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[1] Apatite and zircon (U-Th)/He ages from Ocoña canyon at the western margin of the
Central Andean plateau record rock cooling histories induced by a major phase of canyon
incision. We quantify the timing and magnitude of incision by integrating previously
published ages from the valley bottom with 19 new sample ages from four valley wall
transects. Interpretation of the incision history from cooling ages is complicated by a
southwest to northeast increase in temperatures at the base of the crust due to subduction
and volcanism. Furthermore, the large magnitude of incision leads to additional three-
dimensional variations in the thermal field. We address these complications with finite
element thermal and thermochronometer age prediction models to quantify the range of
topographic evolution scenarios consistent with observed cooling ages. Comparison of
275 model simulations to observed cooling ages and regional heat flow determinations
identify a best fit history with �0.2 km of incision in the forearc region prior to �14 Ma
and up to 3.0 km of incision starting between 7 and 11 Ma. Incision starting at 7 Ma
requires incision to end by �5.5 to 6 Ma. However, a 2.2 Ma age on a volcanic flow on
the current valley floor and 5 Ma gravels on the uplifted piedmont surface together suggest
that incision ended during the time span between 2.2 and 5 Ma. These additional
constraints for incision end time lead to a range of best fit incision onset times between 8
and 11 Ma, which must coincide with or postdate surface uplift.
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1. Introduction

[2] Low-temperature thermochronology can record
changes in the near-surface thermal field within the crust
in response to evolving surface topography [e.g., Lees,
1910; Benfield, 1949; Turcotte and Schubert, 1982; Stüwe
et al., 1994; Mancktelow and Grasemann, 1997; Braun,
2002a; Ehlers and Farley, 2003]. Such data have been
used to demonstrate the antiquity and evolution of moun-
tain topography [e.g., House et al., 1998, 2001; Ehlers et
al., 2006; Herman et al., 2007], relief change in landscapes

[e.g., Braun, 2002a; Braun and Robert, 2005; Shuster et al.,
2005], and the timing of major canyon incision [e.g., Clark
et al., 2005; Ouimet, 2007; Schildgen et al., 2007]. In many
cases, precise interpretations of the data are limited by
complications involving the thermal response time to
changes in surface topography, lateral and/or temporal
variations in crustal thermal properties, and insufficient
information on surface morphology prior to major changes
[e.g., Reiners et al., 2005].
[3] In this paper we explore how some of these compli-

cations affect interpretations of thermochronologic data
from southwest Peru, where Schildgen et al. [2007] used a
valley bottom transect of apatite (U-Th)/He data to deci-
pher the cooling signal induced by a major phase of
canyon incision on the western margin of the Central
Andean plateau. Uplift of the plateau margin resulted in
a broad warping of the landscape between the margin and
the coast, with erosion focused in major river valleys and
only minor erosional modification of the surrounding low-
relief interfluve surface. Canyon incision could either
coincide with or postdate surface uplift, given that incision
on the order of several kilometers in magnitude must be
driven by surface uplift of at least this magnitude. However,
the time required for an incision signal to propagate through
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a drainage system implies that the onset of incision pro-
vides only a minimum estimate for the onset of surface
uplift.
[4] Early topographic growth of the Central Andes is

difficult to constrain, but sedimentary units deposited in the
forearc region provide some clues. The regional sedimen-
tary package that blankets the forearc region known as the
Moquegua Formation in Peru [e.g., Sempere et al., 2004;
Roperch et al., 2006] and the Azapa Formation in northern
Chile [e.g., Wörner et al., 2002] consists of a thick package
of siltstone and sandstone red beds that are unconformably
overlain by debris flow and fluvial conglomerates. Red beds
of the Lower Moquegua Formation are estimated to have
been deposited starting at �50 Ma (40Ar/39Ar dating of
biotite), and the unconformity beneath the coarser sediments
is estimated to be �30 Ma (40Ar/39Ar dated ashes) [Sempere
et al., 2004; Roperch et al., 2006], indicating that some
inland topography existed before that time. Surface eleva-
tions probably grew to more significant heights prior to
deposition of the upper Moquegua conglomerates, which
are dated from �30 to �14 Ma based on numerous inter-
layered ashes [Thouret et al., 2007]. Later uplift in the
region is better constrained. In southern Peru, thermochro-
nologic data and 40Ar/39Ar ages on valley-filling volcanic
flows suggest that at least 2.4 km of uplift-driven incision
started at�9 to 10 Ma and ended by�2.3 Ma [Schildgen et
al., 2007, 2009; Thouret et al., 2007]. These results agree
broadly with uplift estimates from other regions in the
Central Andes. These include oxygen isotope and clumped
isotope data from the Altiplano interior [Ghosh et al., 2006;
Garzione et al., 2006; Quade et al., 2007], paleobotany
data [Singewald and Berry, 1922; Berry, 1939; Graham et
al., 2001; Gregory-Wodzicki, 2000], geomorphic evidence
from the plateau margins [Gubbels et al., 1993; Kennan et
al., 1997; Barke and Lamb, 2006; Hoke et al., 2007; Hoke
and Garzione, 2008], and structural analysis of deformed
sediments [Nester, 2008; Jordan et al., 2006], as summa-
rized in Table 1. However, these uplift estimates are only
minima or they are bracketed by large uncertainties. In the
case of stable isotope data, the measured signal is also
sensitive to regional climate change [e.g., Ehlers and
Poulsen, 2009]. Placing better constraints on the magnitude
of uplift during this most recent tectonic phase is of
particular importance, because the development of major
topographic barriers such as the Andes has important
effects on local and global atmospheric circulation and
precipitation patterns [e.g., Rodwell and Hoskins, 2001;
Takahashi and Battisti, 2007; Bookhagen and Strecker,
2008]. More sophisticated analyses of low-temperature
thermochronologic data from southwest Peru can provide
more precise constraints on the uplift history of the western
margin of the Central Andean plateau, and can better
inform how topographic evolution of this region relates to
development of this major orogenic plateau.
[5] We use a 3-D finite element thermal model to explore

the range of topographic evolution scenarios consistent
with thermochronologic data collected from the region.
The model records the thermal history of rocks as they are
advected to the surface through a thermal field that includes
the effects of evolving surface topography, and predicts
thermochronologic ages of rocks collected at the surface.
We compare model results to 19 new apatite (U-Th)/He

ages from four valley wall transects in addition to data
previously reported by Schildgen et al. [2007] (12 apatite
and 12 zircon (U-Th)/He ages). All apatite and zircon data
are summarized in supplementary Tables S1, S2, and S3 of
the auxiliary material.1

2. Geologic and Thermal Setting

2.1. Plateau Evolution

[6] The �3.8 km average elevation of the Central Andes
produces an effective orographic barrier to precipitation
[e.g., Alpers and Brimhall, 1988; Lenters and Cook, 1995,
1997; Houston and Hartley, 2003; Bookhagen and Strecker,
2008], resulting in a close relationship between regional
climate changes and the morphologic evolution of the
orogen [e.g., Strecker et al., 2007]. The high interior
Altiplano Plateau developed through internal drainage
between two flanking ranges: the Eastern and Western
Cordilleras (Figure 1). The Eastern Cordillera (EC) and
regions farther east experienced on the order of 300 km of
shortening across a foreland-propagating fold thrust belt
that tracks outward growth of the plateau [McQuarrie,
2002; McQuarrie et al., 2008]. This included distributed
deformation in the Altiplano, EC, and Interandean zone
from �40 to 20 Ma, followed by deformation in the
Subandean Zone in the last �20 Ma [e.g., Strecker et
al., 1989; Gubbels et al., 1993; Allmendinger and Gubbels,
1996; Echavarria et al., 2003; Horton, 2005; Barnes et al.,
2006, 2008; Elger et al., 2005; Ege et al., 2007]. In contrast,
the Western Cordillera, marked by a line of arc volcanoes
and what Isacks [1988] described as a crustal-scale mono-
cline, is characterized by only �3 km of crustal shortening
that ended by �10 Ma [e.g., Victor et al., 2004; Farı́as et
al., 2005] and very low exhumation rates throughout the
deformation period [e.g., Schildgen et al., 2007].

