowly eroding landscapes (≤0.2 mm/yr),
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Figure 3. Examples of topographic profiles used in ther-
mal modeling from which erosion rate estimates are de-
rived. a, Cross-valley profiles near the downstream end
of each sample transect. Topographic wavelength is ∼15
km; topographic amplitude ranges from ∼500 m for the
Taquesi River valley to ∼1100 m for the Zongo River
valley. b, Along-valley profiles from each sample valley.
Profiles have been aligned to highlight topographic sim-
ilarities and differences among valleys. Profiles start at
arbitrary origins on the Altiplano and end in the foreland
basin. Circle indicates area exhumed by tributaries of the
La Paz River on the southwest side of the pluton sampled
by Taquesi transect.

the concept of a sharp closure temperature is an
oversimplification that affects modeled cooling
ages by ∼2–7 Ma. AFTSolve quantitatively ac-
knowledges the loss or partial loss of fission tracks
over a range of temperatures between about 50� and
110�C (Fleischer et al. 1965; Green et al. 1989). If
the simulated cooling age did not match the mean

measured cooling age for a sample site, exhumation
rate was adjusted and the process was repeated.

We recognize that local exhumation histories
cannot be constrained uniquely with the data avail-
able. We made incremental progress on the problem
by accounting for the effects of local topography
and heat advection due to erosion and determining
the locally uniform, steady erosion rate required to
generate each cooling age while acknowledging
that many real local exhumation histories may
have been unsteady and/or nonuniform, e.g., be-
cause of spatial or temporal variations in tectonic
activity, climatic changes, or drainage network re-
arrangements. We assumed that topographic pro-
files were temporally invariant, an assumption
the consequences of which we evaluate in
“Discussion.”

Both cross-valley and along-valley profiles at
each sample site were determined from a digital
elevation model of ∼90-m resolution. Cross-valley
profiles captured the topographic wavelengths
dominating the subsurface thermal field near each
sample, not simply the immediate topography (fig.
3a). We selected profiles by running our calcula-
tions over various length scales. Cross-valley pro-
files represent the minimum distance beyond
which extending the profile length made no differ-
ence to the modeled erosion rate estimates. Along-
valley profiles were extended well onto the Alti-
plano and into the foreland basin to ensure
adequate expression of the long-wavelength topog-
raphy (fig. 3b).

Modeled cooling ages are not steady-state ages
because, for erosion rates of a few tenths of a mil-
limeter per year, a steady-state temperature distri-
bution is achieved only after many tens of millions
of years (Mancktelow and Grasemann 1997). The
choice of simulation duration therefore affects the
final modeled cooling age. In general, the time of
onset of a particular erosion rate in a landscape is
not known. To minimize the influence of this un-
known quantity on modeled cooling ages, we chose
simulation durations that (1) reset all apatite ages
and (2) yielded incremental changes in cooling ages
per additional million years of simulation time of
≤0.2 m.yr./m.yr. For model runs employing erosion
rates of !0.15, 0.15–0.2, 0.2–0.4, and 10.4 mm/yr,
we used simulation durations of 40, 30, 20, and 15
Ma, respectively. The initial condition for each
model run was one of steady-state adjustment to
the topography in the absence of heat advection due
to erosion. Temperature of the upper boundary con-
dition was specified by assuming a mean annual
temperature of 26�C at an elevation of 220 m and
applying a 5.1�C/km lapse rate to the topography.
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To indicate how measurement errors on cooling
ages translate into uncertainty in exhumation rate
estimates, we determined the locally uniform,
steady exhumation rates required to generate cool-
ing ages �2j from the measured age. Such values
were calculated only for best estimates of exhu-
mation rate at each sample site. We have not at-
tempted to place full error bars on our exhumation
rate estimates because we lack information about
how certain model parameters (e.g., thermal dif-
fusivity, heat flux at lower boundary condition)
might realistically be expected to vary in the study
region and because most variations in model pa-
rameters will produce systematic errors on exhu-
mation rate estimates but will preserve trends
among them. A possible exception might result
from major compositional variations among apa-
tites. Cl-rich apatites are more resistant to anneal-
ing and hence have generally higher closure tem-
peratures than F-rich apatites. We lack information
about compositional variation among apatites from
the valleys sampled. However, Cl-rich apatites are
rare (e.g., Phillips and Griffen 1981), and we have
no reason to suspect a priori that major composi-
tional gradients exist in the study area.