2.2. Regional Geologic and Thermal Setting

[7] The long-term evolution of the subduction zone at the
western margin of South America poses particular challenges
to understanding the thermal evolution of this region.
Changes in the thermal field through time can be related to
variations in the convergence rate between the subducting
Nazca plate and the South American margin since at least late
Cretaceous time [e.g., Pardo-Casas and Molnar, 1987;
Somoza, 1998] and related temporal changes in upper plate
shortening and the dip of the descending slab [e.g., Jordan et
al., 1983; Sébrier and Soler, 1991; Mercier et al., 1992;
Jaillard and Soler, 1996]. Changes in the position of the
magmatic arc are related to both changing slab dip as well as
subduction erosion [e.g., von Huene and Ranero, 2003],
although the arc is estimated to have reached its current
position in Peru by �20 Ma [Stern, 2004]. In northern and
central Peru, oblique subduction of the Nazca Ridge is
interpreted to have generated a pulse of uplift that has
propagated southward down the coast but that has not yet
affected southwest Peru [e.g.,Machare and Ortlieb, 1992; Li
and Clark, 1994; Hampel, 2002; Clift et al., 2003]. Both the
cross-strike variations in crustal temperature above the sub-
duction zone and temporal changes in the subduction geom-

1Auxiliary materials are available in the HTML. doi:10.1029/
2009JF001305.
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Table 1. Late Cenozoic Uplift Estimates for the Central Andes

Location Uplift Magnitude (m) Initiation (Ma) Method/Evidence Reference

Corocoro, Altiplano 2000 ± 2000 �10 to 15 Paleobotany Singewald and Berry [1922]
Potosi, Altiplano 3040 ± 1260 �13.8 to 20.8 Paleobotany Gregory-Wodzicki [2000]
Jakokkota, Altiplano 2535 ± 1405 �10 to 11 Paleobotany Gregory-Wodzicki [2000]
Callapa, Altiplano 2500–3500 �10.3 Oxygen isotopes Garzione et al. [2006]
Callapa, Altiplano 3400 ± 600 �10.3 Clumped isotopes Ghosh et al. [2006]
S. Peru, W. Cordillera >2400 �9 Incised canyons Schildgen et al. [2007]
S. Peru, W. Cordillera 2000–2500 �13 to 9 Incised canyons Thouret et al. [2007]
N. Chile, W. Cordillera >1000 �10 Incised canyons Hoke et al. [2007]
N. Chile, W. Cordillera �1000 �10 Incised paleosurfaces Hoke and Garzione [2008]
N. Chile, W. Cordillera >1400 �10 Rotated basin fill Nester [2008]
N. Chile, W. Cordillera 250–1800 �10 Rotated lake beds Jordan et al. [2006]
Potosi, E. Cordillera 1500 ± 2000 �13.8 to 20.8 Paleobotany Berry [1939]
Bolivia, E. Cordillera 1950 ± 1250 �12 to 9 Incised paleosurfaces Kennan et al. [1997]
Pislepampa, E. Cordillera 2300 ± 1100 �6 to 7 Paleobotany Graham et al. [2001]
Bolivia, E. Cordillera 1705 ± 695 �12 to 9 Incised paleosurfaces Barke and Lamb [2006]

Figure 1. Location map showing Ocoña canyon in southwest Peru and thermochronologic sample sites
for zircon and apatite (U-Th)/He dating. (a and b) Topography is illustrated by a 30 m resolution
semitransparent DEM colored by elevation draped over a hillshade layer. The DEM was derived from
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) imagery. Contour interval
is 1000m. Towns are indicated with white stars. White box outlines region fromwhich valley wall transects
were collected and is shown in greater detail in Figure 1b. Overview of regional topography of the Central
Andes and bathymetry of the Pacific Ocean is derived from GTOPO30 DEM data (offshore) and SRTM
90 m resolution onshore DEM data. (c) Solid white line outlines the field area, dashed white lines shows
national boundaries, and black arrows indicate the position along the plateau margin of the Western
Cordillera (WC) and the Eastern Cordillera (EC).
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etry are important considerations for interpretations of ther-
mochronologic data traversing a forearc region. Our study is
focused on the Ocoña drainage in southwest Peru, which cuts
through the active volcanic arc lining the western margin of
the Central Andean plateau, and drains �80 km through the

forearc region toward the coast (Figure 1). The early thermal
history of the region was likely dominated by cooling of the
arc-related coastal batholith that crops out through much of
the forearc region in Peru, and locally in themiddle reaches of
Ocoña canyon (Figure 2). Geologic maps [INGEMMET,
2001] identify Cretaceous diorites, tonalities, and granodior-
ites in this region, and new 40Ar/39Ar step-heating experi-
ments on biotite samples from the canyon yielded ages of
137.5 ± 1.8Ma and 135.7 ± 1.7Ma (Table 2). Southeast of the
canyon, near Arequipa, U/Pb zircon ages on similar intrusive
bodies demonstrate a long-lived history of plutonism, with
ages ranging from 61.0 to 188.4 Ma [Mukasa, 1986].
Modern-day arc volcanoes in the region form a line roughly
parallel to the coast at the northeast margin of the intrusive
bodies. Volcanic units derived from these centers range in age
from �24 to <1 Ma, span a radius of �15 to 20 km sur-
rounding the volcanoes, and in some places can be found
inset along canyon walls filling paleotributary valleys
[Schildgen et al., 2007; Thouret et al., 2007]. In the middle
and lower reaches of the canyon, however, where thermo-
chronologic samples for this study were collected, only a
small number of volcanic flows entered from side valley
tributaries. Although these flows are only likely to have
caused significant heating in close proximity to their margins,
they still may have partially reset ages on some samples, as
discussed later in section 3.3.
[8] Regional variability in the crustal thermal field for the

present day is recorded by surface heat flow determina-
tions. Low values (30 to 60 mW/m2) from coastal and
forearc regions increase gradually to higher values (50 to
180 mW/m2) on the plateau [Henry and Pollack, 1988;
Hamza and Munoz, 1996; Springer and Förster, 1998;
Springer, 1999; Hamza et al., 2005]. Localized high heat
flow anomalies are generally located within a �10 km
radius of active volcanoes, and as Springer [1999] noted,
can be explained by magma chambers at�4 to 6 km depth.
Although no measurements have been made on volcanoes
in our study area, they are potential locations for such
anomalies. Even if the thermal effects of local arc volca-
noes are limited, understanding the effect of spatial vari-
ation in geothermal gradients on thermochronologic ages
that traverse the forearc region is difficult without explicit
modeling.

2.3. Regional Climate and Geomorphology

[9] Arid to hyperarid conditions over most of this region
have important implications for bedrock exhumation history.
The Sechura Desert of western Peru and northernmost
Chile is one of the driest regions on earth, due to the
combined effects of its position in the descending flow of
the atmospheric Hadley cell circulation, the cold oceanic

Figure 2. Simplified geologic map of Ocoña canyon
based on mapping by INGEMMET [2001] and by Schildgen
et al. [2009]. Dated valley-filling volcanic flows are too small
to appear at the scale of mapping, but locations are shown
with white triangles. White circles indicate thermochronol-
ogy sample locations. PPC-gn, Precambrian gneiss; Js/C-ss,
Jurassic/Cretaceous sandstone, limestone; Ks-gd, Cretaceous
granodiorite, diorite, and tonalite; M/P-al, Mio-Pliocene
alluvium, landslide, and marine sediments; M-hu, Miocene
Huaylillas Formation ignimbrites; P/Q-v:, Plio-Quaternary
extrusive volcanics; Q-al, Quaternary alluvium.

Table 2. 40Ar/39Ar Data Sample Description and Location

Sample Material Description Weighted Agea (Ma) MSWDb Latitude (W) Longitude (S)

06TS21 groundmass Flow at present valley bottom 2.21 ± 0.02 1.62 73�06020.0700 15�51004.7800

04TS12 biotite Ocoña valley intrusive rock 137 ± 1.8 5.32 73�03014.0800 15�54035.7700

04TS13 biotite Ocoña valley intrusive rock 136 ± 1.7 1.77 73�07004.5800 15�55058.3600

07TS12 feldspar Tuff 200m above valley floor 2.01 ± 0.03 0.59 73�06010.1500 15�56000.5500

a07TS12 and 06TS21 ages relative to TCR-2a at 28.34 Ma; 04TS12 and 04TS13 ages relative to FCT at 28.02 Ma.
bMean Square Weighted Deviation.
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Peru (Humboldt) Current that leads to temperature inver-
sions at the coast, and the orographic barrier created by the
Andes that blocks moisture-bearing easterly winds [Abele,
1989]. Precipitation in southwest Peru ranges from a
hyperarid 2 to 10 mm/yr near the coast, up to a semiarid
300 to 400 mm/yr in the upper catchments of major rivers
[Houston and Hartley, 2003], leading to very slow modern
exhumation rates. Studies of soil development in northern
Chile suggest this dry pattern has characterized the western
margin since 13 to 19 Ma, and climate was more uniformly
semiarid prior to that time [Rech et al., 2006]. Regional
hillslope exhumation rates fall within the range of 0.001 to
0.05 mm/yr when integrated over the past�10 to 75 million
years in southern Peru [Schildgen et al., 2007] and over the
past 0.02 to 6 million years in northern Chile [Kober et al.,
2007]. This long-term, slow exhumation contrasts with
rapid incision that carved major canyons in the region,

which slice down over 3 km below the surrounding, slowly
exhuming interfluve surfaces (Figure 3).

3. Thermochronologic Data

[10] Because of the complex nature of the thermal field
in this area, new samples collected from 4 valley wall
transects (Figure 1 and Tables S1–S3) along with samples
collected along a valley bottom transect reported by
Schildgen et al. [2007] are interpreted in the context of
3D thermal modeling.

3.1. Sample Preparation and Analysis

[11] Most samples were collected from Cretaceous diorites
and granodiorite, although samples close to the coast were
collected from gneisses and quartzites. Samples were pre-
pared by first crushing all material to less than 500 microns
using only a jaw crusher to minimize the number of cracked
apatite crystals. Apatite separates were derived through use
of a water table, Frantz magnetic separator, and heavy liquid
density separations using bromoform. Intrusive samples
yielded generally high quantities of euhedral apatite grains,
and metamorphic samples yielded apatites that were slightly
rounded. Euhedral apatite crystals were inspected for inclu-
sions under 150� magnification and cross-polarized light.
Inclusion-free grains that exceeded 70 microns in diameter
were photographed, measured for length and average diam-
eter, and loaded into platinum tubes as single-grain aliquots.
Helium was extracted in an ASI Alphachron (U-Th)/He
dating system by laser heating the samples within a vacuum
chamber with a 980nm diode laser for 5 min at 9 Amps. The
gas was spiked with 3He and exposed to a SAESNP-10 getter
for 2 min, after which the gas was expanded into a Pfeiffer –
Balzers Prisma Quadrupole mass spectrometer. Currently the
composition of the 4He standard gas tank is known to 1.18%,
which provides the largest contribution to the error in this part
of the analytical process. Samples were then spiked with 235U
and 230 Th with a concentration of 15 ng/mL and 5 ng/mL,
respectively, and allowed to dissolve in 50% distilled ultra-
pure HNO3. The dissolved apatite solution was analyzed on a
Thermo X series quadrupole in the Keck Lab at ASU.
Reproducibility of the spiked standard analysis is on the
order of 1.0% for U and 1.4% for Th. Ages were calculated
with an iterative process (as the age equation reported by
Dodson [1973] has no direct analytical solution for time)
using blank corrected He, Th, and U values. Raw ages were
corrected for alpha ejection effects following methods de-
scribed in the work of Farley et al. [1996] and Farley [2002].
Analytical errors propagated throughout the process amount
to 1.5–2.5% (1s). Errors associated with the alpha ejection
correction were not directly determined, but following dis-
cussions of Farley et al. [1996], Spotila et al. [1998], and
Hourigan et al. [2005], they are estimated to push the total
error for the method to 3–5% 1s. Alpha ejection corrections
were made assuming a homogeneous U and Th distribution,
which may not be realistic and can lead to significant
additional scatter in the age data [e.g., Hourigan et al.,
2005]. Additional details of the sample analysis procedure
are described in the work of Schildgen et al. [2009]. Results
for all individual crystal data and mean age calculations are
provided in Tables S1–S3 of the auxiliary material.

Figure 3. Map of depths below regional paleosurface.
White shading indicates the relict surface over which a
spline surface was fit to determine surface topography prior
to surface uplift and incision. Depths of samples below the
paleosurface are indicated by 1000 m contour lines. The
2000 m contour line is highlighted, as it indicates the approx-
imate position where data plotted on age versus depths plot
show a transition from shallow slopes at depths less than
2000 m to steep slopes at greater depths.
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3.2. Valley Bottom Transect Data

[12] Elevation is commonly used as a proxy for distance
from the closure temperature isotherm over small spatial
distances or where there are no topographic features of
sufficiently long wavelength to affect the shape of near-
surface isotherms. In southern Peru, however, elevation is
not an adequate reference frame. There, differential uplift
and very slow background erosion rates created a modern
topography that rises slowly from the coast to 4 km
elevations over an �80 km long transect. The shape of
near-surface isotherms should mimic this paleosurface. For
this reason, depth below the regional paleosurface [e.g.,
Clark et al., 2005; Schildgen et al., 2007] provides the best
reference frame for comparing samples collected through-
out canyons incising the forearc region. Age-elevation
plots of such data, in contrast, would show patterns dom-
inated by long-wavelength effects of topography and not
accurately reflect changes in exhumation [e.g., Huntington
et al., 2007]. Against the regional pattern of isotherms
mimicking the paleosurface, canyon incision caused local
deflection of near-surface isotherms, and associated rapid
cooling [Schildgen et al., 2007]. Because the valley bottom
data traverses a range of depths beneath the paleosurface
(Figure 3), this type of sample transect is useful for decipher-
ing the incision-induced cooling signal, but only when
plotted on an age versus depth plot.
[13] Valley bottom samples were collected over a 70 km

transect (Figure 1) with a range of elevations from 73 to

852 m, a corresponding range of depths below the paleo-
surface from 890 to 3080 m (Figure 3), and a range of
apatite (U-Th)/He ages from 5.3 to 72.5 Ma. On an age
versus depth plot of the apatite-He data (black diamonds
in Figure 4), the steep slope shown by samples younger
than �9 Ma reflects rapid cooling, while the shallow slope
in samples older than �15 Ma reflects slow background
denudation. The break in slope reflects the approximate
onset time of rapid cooling. Schildgen et al. [2007] used
the exposed thickness of the rapidly cooled zone and 1-D
thermal modeling of the inferred base of the zone to
estimate the total thickness of the rapidly cooled zone,
which implied at least 2.4 km of post-9 Ma incision in the
deepest reaches of the canyon.
[14] The conclusions in that paper assumed that lateral

variations in the thermal field and in incision rates had
insignificant effects on the data. Our purpose here is to
further evaluate the robustness of those conclusions and
refine the estimate of the timing and amount of incision in
light of the strong lateral gradient in heat flow and possible
effects associated with the valley incision process.

3.3. Valley Wall Transect Data

[15] We collected valley wall transects from the middle
reaches of Ocoña canyon, focused around the region where
the break in slope occurred in the valley bottom transect
data: at depths approximately 2 km below the paleosurface
(Figure 3). Transects VT1 and VT3 are from along the walls
of the main valley, while VT0, VT2, and VT4 are from side
valleys. The transect closest to the coast (VT1), with
sample depths of 0.8 to 2.3 km, shows relatively old mean
apatite (U-Th)/He ages, ranging from �10 to 55 Ma, and a
gentle slope reflecting slow background denudation of
�0.025 mm/yr (Figure 5). The middle transects, VT2 and
VT3, sample depth ranges of 1.5 to 2.3 km and 1.6 to
2.3 km, and show ranges in mean ages from 8 to 20 Ma
and 9 to 23 Ma, respectively. Samples from VT4, the transect
farthest inland, show a range of ages between 8 and 14 Ma at
depths of 2.0 to 2.7 km reflecting faster exhumation of
approximately 0.1 mm/yr. In VT2 and VT3, a break in slope
may occur at 11 to 15 Ma, but is not well constrained due to
limited samples above the break (Figure 5).
[16] When compiled in a single plot, the valley wall

transect data reveal trends similar to that seen in the valley
bottom transect (white diamonds in Figure 4). Shallow sam-
ples are generally old and show a low slope (�0.025 mm/yr),
reflecting slow background exhumation rates. Deeper than
2 km below the paleosurface, ages are younger and show
better individual crystal reproducibility (Figure 5 and
Table S1), as expected in rapidly cooled samples. They
show a steep slope (�0.18 mm/yr) reflecting fast cooling
due to isotherm depression in response to canyon incision.
Although the valley bottom transect shows a sharp break in
slope at �9 Ma, valley wall transect data show a dispersed
transition region between �11 and 15 Ma. Apart from this,
the main difference between the data sets is that the slope of
the older suite of ages from the valley wall transects is
steeper and better defined than that of the valley bottom
transect.
[17] In our analysis, we excluded one sample that we