Exhumation Rate Estimates
in the Cordillera Real

Table 2 and figure 4 summarize all four erosion rate
estimates made for each location. For each location,
a “best estimate” was identified from among the
three modeled exhumation rates on the basis of
how strongly inclusion of topographic information
in the cross-valley or along-valley dimensions af-
fected the magnitude of the estimate relative to the
1-D case. If a 2-D calculation applied to either a
cross-valley or along-valley profile produced an ex-
humation rate estimate within 10% of the value
derived from the 1-D calculation, inclusion of to-
pographic information in that dimension was con-
sidered unimportant for improving the accuracy of
an exhumation rate estimate, and the results of the
1-D calculation were identified as the best exhu-
mation rate estimate. If inclusion of topographic
information in only one of the two dimensions pro-
duced a 110% change in the exhumation rate es-
timate relative to the 1-D case, the calculation
incorporating topographic information in that di-
mension was deemed to represent the best exhu-
mation rate estimate. In five cases, inclusion of to-
pographic information in both the cross-valley and
along-valley dimensions produced estimates that
differed by 110% from the 1-D case. For our pur-
poses, the calculation demonstrating the strongest

topographic influence was identified as the best ex-
humation rate estimate, but at such locations cool-
ing ages might profitably be modeled with a 3-D
thermal model. Two-thirds of the discrepancies be-
tween the various estimates were in the range 0%–
10%.

Best estimates of exhumation rates for the whole
data set range from ∼0.2 to 0.6 mm/yr (table 2). The
ranges and means of best exhumation rate esti-
mates for the valleys are 0.15–0.38 mm/yr (mean
value: 0.23 mm/yr) for Challana, 0.18–0.48 mm/yr
(mean value: 0.29 mm/yr) for Zongo, and 0.27–0.63
(mean value: 0.44 mm/yr) for Taquesi. Figure 5 il-
lustrates the modes in exhumation rate estimates
for each valley: 0.1–0.2 mm/yr for Challana, 0.2–
0.3 mm/yr for Zongo, and 0.3–0.5 mm/yr for Ta-
quesi. The mean of the best exhumation rate es-
timates for the Taquesi River valley is statistically
distinct from those of the Zongo and Challana river
valleys (t-test, ), which are not distinctP p 0.05
from one another.

Exhumation rate estimates derived from 1-D
thermal model calculation and from the simple cal-
culation assuming a spatially and temporally in-
variant linear geothermal gradient were in general
very similar. In only four instances was the differ-
ence between the two estimates more than 10%,
though clearly this difference depends on the value
selected for geothermal gradient. In these cases, the
1-D thermal model calculation generally predicts
a surfaceward shift of the closure temperature iso-
therm relative to its position along a 30�C/km geo-
thermal gradient, so exhumation rate estimates
based on the thermal model are slightly lower than
estimates based on an assumed linear geothermal
gradient.

The largest corrections to exhumation rate es-
timates made with relatively simple models (as-
suming a linear geothermal gradient or using a 1-
D thermal model) occur when the 2-D thermal
model is run with cross-valley topographic profiles
for sites at the downstream ends of the Zongo and
Challana river valleys (table 2). At these locations,
topographic wavelength and amplitude approach 15
and 0.75–1 km, respectively, and the exhumation
rate estimates based on the 2-D model are 20%–
50% lower than those based on simpler models (ta-
ble 2). This reflects the representation of near-
surface isotherm compression in valley bottoms in
the 2-D model, which implies a shorter travel dis-
tance from the closure temperature isotherm to the
surface during the period represented by the cooling
age. This effect is accounted for by the model used
here (Safran 2003).

The largest changes to exhumation rate esti-



Table 2. Exhumation Rate Estimates at Sample Sites

Sample

Exhumation rate estimates (mm/yr) Percent difference

Percent
errora

Previous column/
percent error on

cooling age
Linear

geotherm 1-D
2-D,

cross valley
2-D,

long valley
Best vs.

1-D

Best vs.
linear

geotherm

1-D vs.
linear

geotherm
2-D cross valley

vs. 1-D
2-D long valley

vs. 1-D

C1A .17 .18 (.04, .07) .17 .19 0 5 5 �6 5 31 .92
C1B .17 .17 (.02, .03) .17 .18 0 3 3 0 6 15 .87
C1C .17 .18 (.04, .06) .18 .19 0 4 4 0 5 28 1.02
C2 .36 .34 .29 (.06, .10) .30 �17 �25 �7 �17 �13 28 .90
C3 .52 .45 .38 (.08, .12) .41 �18 �36 �15 �18 �10 26 .84
C4 .31 .3 (.04, .05) .28 .28 0 �3 �3 �7 �7 15 .80
C5 .30 .3 (.06, .08) .29 .29 0 �1 �1 �3 �3 23 .91
C7 .17 .18 (.03, .03) .17 .17 0 5 5 �6 �6 17 1.00
C8 .14 .15 (.04, .08) .14 .15 0 4 4 �7 0 40 1.07
C9 .18 .19 (.02, .02) .18 .20 0 3 3 �6 5 11 .67
C10A .26 .28 (.05, .04) .26 .26 0 6 6 �8 �8 16 .91
C10B .19 .2 (.03, .04) .19 .19 0 6 6 �5 �5 18 1.03
C11 .22 .24 (.05, .08) .24 .23 0 6 6 0 �4 27 .95
T1 .58 .55 .55 .63 (.10, .14) 13 8 �5 0 13 19 .78
T2 .54 .53 (.09, .13) .49 .55 0 �2 �2 �8 4 21 .79
T3 .34 .34 (.11, .30) .33 .36 0 1 1 �3 6 57 1.04
T4 .51 .50 .44 (.08, .14) .51 �14 �16 �2 �14 2 25 .81
T5 .41 .39 (.06, .10) .35 .43 0 �6 �6 �11 9 21 .82
T6 .60 .55 .49 (.09, .14) .55 �12 �22 �9 �12 0 23 .81
T7 .31 .31 .27 (.04, .06) .31 �15 �16 �1 �15 0 19 .88
Z3 .49 .42 .33 (.08, .13) .38 �27 �49 �17 �27 �11 32 .89
Z4 .29 .27 .21 (.03, .03) .24 �29 �38 �7 �29 �13 14 .81
Z5 .41 .37 .28 (.04, .06) .35 �32 �47 �11 �32 �6 18 .89
Z6 .23 .22 .18 (.03, .06) .21 �22 �30 �6 �22 �5 25 .93
Z7 .67 .59 .48 (.10, .19) .60 �23 �40 �14 �23 2 30 .82
Z9 .37 .35 .30 (.05, .07) .34 �17 �22 �5 �17 �3 20 .90
Z10 .32 .33 .30 .29 (.06, .10) �14 �10 3 �10 �14 28 .89
Z11 .21 .22 (.02, .03) .22 .22 0 3 3 0 0 11 .88
Z12 .28 .3 (.06, .10) .28 .31 0 6 6 �7 3 27 .92

Note. Bold values are best estimates of exhumation rate. Errors are (�2j, �2j).
a Percent error on best exhumation rate estimate implied by cooling age uncertainty.
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Figure 4. Exhumation rate estimates as a function of
downbasin distance for each sample transect. Four ex-
humation rate estimates are made at each sample loca-
tion. Gray shading highlights best estimates of exhu-
mation rate. Dashed lines with arrowheads indicate areas
predominantly affected by along-valley topography. Solid
lines with arrowheads indicate areas predominantly af-
fected by cross-valley topography.