suspected may be too close to valley-filling volcanic flows

Figure 4. Apatite (U-Th)/He data from valley bottom and
valley wall transects in Ocoña canyon plotted against depth
beneath reconstructed paleosurface. Black diamonds show
mean ages of valley bottom transect samples, and white
diamonds show mean ages of each sample in four different
valley wall transects (V1 through V4). The y axis error bars
reflect an estimated ±100 m uncertainty in the depth of
samples below the regional paleosurface, which was defined
by fitting a spline surface across the canyon (see Schildgen
et al. [2007] for details). The x axis bars show the range of
individual crystal ages for each sample. Circled samples
were excluded from analysis due to either proximity to a
volcanic flow or suspicion that the sample was from a
landslide block.
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farther up the main valley (05TS02), and one sample
we believe was from a landslide block (05TS12, circled
in Figure 4). An additional valley wall transect not
plotted in Figure 4 was collected from a side valley
(VT0 in Figure 1, samples 05TS12, 06TS01, 06TS02,
and 06TS03) and showed anomalously young ages com-
pared to the trends shown in the other transects. Pre-
served remnants of a 2.01 ± 0.03 Ma (Table 2, sample
07TS12, first reported by Schildgen et al. [2009]) ignim-
brite perched on the south side of the valley at similar
elevations as the samples from VT0 suggest the ignim-
brite may have partially reset apatite (U-Th)/He ages in
that transect. The upper three samples from transect VT2
(06TS09, 06TS10, and 06TS11) also show ages that are
significantly younger than the trend shown on the region-
al compilation (Figure 5). Although both transects could
have been affected by the ignimbrite, another possibility
is that the tributary valleys from which these samples
were collected were incised well after the trunk stream.
Initial analyses of the data showed that no combination of
parameters could accurately predict the age of the entire
suite of samples if these were included. Because our
topographic evolution scenarios do not account for po-
tential variations in trunk stream and tributary incision
timing, and because of the possibility of reheating by the

2 Ma ignimbrite, we chose to exclude these samples from
further analysis.

4. Thermal Model of Thermochronometer
Cooling Ages

4.1. General Description

[18] We use a modified version of the finite element
thermal model Pecube [Braun, 2002a, 2002b, 2003] and a
coupled age prediction model to conduct landscape evolu-
tion scenarios and predict thermochronometer ages incor-
porating the thermal effects of isotherm deflection due to
topography, transient thermal effects due to relief change,
lateral variation in geothermal gradients due to plate subduc-
tion, and local elevation-dependent variations in surface tem-
perature. The model solves the transient three-dimensional
advection-diffusion equation with internal radiogenic heat
production. The thermal field within the model domain is
controlled by internal heat production, diffusion of heat from
a fixed-temperature basal boundary, and advection of heat to
the surface resulting from surface denudation. Primary model
outputs include a three-dimensional transient temperature
field, and predicted apatite and zircon (U-Th)/He cooling
ages across the surface topography.Wemodified the program
to allow lateral variations in basal temperature (Tb) across the

Figure 5. Valley wall transects of apatite (U-Th)/He data. In each plot, the dashed gray line marks the 2
km depth below the paleosurface. Black diamonds show individual crystal ages, and white diamonds
show the mean age for each sample. Uncertainty in the depth plotted is estimated at ±100 m. Transect
locations shown in Figure 1.
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domain to more accurately simulate the thermal field above a
subduction zone. The cooling histories of rocks exposed at
the surface today were tracked through time and used to
predict apatite and zircon (U-Th)/He ages as a function of
cooling history [Ehlers, 2005] and grain size [Farley, 2000].
Helium ages are predicted using the diffusion kinetics in
zircon from Reiners et al. [2004] and in apatite from Farley
[2000].

4.2. Model Parameters and Boundary and Initial
Conditions

[19] Model parameters include the domain size and res-
olution, material properties, background exhumation rate
(which sets the rate at which material is advected vertically
through the model domain), boundary conditions, and the
style of landscape evolution. The values or ranges of model
parameters used in this study are summarized in Table 3.
Material properties such as heat production and diffusivity
are modeled as spatially invariant and were not changed in
different simulations. Values were chosen based on observed
lithologies and reported material properties for those lithol-
ogies. Initial sensitivity tests revealed that variations within
the reported range generally yielded insignificant effects on

final results, so we did not test them further. The simulated
region in this work is centered on Ocoña canyon in a N–S
orientation, with dimensions of 215 � 100 km across the
surface and 60 km deep (Figure 6a). This domain size is large
enough to prevent boundary effects from biasing heat flow
and predicted ages. The orientation of our simulation area as
well as our sample transect (generally N–S) is subparallel to
the slab dip, which is approximately NE–SW [Cahill and
Isacks, 1992]. This should not have a significant effect on our
results, as the only anticipated difference is a greater spatial
distance between maximum and minimum values in temper-
ature and heat flow across our sample transect compared to a
transect parallel to the slab dip.
[20] We consider free parameters to be the variables that

changed for the different simulations. These include initial
basal temperature at the southern edge of the model (T0),
lateral basal temperature (Tb) gradient, surface relief prior to
the latest phase of incision, background exhumation rate, and
onset and end times of canyon incision.
[21] Previous 2-D thermal modeling and surface heat

flow analysis by Springer [1999] (Figure 6b) provided
guidelines for our basal boundary condition. Springer’s
[1999] model suggests that basal temperature (Tb) at

Table 3. Thermal and Material Properties for Model Simulations

Parameter or Constant Range Referencea Value/Range Used

Thermal conductivity (W/mK)
Gneiss 1.7–8.0 (3.1) 4, 6, 12 2.8
Granite 2.0–9.0 (3.2) 4, 6, 12 2.8
Granodiorite 3.3–3.8; 2.6–2.9 16, 1 2.8
Quartzite 2.1–4.1 (3.1) 4 2.8

Heat production (uW/m3)
Granite 2.45–2.5 3, 13 0.8
Granodiorite 1.5 13 0.8
Diorite 1.08–1.10 3, 13 0.8
Crustal average 0.8–0.9 13, 14 0.8

Specific heat capacity (J/kgK)
Gneiss 770–979 2, 10, 11
Granite 600–1172 8, 9
Granodiorite 650–1046 1, 8, 9 800
Diorite 1140 2
Quartzite 699–1013 2, 7

Thermal diffusivity (km2/myr)
Granodiorite 32.8–39.7 1 40
Typical, based on above values 40.1 1 40

Basal temperature near trench (�C) 0–100 14 0

Basal temperature gradient (�C/km) ca. 5–15 14 7–14

Density (kg/m3)
Gneiss 2700 2, 10, 11
Granite 2620–2670 8, 9, 13
Granodiorite 2700–2840 1, 8, 9 2750
Diorite 2820–2870 2, 13
Quartzite 2640 2, 7

Lapse Rate (�C/km) 6.5 19 6.5

Heat flow (mW/m2)
Central Peru offshore 30–45 15, 14 n/a
South Peru forearc 32–60 5, 14 n/a
Peruvian arc and Altiplano 50–180 5, 16, 17, 18 n/a

Geothermal gradients (�C/km)
Peru forearc 12–21 5 n/a

a1, Arndt et al. [1997]; 2, Èermák and Rybach [1982]; 3, Haenel et al. [1988]; 4, Hamza et al. [2005]; 5, Henry and Pollack
[1988]; 6, Ehlers [2005]; 7, Kappelmeyer and Haenel [1974]; 8, Mel’nikova et al. [1975]; 9, Moiseenko et al. [1970]; 10, Schön
[1996]; 11, Dortman [1976]; 12, Vorsteen and Schellschmidt [2003]; 13, Pollack [1982]; 14, Springer [1999]; 15, Yamano and Uyeda
[1990]; 16, Springer and Förster [1998]; 17, Henry [1981]; 18, Uyeda et al. [1980]; 19, Klein et al. [1999].
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�60 km depth near the coast should be approximately
200�C and should increase to a maximum temperature of
�1400�C beneath the volcanic arc. For our model simula-
tions, we explored setting Tb between 110 and 400�C at the
base of the model beneath the coast (referred to as the T0

value) and imposed a linear temperature increase between
10.45 and 15.05�C/km, which placed 1400�C temperatures
between �66 and 123 km inland from the coast. Farther

inland, Tb remained at a constant value of 1400�C. Despite the
absence of a subducting slab in our model, the temperature
field throughout the model domain above �50 km depth is
very similar to that modeled by Springer [1999] (Figure 6).
[22] The top (topographic) boundary condition used a

temperature of 25�C at sea level [Klein et al., 1999] and
decreased with elevation following a lapse rate of 6.5�C/km.
Surface temperatures changed during the simulation if the

Figure 6. (a) Model setup and description. Model consists of a three-dimensional finite element grid
that tracks the cooling history of each cell through time and allows for evolving surface topography.
Surface temperature is described by a temperature at sea level (25�C) and a lapse rate of 6.5�C/km. The
surface experiences a uniform background exhumation rate. Topography changes through time by
warping from one DEM input file to another (see text for details). Heat production rate and thermal
diffusivity are uniform and specified within the crust (details in Table 3). Temperature at the base of the
model domain is defined by a constant value at the base of the model beneath the coast (T0) and a linear
lateral basal temperature (Tb) gradient that increases to a maximum of 1400�C, beyond which basal
temperature remains constant at 1400�C. This provides an approximation of the thermal structure of a
subduction zone similar to that modeled in northern Chile by Springer [1999]. The position of maximum
temperature is controlled by both T0 and the lateral Tb gradient. (b) Model-calculated temperature field
along a W–E profile, the resulting heat flow pattern (dashed line), and measured heat flow compiled
between 15 and 30�S showing mean absolute deviation range (dark gray shaded) between minimum and
maximum values (shaded), simplified from Springer [1999] with permission from Elsevier. WC, Western
Cordillera; EC, Eastern Cordillera.
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topography evolved to new elevations. Imposed background
exhumation rates explored in this study ranged from 0.01 to
0.06 mm/yr [Schildgen et al., 2007; Kober et al., 2007]. A
zero flux boundary condition was used on the sides of the
model. The initial condition used in each simulation was the
steady state solution for the applied boundary conditions,
background exhumation rate, and material properties. Spe-
cific values of material properties used are given in Table 3.