Figure 5. Stacked histogram of estimated exhumation
rates for all three valleys. Each valley exhibits a different
modal erosion rate.

mates caused by including representations of along-
valley topography are ∼15%; hence, topographic in-
formation in this dimension is generally less
important for interpreting the Cordillera Real ther-
mochronologic data set than is topographic infor-
mation in the cross-valley dimension. The effects

of along-valley topography on exhumation rate es-
timates are most significant at the downstream
ends of the Zongo and Challana transects and near
the drainage divides of the Zongo and Taquesi tran-
sects (table 2). At the downstream ends of the
Zongo and Challana transects, modest along-valley
topographic effects reflect the regional gradient
down the mountain flank. The downstream ends
of these transects are also the loci of the most sig-
nificant cross-valley topographic effects, which are
of greater magnitude (fig. 4; table 2). Both influ-
ences act to compress near-surface isotherms and
suggest a closure temperature isotherm at a shal-
lower depth than that implied by either the linear
geothermal gradient model or the 1-D thermal
model. If the two topographic effects are additive,
then exhumation rate estimates that account for
both could diverge from exhumation rate estimates
using a 1-D thermal model by 140%.

In the Taquesi River valley, the importance of
representing along-valley topography in thermal
models centers on the need to capture mesoscale
topographic effects associated with the drainage di-
vide. Near the drainage divide, the closure tem-
perature isotherm is driven downward because of
diffusive cooling in the ridge that forms the divide.
The effect is particularly pronounced in this valley
because headward incision of the La Paz River into
the Altiplano, apparently during the last several
million years (see “Discussion”), has excavated a
depression on the hinterland side of the sampled
pluton (fig. 3b). The pronounced topographic iso-
lation of this pluton enhances, relative to the plu-
tons sampled in other two valleys, closure tem-
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perature isotherm depression at the mountain
crest. Deeper closure isotherms mean greater travel
distances to the surface relative to those implied
by a 1-D calculation. Therefore, the exhumation
rate estimate based on the 2-D model applied to
the along-valley topographic profile for sample T1
is larger than the exhumation rate estimate based
on 1-D calculations.

Discussion

The data and interpretations presented here indi-
cate spatial variations in cooling age patterns and
exhumation rate on the scale of 10 to a few tens of
kilometers within the Cordillera Real. In particu-
lar, the Taquesi River valley data differ from the
Challana and Zongo river data in that (1) cooling
ages from the Taquesi River valley do not exhibit
a positive age-elevation relationship (fig. 2b) and
hence defy interpretation by some of the traditional
methods that have been applied to the Zongo River
valley data (e.g., Benjamin et al. 1987; Kennan 2000;
Anders et al. 2002) and (2) mean exhumation rate
in the Taquesi River valley is significantly higher
( ) than in the other two valleys. Mean ex-P p 0.05
humation rate in the Taquesi River valley exceeds
that from the Challana River valley by about two-
fold. We conclude that it is inappropriate to assume
spatial uniformity of exhumation over the dis-
tances represented by these AFT sample transect
lengths.

Since normal faulting has not been documented
as a major exhumation mechanism in this moun-
tain range, subregional variations in exhumation
rate likely reflect differences in local long-term ero-
sion patterns. These in turn reflect variations in
local channel incision histories, since channel net-
work incision sets the pace of long-term erosion in
mountain ranges (e.g., Whipple and Tucker 1999;
Whipple 2001). Variations in local channel incision
history may reflect (1) persistent differences in local
climate or structural activity that directly drive dif-
ferences in geomorphic response or (2) long-lived
transience in the adjustment of channel networks
to regional environmental conditions. In the latter
case, spatial variations in long-term erosion rate
may stem from channel network topology and
drainage area distribution and/or from changes in
the plan-form pattern of the channel network.

In the Cordillera Real, neither long-term paleo-
climatic patterns nor structural kinematics is suf-
ficiently well resolved spatially to determine how
these might affect local exhumation rates. Hence,
the importance of these controls remains un-
known. On the other hand, the pluton sampled by

the Taquesi transect is visibly unique among the
three sampled in that it has been affected by tran-
sient changes in the surrounding channel network.
The region to the SW of the pluton has been ex-
cavated by headward extension of the La Paz River
into the Altiplano. The passage of a zone of en-
hanced local incision, or an incision “wave,” up
the La Paz River and its tributaries may help ex-
plain the higher computed exhumation rates in
the Taquesi River valley. Lack of a positive age-
elevation relationship (fig. 2b) also suggests a period
of more rapid erosion, either while (Safran 2003) or
after cooling ages were set, near the current pluton
crest relative to downvalley portions of the Taquesi
transect. Such an erosion pattern could have been
produced by the headward propagation of an inci-
sion wave that reached the downstream portion of
the Taquesi transect several million years before
affecting the crest of the transect (e.g., Safran 1998).
Two detrital apatite samples from sandstones in the
La Paz River valley to the southwest of the sampled
pluton (fig. 1) also exhibit remarkably young ages:

and Ma (pooled ages;2.63 � 0.53 4.89 � 1.87
Barnes et al. 2004). These ages, in combination with
the exhumation patterns we document, suggest
that headward incision of the La Paz River and its
tributaries has indeed caused relatively rapid ex-
humation locally over the last few million years.

In addition to these intervalley differences in ex-
humation rate, our best exhumation rate estimates
also exhibit substantial short-wavelength (several
kilometers) variation within sample transects (fig.
4). There are several possible reasons for this var-
iation: (1) there may be inherent variability in fis-
sion track data even within a sample locality, and
differences among samples reflect that variability;
(2) despite careful attention to topographic and ad-
vective influences on exhumation rate estimates,
our best interpretive model may still neglect some
important effect(s) on subsurface thermal fields; (3)
our exhumation rate estimates may express the real
“structural grain” of the mountain range; (4) our
exhumation rate estimates may express long-term,
transient differences in exhumation rate resulting
from internal evolution of the drainage network
over spatial wavelengths of !10 km. We express
these possibilities to stimulate fresh approaches to
thermochronologic sampling in this and other
mountain ranges.

As well as highlighting spatial variations in ex-
humation rate, we have quantified topographic in-
fluences on exhumation rate estimates in the Cor-
dillera Real. Incorporating topographic information
in the cross-valley dimension resulted in a reduc-
tion of up to ∼30% in computed exhumation rate
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for locations at the downstream ends of sample
transects. Incorporating topographic information in
the along-valley dimension resulted in changes of
up to ∼15% in computed exhumation rate for lo-
cations in the downstream portions of the Challana
and Zongo river transects and at the crest of the
Taquesi River transect. Mean 2j errors on AFT
cooling ages are ∼25%, and uncertainties on best
estimates of exhumation rate implied by errors on
cooling ages are of the same magnitude (table 2).
We conclude the following: (1) effects of along-
valley topographic profiles may not be detectable
by themselves at exhumation rates reported here;
(2) cross-valley topographic information should be
incorporated into exhumation rate estimates once
topographic wavelengths and amplitudes approach
15 and 1 km, respectively; and finally, (3) the com-
bined effects of cross-valley and along-valley to-
pography should be explored for sample sites ∼15–
20 km from the mountain crest.

Like every approach to interpreting thermo-
chronologic data, ours involves several simplifying
assumptions. Of these, the assumption of invariant
topographic profile shape warrants particular dis-
cussion because it is unlikely to have been true
over the last 5–20 m.yr. Since AFT cooling ages
were set, the eastern flank of the Andean plateau
has widened as deformation has shifted toward the
foreland, and the mountains have risen through
shortening (e.g., in the Sub-Andes) and/or move-
ment along basement ramps (e.g., McQuarrie and
DeCelles 2001; McQuarrie 2002). However, the in-
fluence of long-wavelength topography on our ex-
humation rate estimates is minimal over the tran-
sect lengths studied, and most alterations of
long-wavelength topography have occurred down-
basin of our study area. Hence, although the as-
sumption of long-wavelength topographic invari-
ance has been violated during the last 5–20 m.yr.,
the violation likely lacks significant impact on our
conclusions.