4.3. Topographic Evolution

[23] Surface topography in the model is defined explicitly
by input synthetic and modern-day digital elevation models
(DEMs), and not determined by hillslope and river erosion
processes. Landscape evolution is simulated by a linear
morphing function from one DEM to another. Our topo-
graphic evolution involves simultaneous onset of incision at
all points along the canyon, with more rapid incision occur-
ring in regions that today are the deepest. This scenario
ignores potential waves of incision that may result from
migrating knickpoints, but is probably reasonable for an area
that likely experienced differential uplift from the coast to the
interior across a broad monocline [Schildgen et al., 2009],
which would have led to simultaneous steepening along most
of the river profile.
[24] Two end-member topographic scenarios considered

in this study include steady state topography and canyon
incision. For steady state simulations, the canyon and
present-day topography existed prior to and throughout
the simulation (Figure 7d). These simulations explored the
simplest case of steady state topography and a spatially and
temporally constant exhumation rate. The canyon incision
simulations comprised a series of simulations that varied the
timing and magnitude of incision into a smooth surface that
ramps from the coast up to the plateau. Topography was
morphed from the spline DEM (discussed below) (Figure 7a)
to intermediate-relief topography (e.g., Figures 7b and 7c)

and then to the final, high-relief modern topography
(Figure 7d). The timing and rate of incision between indi-
vidual steps shown in Figure 7were treated as free parameters
and are discussed later.
[25] The 250 m resolution DEMs used in the simulations

were resampled from 30 m resolution DEMs created from
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) imagery (Figure 7d). Initial topogra-
phy prior to canyon incision (Figure 7a) was generated by
selecting points on the preserved paleosurface on canyon
interfluves and using a spline (piecewise polynomial) inter-
polation to smooth out canyon relief, but still retain the
general morphology of ramping from the coast up toward
the plateau (for details see Schildgen et al. [2007]). We refer
to this as the ‘‘spline DEM.’’ In order to explore the effect
of different paleocanyon depths on predicted thermochron-
ometer age patterns, we created a series of synthetic DEMs
(e.g., Figures 7b and 7c) that maintained nearly unchanging
elevations for canyon interfluves, but approximated the
canyon morphology for earlier stages in the incision history.
These DEMs were generated by first multiplying all values
in the modern-day DEM by a small fraction (for instance,
0.2), which reduced both total relief and absolute elevation
of all points. This layer was then added to a complementary
fraction of the spline DEM (for instance, 0.8) in order to
create a DEM that maintained the absolute elevation of points
on the canyon interfluves while reducing canyon relief. These
intermediate layers allowed us to test the effect of differing
canyon depths prior to the latest phase of incision.

4.4. Evaluation of Model Results

[26] We conducted 275 simulations to explore a range of
incision histories and other model free parameters. Each
simulation was assessed using two metrics to evaluate if the
model produced an acceptable fit to geologic observations,
including (1) minimization of the chi-square misfit between

Figure 7. Examples of the digital elevation models (DEMs) used as input topographies for model
simulations. All simulations started with the (a) spline topography and ended with the (d) modern-day
topography. Additional simulations run to test the effects of different canyon depths prior to the latest
phase of incision used additional input topographies such as the middle two frames, which show similar
elevations of the canyon interfluves but only a fraction of the modern-day relief on the canyon. DEM in
Figure 7b was created by multiplying the modern topography DEM by 0.1 and adding this to the spline
topography multiplied by 0.9. This results in a DEM with 10% of the modern canyon relief but no
significant change to interfluves elevations. DEM in Figure 7c was constructed by a similar method,
resulting in 30% of the modern canyon relief.
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predicted and observed apatite and zircon (U-Th)/He ages,
and (2) a test if the range of predicted surface heat flow values
fell within the observed range. Regional heat flow determi-
nations [Henry and Pollack, 1988;Hamza and Munoz, 1996;
Springer and Förster, 1998; Hamza et al., 2005] show the
modern-day range of geothermal gradients in the region as
well as the magnitude of lateral changes from near the
coast toward the volcanic arc. We used a chi-square goodness
of fit test to quantify the quality of fit between our observed
thermochronometer ages and model-predicted ages, and to
determine best fit scenarios. The chi-square misfit is calcu-
lated as the sum of the squared differences between observed
thermochronologic ages and expected model ages divided by
the variance of the observed ages (equation (1)). The variance
does not include the analytical error, as this is generally small
compared to the range of observed ages.

c2 ¼
Xn

i¼1

obsi � expið Þ2

s2
i

ð1Þ

[27] For each sample, the standard deviation (s) was
calculated from the range of individual crystal ages. For
samples that consisted of only one or two analyzed crystals,
we assumed that the standard deviation was equal to 15% of
the mean age, as this was the average value for the multi-
crystal analyses. We compared the chi-square misfit to a
critical value that is associated with a 95% confidence level.
This is determined by comparison with a chi-square distri-
bution, typically recorded in tables such as in the work of
Pearson and Hartley [1966]. The critical value is a function
of the number of samples to which model results are
compared, as well as the number of free parameters in the
model. If the chi-square sum is below the critical value, then
the model predictions give a good match to the observed
ages at the given confidence level. This is a reasonable
statistic to assess low-temperature thermochronometry data,
where ages generally show poorer reproducibility with
increasing age, but the magnitude of error on any particular
mean age is difficult to assess (see discussion in the work of
Ehlers [2005]). We assume that chi-square values that fall
below the critical value associated with a 95% confidence
interval result in model predictions that are predominantly
within error of sample mean ages.

5. Model Results

[28] We conducted 275 model simulations over a wide
range of parameter space to find best fit scenarios and to
discern the sensitivity of predicted ages to different exhu-
mation histories. In the following sections we discuss the
quality of fit between model predictions and both apatite
and zircon data for simulations that explored background
denudation rates and different gradients in basal tempera-
ture. However, for simulations that specifically explored
details of the canyon incision process, we only discuss the
quality of fit for apatite data. The zircon data showed no
variation in simulations that only explored details of canyon
evolution because their greater closure depth prevents them
from recording the near-surface thermal effects of canyon
incision (see discussion in the work of Schildgen et al.
[2007]).

5.1. A Test of Steady State Topography

[29] Steady state topographic simulations started and
finished with the modern-day topography. We ran 40 sim-
ulations with T0 set to 180�C at the base of the model beneath
the coast, Tb increasing at a rate of 13.9�C/km toward the arc,
and a range of denudation rates from 0.01 to 0.22 mm/yr.
Denudation rates were set constant over the entire simulation
duration from 250 Ma to today. All other parameters such as
material properties are presented in Table 3.
[30] Model results indicate that the range in ages predicted

for a constant exhumation rate is relatively small, though it
increases with slower rates. For example, an exhumation
rate of 0.20 mm/yr yields apatite ages from �7 to 9 Ma, a
0.07 mm/yr rate produces a range from �16 to 25 Ma, and
a 0.03 mm/yr rate results in ages from �35 to 60 Ma
(Figure 8a). Results show that a single exhumation rate
cannot produce the age variability observed in the apatite
data.
[31] Steady state model simulations produce better

matches to portions of the zircon (U-Th)/He data, but poor

Figure 8. Model predictions for steady state topographic
evolution scenarios compared to observed ages (black
diamonds with 2s error bars). Basal temperature beneath
the coastline (T0) was set to 180�C, and lateral basal tem-
perature (Tb) gradient was set to 13.9�C/km. Results plotted
show the effect of varying background exhumation rate on
predicted (a) apatite and (b) zircon (U-Th)/He ages.
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fits to the whole set. An exhumation rate of 0.05 mm/yr
shows good fits between predicted and observed ages that are
less than 125 Ma, but a slower exhumation rate is needed to
match older samples (Figure 8b). In summary, none of the
simulations that assumed steady state topography produce a
statistically acceptable fit (within a 95% confidence interval)
for the apatite and zircon data.