Mesoscale topography, in both the cross-valley
and along-valley dimensions, has a more pro-
nounced effect on our exhumation rate estimates.
Very little information exists about temporal
changes in mesoscale topography. The presence of
a late Miocene fluvial deposit at the boundary be-
tween the Eastern Cordillera and the Sub-Andes
(Fornari et al. 1987; Herail and Viscarra 1988) that
invades the lower portions of the main valleys
draining the Cordillera Real suggests that the cur-
rent spacing of major valleys has been a persistent
feature of this landscape. Hence, the element of
mesoscale topography most likely to have changed
over time is amplitude rather than wavelength.

Given the great amplitude (0.5–1 km) of the valleys
at the lower portions of the sample transects, it
seems unlikely that local relief in the cross-valley
dimension was once much greater than it currently
is. It is more probable that local relief in the down-
stream portions of the valleys may have increased
somewhat since AFT cooling ages were set. If so,
exhumation rate estimates in these localities un-
derestimate the true local exhumation rates, be-
cause the closure temperature isotherm would
have been deeper in valley bottoms and shallower
under ridge tops at the time cooling ages were set
than the current topography would suggest. Mod-
eling by Safran (2003) suggests that the magnitude
of the error associated with assuming topographic
invariance when relief has actually been increasing
is likely within ∼20% for the approximate exhu-
mation rates and topographic wavelengths and am-
plitudes that characterize the study area. If local
relief has also increased in the along-valley dimen-
sion near the drainage divides (e.g., because of river
incision to the southwest of the Taquesi transect),
our exhumation rate estimates in those locations
are likely slight overestimates of true local exhu-
mation rates. If, on the other hand, local relief in
the along-valley dimension has decreased (e.g., be-
cause of propagation of the locus of most rapid in-
cision up the Taquesi River valley), then exhu-
mation rate estimates near the drainage divides
underestimate true local exhumation rates.

The data and interpretations presented here ex-
pand the current understanding of Andean exhu-
mation rates and permit these rates to be situated
among global values with greater confidence. Over-
all exhumation rates across a broad portion of the
Cordillera Real are confirmed to be ≤0.6 mm/yr and
are an order of magnitude lower than those reported
for Taiwan (e.g., Liu 1982; Willett et al. 2003),
Nanga Parbat (e.g., Zeitler et al. 1982; Whittington
1996; Moore and England 2001), the Greater Hima-
laya of Nepal (Burbank et al. 2003), and the South-
ern Alps of New Zealand (e.g., Kamp et al. 1989;
Tippett and Kamp 1993). The Cordillera Real ap-
pears to be exhuming at rates comparable to those
of Denali (Fitzgerald et al. 1993), the Washington
Cascades (Reiners et al. 2003), and parts of the
Olympic Mountains (e.g., Brandon et al. 1998) and
European Alps (e.g., Bernet et al. 2001). The Cor-
dillera Real itself has experienced significantly
greater and more rapid exhumation than other parts
of the Bolivian Andes (e.g., Masek et al. 1994).
Hence, despite their impressive size, the Bolivian
Andes are not among the world’s most rapidly ex-
huming mountain ranges.

Our analyses focused primarily on spatial pat-
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Figure 6. Relationship between long-term exhumation rate estimates and modern erosion rate estimates based on
10Be concentrations in alluvium from basins throughout the Upper Beni River basin (Safran et al. 2005). Inset shows
location of apatite fission track sample sites relative to nearby alluvium sample sites.

terns of exhumation, but comparisons with modern
erosion rates can shed some light on temporal pat-
terns of erosion. Our exhumation rate estimates
represent the vertical component of long-term av-
erage erosion rates in the Cordillera Real. Because
lateral motions of rock, which have not been quan-
tified in the study area, are not included in our
interpretive model, our exhumation rates may un-
derestimate total long-term erosion rates.

Modern erosion rates that average over time

spans of an order of 103 yr have been obtained for
the Upper Beni River region, which includes the
Cordillera Real (Safran et al. 2005). These 48 ero-
sion rate estimates are based on measurements of
in situ 10Be concentration in alluvium, which re-
flects total mass flux from sample basins rather
than vertical rates of rock motion toward the sur-
face. Mean and modal erosion rates are 0.42
( ) and 0.2–0.4 mm/yr (Safran et al. 2005),SD p 0.29
respectively, compared with mean and modal ex-
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humation rates of 0.30 ( ) and 0.2–0.3SD p 0.12
mm/yr. Direct comparison of exhumation rates and
modern erosion rates is not possible for most in-
dividual localities because of nonoverlapping sam-
pling schemes. However, in the headwaters of the
Zongo River valley, modern erosion rates of 0.40–
0.55 mm/yr (Safran et al. 2005; fig. 6) are ∼1.5–1.8
times the mean exhumation rate for the AFT sam-
ple transect. The 10Be-derived erosion rate for the
Taquesi River basin of 0.64 mm/yr is 1.4 times the
mean exhumation rate of the AFT transect, which
lies in the headwaters of the basin (fig. 6). The 10Be-
derived erosion rate for the Challana River basin is
0.95 mm/yr, almost four times the mean exhu-
mation rate for the AFT transect, but the locations
of the two sample types in this basin are so distant
from each other (fig. 6) that no meaningful com-
parisons can be made.

If the lateral flux of rock through the Cordillera
Real is negligible, then our exhumation rate esti-
mates represent long-term, total erosion rates, and
modern erosion rates exceed them by less than two-
fold, a difference possibly driven by Late Cenozoic
climate change. If the lateral flux of rock is as great
as the vertical flux, then long-term, total erosion
rates are approximately two times the exhumation
rate estimates presented here, making them as
great as, if not slightly greater than, modern erosion
rates (which are ∼1.4–1.8 times the corresponding
exhumation rates). Unless lateral fluxes of rock
prove to be many times larger than vertical fluxes,
our data suggest that modern and long-term average
erosion rates likely vary by less than a factor of 2.
If tectonic forcing exerts an important control on
erosion rates in this range (e.g., Safran et al. 2005),
our data imply similarity between the current mag-
nitude and the long-term (5–20 m.yr.) average mag-
nitude of these forces.

Conclusions

The Cordillera Real exhibits three- to fourfold var-
iations in AFT cooling ages over distances of ten
to several tens of kilometers. Our modeling of tem-
perature fields beneath exhuming terrain suggests
that these variations (1) translate into two- to three-
fold variations in exhumation rate and (2) reflect
generally higher exhumation rates in the Taquesi
River valley than in the Challana and Zongo river

valleys. Hence, it is inappropriate in interpretations
of thermochronologic data to assume spatial uni-
formity in exhumation rates or patterns over sev-
eral tens of kilometers.

Locally varying phenomena must exert impor-
tant controls on long-term erosion patterns in order
to produce short-wavelength exhumation rate var-
iations of twofold or more. Passage of an incision
wave up the La Paz River and its tributaries indi-
cated by the headward extension of this ∼2-km-
deep valley system into the Altiplano may be re-
sponsible for the relatively high exhumation rate
estimates associated with the Taquesi River valley
transect.

Our calculations show that cross-valley topog-
raphy affects exhumation rate estimates by 20%–
30% in the downstream portions of the Challana
and Zongo River valley transects. Along-valley to-
pographic effects influence exhumation rate esti-
mates by up to ∼15%. This correction is smaller
than most uncertainties in exhumation rate esti-
mates implied by cooling age measurement errors
but incrementally increases overall topographic ef-
fects on exhumation rate estimates at the down-
stream ends of the Challana and Zongo river valley
transects.