5.2. Canyon Incision and Transient Topography

[32] To explore the effect of incision timing and magni-
tude on predicted ages, we started 235 simulations with the
spline DEM (Figure 7a) and investigated the influence of
canyon incision onset between 7 and 12 Ma, incision
completion between 2 and 6 Ma, and variations in early
canyon maximum depths ranging from 200 to 1120 m,
corresponding to 6 to 35% of the modern canyon relief.
The following sections describe these topographic scenarios
in greater detail and the additional parameters that affect
model results.
5.2.1. Background Exhumation and Basal
Temperature
[33] We explored the relationship between lateral Tb

gradient and background exhumation rates to determine a
reasonable range of values for these parameters through
50 model simulations. All other parameters were held
constant and values used are summarized in Table 3. For
the following simulations, we set the initial topography to
be the spline DEM (Figure 7a), set background exhumation
rate to be constant over the 225 million year duration of the
run, and morphed topography from the spline DEM to the
modern-day topography (i.e., incised the canyon) between
10 and 2 Ma.
[34] Model results show that background denudation rate

and lateral temperature gradient have a strong effect on
predicted apatite (U-Th)/He ages. When denudation rate is
set to 0.012 mm/yr and T0 is 200�C, a lateral Tb gradient of
15.05�C/km produces best fits to the data (Figures 9a and 9b).
Chi-square misfit values calculated for expected and ob-
served apatite ages over a range of lateral Tb gradients and
denudation rates are shown in a contour plot in Figure 9c.
These illustrate that increasing lateral Tb gradients require
lower exhumation rates to derive best matches to the data,
with the best results from exhumation rates ranging from
�0.011 to 0.015 mm/yr and lateral Tb gradients from �13
to 15�C/km. These simulations produced a range of surface
heat flows from near the coast to just south of the volcanic arc
of �40 to 55 mW/m2 for a lateral Tb gradient of 10.45�C/km
and �50 to 65 mW/m2 for a gradient of 15.05�C/km. The
whole range of tested lateral gradients are reasonable con-
sidering the range of modern-day measurements of �30 to
60 mW/m2 from coastal to inland regions of the forearc.
[35] The observed zircon (U-Th)/He data are not well pre-

dicted by uniform background denudation rates (Figures 9d–
9f). On both age versus depth (Figure 9d) and distance from
coast versus age (Figure 9e) plots where the lateral Tb

gradient is 13.9�C/km, denudation rates of 0.045 mm/yr
show a good match to zircon ages less than 125 Ma or closer
than 45 km to the coast. Observed ages greater than 125 Ma
and farther inland are better matched by a 0.035 mm/yr
denudation rate. However, simulated heat flow values from
�60 to 80 mW/m2 across the forearc region are higher than
modern values. Furthermore, even the lowest chi-square

misfit values far exceed the critical value of 12.6 over the
entire parameter space (12 samples with 6 free parameters in
the model), suggesting that a uniform background denuda-
tion rate is not appropriate for explaining the zircon data.
Instead, spatial and/or temporal variations are likely. Alter-
natively, the data may reflect changing thermal conditions in
the crust, possibly related to plutonism. Because testing these
different possibilities would require a more extensive zircon-
He data set than what is currently available, and because
the details of exhumation history prior to �40 Ma have
insignificant effects on regional interpretations of the
incision history, we do not further explore the details of
early (pre-40 Ma) exhumation and thermal evolution.

5.2.2. Incision Timing
[36] Although onset of the latest phase of incision should

be close to the observed break in slope in the apatite data,
imprecision in the data, rounding of the break between older
and younger ages due to effects of the helium partial reten-
tion zone, and lag in thermal response to incision make
identification of an onset time difficult. Estimating the timing
of incision completion is even more difficult because the base
of the rapidly cooled zone is not exposed, hence must be
inferred from modeling or from other geological constraints.
Schildgen et al. [2007] estimated incision completion to be no
later than �2.3 Ma, based on the age of a volcanic flow
perched 100 m above the present valley floor. A more precise
estimate is no later than 2.21 ± 0.02 Ma, based on a new
40Ar/39Ar age of a volcanic flow collected from the present
valley floor (Figure 2 and Table 2). Unfortunately these flows
only provide broad constraints on incision rates, as each flow
only tells theminimum time that incision reached the depth of
the observed base of the flow, and the deepest part of the flow
may have been removed due to erosion.
[37] Given these general guidelines, we tested a range of

onset times between 7 and 12 Ma, and completion times
between 2 and 6 Ma. There was no change in topography
after the completion time, but background exhumation
(advection of material to the surface) continued to 0 Ma.
In the simulations presented, we show best estimates for
incision onset and completion time assuming a range of T0

(temperature at base of model beneath the coastline) and
lateral Tb gradient combinations. For any given combina-
tion, the suite of chi-square values produced from different
onset and completion times are sensitive to changes in
exhumation rate on the order of 0.001 mm/yr. Thus, we first
identified the exhumation rate that produces minimum chi-
square values, and show how best fits for incision timing
are affected with the different combinations. All other
parameters were held constant (see Table 3).
[38] Results from 125 simulations illustrate the effects of

changing T0 and the lateral Tb gradient. In general, minimum
chi-square values cover a shorter range of onset times than
completion times, meaning that the former can be determined
with greater precision. Because there are 24 total samples
included in the analysis and 6 free parameters, the critical
value associated with a 95% confidence interval when
comparing all model results is 28.9. Lowest chi-square values
are produced over the widest range of onset and completion
times when T0 is set to between 180�C and 200�C with a
lateral Tb gradient of 13.9�C/km to 15.05�C/km (Figure 10).
Over the whole range of explored parameter space, chi-
square sums that are below the 95% confidence interval
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Figure 9. Model results for simulations exploring the effects of background exhumation rate and lateral
basal temperature (Tb) gradient on predicted thermochronometer ages, and comparisons with observed
ages. Figures 9a–9c show comparisons between model-predicted ages and observed (U-Th)/He ages for
apatite samples. Parameters held constant include incision onset time (10 Ma), incision completion time
(2 Ma), basal temperature beneath the coast (T0 = 180�C), background exhumation rate (0.012 mm/yr),
and the topographic evolution scenario is from the spline DEM to the modern topography. (a) Results on
a depth (beneath paleosurface) versus age graph. (b) Results on a distance from coast versus age graph.
(c) Contour plot of chi-square misfit values between predicted and observed ages over a wide range of
lateral Tb gradients and background erosion rates, with the shaded region indicating values less than the
critical value of 28.9. Contour intervals are labeled with chi-square values. The square, circle, and triangle in
Figure 9c show the exhumation rate and lateral Tb gradient values illustrated in Figures 9a and 9b. (d and e)
Comparison of predicted and observed (U-Th)/He ages for zircon for a given lateral basal temperature (Tb)
gradient (13.9�C/km) and a range of background exhumation rates; (f) contour plot of chi-square misfit
values over a range of lateral (Tb) gradients and exhumation rates. The square, circle, and triangle in
Figure 9f show the exhumation rate and lateral Tb gradient values illustrated in Figures 9d and 9e.
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(dotted lines) fall within the range of�7 to 11Ma for incision
onset time. Minimum values occur at completion times
covering the whole tested range from 2 to 6 Ma, with earlier
completion times associated with later onset times. Differ-
ences in the quality of fit are also illustrated on an age-depth
plot for three simulations (Figure 11).
5.2.3. Incision Magnitude
[39] Simulations to test the effects of different initial

canyon depths proceeded from the spline DEM to an inter-

mediate layer, then from the intermediate layer to the modern
topography starting at 9 Ma, and completion of canyon
incision at 2 Ma. The spline layer itself contributes initial
relief of approximately 200 m in the deepest reaches of the
canyon. We tested two different start times for the generation
of higher magnitudes of initial canyon relief: 50 to 30 Ma,
the estimated time of Lower Moquegua Formation red bed
deposition in southern Peru, and 30 Ma to 14 Ma, the time of
Upper Moquegua sand/conglomerate deposition [Sempere et

Figure 10. Contour plots of chi-square values showing model-predicted incision timing compared to
the whole set of apatite samples for various combinations of T0, lateral Tb gradient, and best fit back-
ground exhumation rate. The critical value associated with a 95% confidence interval for the 24 samples
and 6 free parameters is 28.9. This value is marked by a dashed gray contour line and values that fall
below are shaded in gray.
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al., 2004;Roperch et al., 2006]. The former may represent the
development of early inland topography in the region, while
the latter may represent first generation of significant topog-
raphy. Initial canyon relief tested included 10%, 20%, 25%,
30%, and 35% of the modern canyon relief, which corre-
spond to approximately 320, 640, 800, 960, and 1120 m
depths in the deepest reaches of the canyon. Background
exhumation rates were set at 0.013 mm/yr and the range of
early canyon depths was tested against a range of lateral Tb

gradients from 10.45 to 15.05�C/km.
[40] Results from 60 simulations show significant effects

of initial canyon relief on predicted ages. For initial incision
occurring from either 50 to 30 Ma or from 30 to 14 Ma,

model results are generally much worse than those predicted
with no initial incision (Figure 12).