Despite their impressive size, the Bolivian Andes
are not among the most rapidly exhuming moun-
tain ranges on Earth. Comparison of exhumation
rate estimates with modern erosion rates that av-
erage over thousands of years suggests that long-
term and short-term average erosion rates are likely
within twofold of one another.
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de Geologı́a y Técnico de Minas for crucial field
and logistical support; the Cornell University An-
des group for stimulating discussion and advice; M.
Singer and L. Holland for laboratory assistance; and
T. Blodgett for field assistance. Comments by A.
Miegs, M. Brandon, B. Horton, and M. Roden-Tice
improved this manuscript considerably.

R E F E R E N C E S C I T E D

Aalto, R. E.; Dunne, T.; and Guyot, J. L. 2006. Geomor-
phic controls on Andean denudation rates. J. Geol.
114:85–99.

Aalto, R. E.; Maurice-Bourgoin, L.; Dunne, T.; Montgom-

ery, D. R.; Nittrouer, C. A.; and Guyot, J.-L. 2003.
Episodic sediment accumulation on Amazonian flood-
plains influenced by El Niño/Southern Oscillation.
Nature 425:493–497.



680 E . B . S A F R A N E T A L .

Anders, M. H.; Gregory-Wodzicki, K. M.; and Spiegel-
man, M. 2002. A critical evaluation of late Tertiary
accelerated uplift rates for the Eastern Cordillera,
Central Andes of Bolivia. J. Geol. 110:89–100.

Barnes, J. B.; Ehlers, T. A.; and McQuarrie, N. 2004. New
constraints on the erosion history of the Andean Pla-
teau inferred from detrital thermochronology across
the Northern Bolivian Thrust Belt. EOS: Trans. Am.
Geophys. Union 85:T53A-0474.

Benjamin, M. T. 1986. Fission track ages on some Boli-
vian plutonic rocks: implications for the Tertiary up-
lift and erosion history of the Altiplano-Cordillera
Real. MS thesis, Dartmouth College, Hanover, NH.

Benjamin, M. T.; Johnson, N. M.; and Naeser, C. W. 1987.
Recent rapid uplift in the Bolivian Andes: evidence
from fission-track dating. Geology 15:680–683.

Bernet, M.; Massimiliano, Z.; Garver, J. I.; Brandon, M.
T.; and Vance, J. A. 2001. Steady-state exhumation of
the European Alps. Geology 29:35–38.

Brandon, M. T.; Roden-Tice, M. K.; and Garver, J. I. 1998.
Late Cenozoic exhumation of the Cascadia accretion-
ary wedge in the Olympic Mountains, northwest
Washington State. Geol. Soc. Am. Bull. 110:985–1009.

Burbank, D. W.; Blythe, A. E.; Putkonen, J.; Pratt-Sitaula,
B.; Gabet, E.; Oskin, M.; Barros, A.; and Ojha, T. P.
2003. Decoupling of erosion and precipitation in the
Himalayas. Nature 426:652–655.

Clark, A. H., and Farrar, E. 1973. The Bolivian tin prov-
ince: notes on the available geochronological data.
Econ. Geol. 68:102–106.

Crough, S. T. 1983. Apatite fission-track dating of erosion
in the eastern Andes, Bolivia. Earth Planet. Sci. Lett.
64:102–106.

Dodson, M. H. 1979. Theory of cooling ages. In Jaeger,
E., and Hunziker, J. C., eds. Lectures in isotope ge-
ology. Berlin, Springer, p. 194–202.

Dunne, T.; Mertes, L. A. K.; Meade, R. H.; Richey, J. E.;
and Forsberg, B. R. 1998. Exchanges of sediment be-
tween the flood plain and the channel of the Amazon
River in Brazil. Geol. Soc. Am. Bull. 110:450–467.

England, P. C. 1979. On the correction of subsurface tem-
perature measurements for the effects of topographic
relief. I. Corrections in terrains with high relief. In
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