6. Discussion

6.1. Valley Wall and Valley Bottom Transects

[41] Final outputs of the model include a prediction of
thermochronometer ages at every point on the landscape
surface. From this surface of predicted ages, we extracted
profiles of predicted ages along the valley bottom and side-
walls. This allows for a more general assessment of the
differences between valley bottom and valley wall transects.
Extracted profiles show that despite an overlap in the rapidly

Figure 11. Age-depth plots of observed and simulated data exploring the timing of canyon incision.
(a) Results of simulations and observations where basal temperature beneath the coast (T0) was set at
200�C, lateral basal temperature (Tb) gradient was set to 15.05�C/km, and background exhumation rate
was set to 0.012 mm/yr. The time range listed in the legend refers to the time span of canyon incision.
(b) Zoom in to the set of data less than 16 Ma. (c) Contour plot of chi-square values calculated for the
whole sample set, with an associated critical value of 28.9 at a 95% confidence level. The region shaded
in gray shows the area of parameter space that falls below that value. The square, circle, and triangle in
Figure 11c illustrate the position where the results plotted in Figure 11a lie in parameter space.
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cooled portion of both profiles, the valley bottom transect
shows a more gentle slope in the older, slowly cooled region
(solid versus dashed line in Figure 13). The model-predicted
differences between valley wall and valley bottom profiles
closely mimic the differences observed in measured ages
from valley wall and valley bottom transects (black versus
white diamonds in Figure 13). These differences are a direct
consequence of the change in geothermal gradient along the
forearc-traversing valley bottom transect. Compared to the
valley wall transect, which samples across a nearly uniform

geothermal gradient, the wider range in gradients across the
valley bottom transect leads to a wider distribution of ages,
and a lower slope on a depth versus age plot (Figure 13a).
This decreased slope is likely to be a consistent bias in
transects that sample across a wide region with changing
thermal properties, even when the data are plotted against
depth to correct for long-wavelength topographic effects on
the shape of the closure temperature isotherm.
[42] In addition to this bias inherent to the type of sample

transect, both profiles exhibit a curved transition between

Figure 12. Model-predicted ages of various magnitudes of early canyon relief compared to observed
apatite data. Percent relief refers to the percentage of modern canyon relief that existed prior to the latest
phase of incision. (a) Results of simulations and observed data on an age-depth plot for initial canyon
relief generated between 30 and 14 Ma and final incision between 9 and 2 Ma. Background exhumation
rates and lateral Tb gradients for the plotted results are shown in Figure 12b (square, circle, and triangle).
(b and c) Contour plots of chi-square misfit values, for early incision generated between 30 and 14 Ma
(Figure 12b) and between 50 and 30 Ma (Figure 12c). Chi-square values were calculated using the whole
sample set with an associated critical value of 28.9 at a 95% confidence level.

F04014 SCHILDGEN ET AL.: INCISION THERMOCHRONOLOGY AND MODELING

16 of 22

F04014



the slowly and rapidly cooled regions. This is an expected
resulted from the slow diffusion of He in the partial reten-
tion zone, even in the case of a sudden, major change in
cooling history [e.g., Wolf et al., 1998]. Both the curved
shape of the transition zone and the differences between the
two transects complicate visual interpretations of the data.
For example, maximum curvature appears to occur at �13
to 15 Ma in both our data and in a model simulation with
incision starting at 10 Ma (Figure 13a). Similarly, linear fits
through the upper and lower portions of the data intersect at
�13.6 Ma, though our modeling indicates a best fit onset of
rapid cooling between �8 to 11 Ma (Figure 13b). These
examples illustrate the potential to overestimate the timing
of a change in exhumation rate if thermal modeling is not
incorporated into the interpretations.

6.2. Temporal and Spatial Patterns in Background
Exhumation Rates

[43] Understanding temporal and spatial patterns in back-
ground exhumation rates is difficult in a region where both
are likely to vary. In theory, the observed pattern of apatite
ages can be predicted by a model that imposes a sharp
increase in regional exhumation rates through time with-
out any change in surface topography (i.e., steady state
modern topography). However, this is unlikely, as the
required increase in exhumation rates of �0.03 mm/yr to
0.20 mm/yr would inherently require a change the surface
morphology (for example, the sharp edges between canyon
walls and the plateau surface are unlikely to be maintained
under increasing regional exhumation rates). Also, although
the climate history of southwest Peru prior to significant
Andean uplift is currently not well understood, some

studies suggest that precipitation (and associated regional
exhumation) have decreased during the latest phase of
plateau uplift. For example, climate modeling work shows
that the steep western flanks of the plateau were wettest
when the Altiplano was approximately half its current
height [Ehlers and Poulsen, 2009], and paleosols in north-
ern Chile suggest that conditions went from semiarid to
hyperarid starting at 19 to 13 Ma [Rech et al., 2006].
Finally, geologic relationships showing widespread clastic
deposition until �14 Ma on the uplifted regional bajada
surface between Iquipi and the coast indicate little to no
canyon incision at that time [Schildgen et al., 2009]. These
observations all support the results from our steady state
topographic modeling, which showed that no simulation
incorporating unchanging topography could produce a
match to the observed thermochronology data. Instead,
the steep gradient in apatite ages is best interpreted as
localized cooling resulting from canyon incision.
[44] The role of background exhumation rates is still

unclear for canyon incision scenarios. Both apatite and
zircon samples near the coast show old ages with low
slopes on depth-age plots (e.g., Figure 9). This shows that
coastal regions have experienced low background exhuma-
tion throughout the time span recorded by both thermo-
chronometers: �75 to 14 Ma for apatite, and �175 to 75 Ma
for zircon. However, younger zircon samples collected from
farther inland reflect faster cooling from �75 to 40 Ma. This
can be explained by several alternatives. It may reflect an
earlier history of tectonic activity with accompanying faster
exhumation in the interior region from �75 to 40 Ma. This
may also reflect the early establishment of the spatial
gradients in precipitation and exhumation that we see today

Figure 13. (a) Valley wall and valley bottom transects extracted from model results compared to
observed data. Model valley wall transect (dotted gray line) was extracted from the west side of the valley
near sample 05TS37 (Figure 1). Model valley bottom transect (dashed gray line) was extracted from a
line along the valley bottom starting at the coast and moving inland as far as the confluence of two main
valleys �10 km northwest of sample 05TS37. Model transects plotted are from a simulation that included
incision between 10 and 2 Ma, T0 of 180�C, a lateral Tb gradient of 13.9�C/km, and a background
exhumation of 0.013 mm/yr, though the general pattern shown here (with a more gentle slope in the
slowly cooled region of the valley bottom data) was consistent across all model simulations and reflects
the regional heat flow gradient (Figure 6). Grey boxes in both plots illustrate the range of model-predicted
incision onset times. (b) Linear fits (gray lines) of the upper and lower portions of the observed data
(above and below 2 km depth) show an intersection at �13.6 Ma.
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[Houston and Hartley, 2003; Bookhagen and Strecker,
2008], where higher inland regions experience faster denu-
dation than hyperarid coastal regions. Alternatively, faster
cooling could have resulted from local perturbations to the
thermal field, as would be expected from the cooling of
Cretaceous age intrusive bodies (Figure 2 and Table S4).
Additional data are needed to test which of these possibil-
ities is most likely. For example, valley wall transects
collected throughout the valley length from the coast toward
the arc could reveal cooling rates in specific locations, and
hence help discriminate between temporal and spatial
changes in the cooling history of zircons.

6.3. Incision History

[45] Canyon depths prior to the latest phase of incision
give information on the initial position of near-surface
isotherms, which is crucial for assessing the magnitude of
the latest phase of incision. In southwest Peru, depositional
records suggest that the major drainages are likely to have
experienced a long history of incision that started well before
the most recent phase of late Cenozoic incision. Cut and fill
channels up to several hundred meters deep within the�30 to
14 Ma Upper Moquegua conglomerates [Sempere et al.,
2004; Roperch et al., 2006] are exposed in small drainages
such as the Sihuas valley, 110 km to the southeast of the
Ocoña valley. This gives evidence for a drainage system
prior to 14 Ma with depths of at least several hundred
meters. However, deposition of thick Upper Moquegua
sand/conglomerate sheets across the whole �50 km wide
forearc region would not be possible if there were one or
several major canyons draining the forearc region from
�30 to 14 Ma [Schildgen et al., 2009].
[46] Our model simulations that explored canyon depths

prior to the latest phase of incision produced minimum chi-
square values when the spline topography was used as a
starting topography, which consists of �200 m of relief in
the deepest parts of the canyon. Initial incision that
exceeded these depths produced chi-square values that far
exceeded the 95% confidence interval, therefore we inter-
pret forearc fluvial channels at 14 Ma to be no greater than
�200 m, although channel depths farther inland near volca-
noes may have exceeded this value. Surface topography that
hosted such channels must have reached elevations at least as
high as 200 m above sea level. Because the total depth of the
canyon today is �3.2 km at the northern end of our sampled
region (in the deepest reaches of the canyon), our interpre-
tation of �200 m initial canyon depths imply that the latest
phase of incision (post-14 Ma) was up to �3.0 km in mag-
nitude, decreasing to �1 km at the coast.

6.4. Preferred Model for Canyon Evolution

[47] The geologic record provides firm evidence for
topography in the Central Andes prior to 14 Ma, with
fluvial conglomerate layers within the�30 to 14 Ma Upper
Moquegua Formation implying that fluvial networks
existed prior to the latest phase of surface uplift [Schildgen
et al., 2009]. Our data are most appropriate for constraining
canyon evolution after �14 Ma, the age of the uppermost
volcanic ashes that cap the Upper Moquegua sedimentary
sequence and blanket the regionally extensive paleo-
surface. The latest phase of incision in the Ocoña region
was preceded by or synchronous with spatially variable

uplift that generated a ramp that is today preserved as the
relatively smooth paleosurface at 1 km elevation near the
coast and rises to 4 km at the plateau margin.
[48] Modeling results alone suggest that canyon incision

into the newly grown topography started between 7 and
11 Ma. These results should be considered carefully, as
the later onset times show poor matches with the limited
number of young samples from the deepest reaches of the
canyon (e.g., Figure 11c). More samples from this crucial,
deeply incised region are likely to increase chi-square
misfit values for simulations that show a poor match to the
youngest samples, and hence may narrow the estimate for
onset times. Another reason to question the late onset
times is that they correspond to relatively early incision
end times. For instance, simulations with a 7 Ma onset of
incision have best fit end times of�5.5 to 6 Ma (Figures 10b
and 10c). However, the 5 Ma coarse, fluvial gravels stranded
at elevations near 1 km close to the coast suggest that�1 km
of incision resulting from a phase of block uplift happened
after 5 Ma [Schildgen et al., 2009]. These uplifted coastal
gravels and the 2.21 ± 0.05Ma volcanic flow that reached the
present valley bottom together suggest that incision ended
sometime between �5 and 2.2 Ma. Reconsidering the mod-
eling results including these geologic constraints suggests
that the onset of incision is between �8 and 11 Ma.
[49] One of the main limitations to our topographic

simulations is that we use prescribed DEMs to model
changes in topography rather than applying erosion laws
that could more accurately portray changes in landscape
morphology through time. Propagation of knickpoints
through a drainage system could produce incision onset
times that differ by several million years between the outlet
and the uppermost catchment. However, given that simul-
taneous onset of incision provides a statistically valid match
to the whole data set, we know that either simultaneous onset
of incision or rapid headward propagating incision (on the
order of one million years or less over the sample transect) is
consistent with the available data. For this reason, we believe
that incorporating a physical model of canyon incision is
unlikely to substantially change interpretations of incision
timing.

6.5. Comparison to Other Estimates of Plateau Uplift

[50] Canyon incision with a magnitude up to 3.0 km
starting at �8 to 11 Ma requires contemporaneous or
preceding surface uplift with at least an equal magnitude.
The lag time between the start of uplift and the start of
incision may be on the order of several million years or
more for a detachment-limited system, but when discharge
is high (such as in the trunk stream of major rivers), the
lag time can be much shorter [e.g., Whipple and Tucker,
1999, 2002].
[51] Several sites in southern Peru and northern Chile

give clues about knickpoint retreat rates, which are directly
related to the lag time of the systems. In the Rio Lluta valley
of northern Chile, knickpoint retreat following late Miocene
surface uplift was estimated at �10 km/Ma [Schlunegger et
al., 2006]. Similarly, we can infer 6 to 8 km/Ma rates of
knickpoint retreat in the Sihuas valley of southern Peru,
where a large knickpoint that was likely initiated on the
coast at �5 Ma is preserved on the river profile between 30
and 40 km inland [Schildgen et al., 2009]. A much slower
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retreat rate of �1.6 km/Ma starting after 6.4 Ma is described
in the Quebrada Tiliviche in northern Chile [Hoke et al.,
2007]. In contrast to these systems, the lack of any major
knickpoints along the �250 m length of the Cotahuasi-
Ocoña drainage system [Schildgen, 2008] provides evidence
that the this major drainage system has a faster knickpoint
retreat rate and a shorter geomorphic lag time compared to
rivers in the hyperarid catchments of northern Chile and
compared to smaller rivers in southern Peru. However,
additional work is needed to estimate the lag times more
precisely. Despite this present uncertainty in lag time, we
believe the phase of uplift documented to have started at
�10 to 11 Ma in the Altiplano interior, at the eastern margin,
and in other parts of the western margin (evidence summa-
rized in Table 1) is likely to be correlative with uplift that
preceded the major pulse of incision in Ocoña canyon.
Particularly compelling is the �10 Ma initiation of long-
wavelength surface deformation of foreland basin fill [Nester,
2008] and lake sediments [Jordan et al., 2006] in northern
Chile, which agree within error with our estimates for the
onset of canyon incision in southwest Peru.
[52] If the data summarized in Table 1 do result from

contemporaneous uplift over a�300 to 400 km wide orogen,
it was likely to have been driven by geodynamic processes
that can affect the whole of an orogenic plateau, rather than
isolated regions. The role of upper crustal shortening and
thickening is thus less likely to have contributed to this latest
phase of uplift, because such deformation is often focused on
particular parts of the plateau. Processes occurring deeper
within the crust or lithosphere such as regional ductile
redistribution of mass through middle to lower crustal flow
[e.g., Isacks, 1988] or changes in the subduction zone
geometry [e.g., Jordan et al., 1983] are more likely to affect
large regions, and hence are more feasible explanations for
the latest phase of plateau uplift.

7. Conclusions

[53] Three-dimensional thermal modeling has allowed us
to make more accurate interpretations of both previously
published and new apatite and zircon (U-Th)/He data from
southern Peru that reveal rapid cooling induced by canyon
incision. Our interpretations are corrected for a number of
factors that were previously unexplored, including the
effects of lateral changes in geothermal gradients above a
subduction zone, topographic effects on thermal gradients in
a high-relief landscape, thermal lag in response to changing
topography, and the potential effects of early incision prior
to the latest phase of incision. Although our estimates of a
�8 to 11 Ma incision onset time and � 200 m of canyon
incision prior to 14 Ma can be further refined with a better
understanding of background exhumation rates through
space and time, and with a more accurate representation of
topographic evolution (e.g., including possible knickpoint
propagation through the drainage network), our interpreta-
tions are a significant improvement over earlier estimates of
the timing and magnitude of canyon incision. We anticipate
that incorporating knickpoint propagation into future mod-
eling is unlikely to lead to substantially different interpreta-
tions, as statistically acceptable fits to the whole data set
assuming a simultaneous onset of incision imply that either

incision onset was simultaneous along the length of the
canyon, or that knickpoint propagation was relatively fast.
[54] Results presented here provide new insights into

evolution of the western margin of the Altiplano in the
context of a major phase of late Cenozoic uplift that has
been documented across the Altiplano interior and along the
eastern margin in the fold and thrust belt known as the
Eastern Cordillera. Canyon incision with a magnitude up to
3.0 km starting at �8 to 11 Ma requires contemporaneous or
preceding surface uplift with at least an equal magnitude.
Our data support a growing body of evidence for contem-
poraneous major late Cenozoic surface uplift and coupled
climate change across the Central Andes.
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