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In many regions of the world, deeply incised canyons demonstrate the net effects of physical processes active
at Earth's surface in response to surface uplift. Low-temperature thermochronometry can constrain the
timing and rates of bedrock incision, which is necessary for relating canyon incision to surface uplift over
geological timescales. We analyzed four samples from the Cotahuasi–Ocoña canyon system in southwest
Peru using 4He/3He thermochronometry and we present a new inversion model to identify continuous low-
temperature cooling histories that are consistent with the observed data. Derived cooling histories limit the
onset of fluvial incision to ∼13 to 8 Ma. This is in agreement with previously reported interpretations based
on a three-dimensional thermal model interpolation to a much larger set of conventional apatite (U–Th)/He
ages. However, because 4He/3He thermochronometry constrains an independent cooling history for each
sample, the results also permit testing of landscape-evolution models with greater spatial variability in
exhumation compared to those models that can be tested by a geographically scattered set of conventional
(U–Th)/He ages. The different cooling histories of the four samples require asynchronous incision along at
least part of the canyon system that is best explained by headward propagation of fluvial incision by
knickpoint migration.
: +49 331 977 5700.
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1. Introduction

Reconstructing the evolution of surface topography through
geological time can help elucidate complex relationships between
tectonic forces, climate variations, chemical and physical erosion, and
their resultant effects on a landscape. A common tool for this purpose
is low-temperature thermochronometry. The shape of subsurface
isotherms in the uppermost few kilometers of Earth's surface is
perturbed by high-relief topography, so thermochronometers sensi-
tive to cooling below ∼100 °C can record past changes in the
topography (e.g., Lees, 1910; Benfield, 1949; Stüwe et al., 1994;
Mancktelow and Grasemann, 1997; Braun, 2002; Ehlers and Farley,
2003). A useful method to observe such changes is apatite (U–Th)/He
thermochronometry. As an apatite grain approaches the surface, it
begins to retain radiogenic 4He below ∼85 °C (e.g., Farley, 2000;
Reiners and Farley, 2001; Flowers et al., 2009), which corresponds to
∼1.5–2 km depth, depending on the cooling rate and the local
geothermal gradient. Although complete retention of 4He (i.e., He
closure) does not occur instantaneously, conventional (U–Th)/He
chronometry yields a unique closure age from the total 4He
abundance in an apatite grain. Thus, inferring a landscape-scale
cooling history requires (U–Th)/He ages of geographically distributed
samples that cooled at different times, and a quantitative thermal
model that relates the cooling histories at the sample sites to one
another. Typically, a model predicts ages based on a prescribed
exhumation history, and comparison against the measured ages can
identify a set of best-fitting exhumation histories. This approach has
been used to address a number of questions in landscape evolution,
including the evolution of orogenic relief (Braun and Robert, 2005;
Herman et al., 2007), tectonics and exhumation of the Himalayan
front (Huntington et al., 2007; Whipp et al., 2007), and the timing of
canyon incision (Clark et al., 2005; Schildgen et al., 2007).

Apatite 4He/3He thermochronometry provides a different ap-
proach (Shuster and Farley, 2004; Shuster et al., 2005; Shuster and
Farley, 2005). This method determines the spatial distribution of 4He
within an apatite grain, which is a function of cooling history near
and below the He closure temperature. In contrast to conventional
(U–Th)/He thermochronometry, in which a cooling history can only
be obtained from multiple samples linked by model assumptions,
4He/3He thermochronometric data from a single sample indepen-
dently constrains its continuous low-temperature cooling history.
This method reduces the number of geographically distinct samples
required to infer a landscape-scale cooling history, and provides
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increased resolving power at temperatures near and below the
closure temperature.

We applied 4He/3He thermochronometry to four apatite samples
from Cotahuasi–Ocoña canyon in southwest Peru. The thermal his-
tory of this canyon system has already been interrogated by a set
(24 samples) of conventional (U–Th)/He ages interpreted with a 3-d
Fig. 1. Sample locations and geologic context. Panel on left shows samples analyzed for 4He/
from Schildgen et al., 2007; 2009a) on a 30-m resolution digital elevationmodel derived from
Contour interval is 1000 m. Volcanic flows beneath white stars are too small to appear on the
data based on Schildgen et al. (2009b) and Instituto Geológico Minero y Metalúrgico (INGEM
Schildgen et al. (2009b). Symbols on map and on cross-section beneath map include Q-al:
volcanics; M-hu: Miocene Huaylillas ignimbrite; M-mo: Miocene upper Moquegua Group
granodiorite, diorite, and tonalite; Js/C-ss: Jurassic/Cretaceous sandstone and carbonate; O-
the region from A″ to A and from A to A′, as shown by the dashed-dotted line on the geolog
interpolated from their positions within the canyon.
thermal model (Schildgen et al., 2009a). Here, we describe a new
inversion scheme for identifying thermal histories from 4He/3He
analysis and show that the 4He/3He results from only a few samples
reproduce the thermal history obtained from themuch larger (U–Th)/
He data set without recourse to spatial interpolation of cooling
age information between sample locations. Finally, we compare the
3He thermochronology (white circles) and 40Ar/39Ar dated volcanic flows (white stars;
Advanced Spaceborne Thermal Emission and Reflectance Radiometer (ASTER) imagery.
scale of themap. Panel on right shows ASTER-derived shaded relief overlain by geologic
MET) (2001). Faults (white lines) are based on mapping by Roperch et al. (2006) and

Quaternary alluvium; M/P-al: Mio-Pliocene alluvium/landslide; P/Q-v: Plio-Quaternary
sediments; O-mo: Oligocene lower Moquegua Group sediments; Ks-gd: Cretaceous

gr: Ordovician granites; and PPC-gn: Precambrian gneiss. Geologic cross-section spans
ic map. Vertical exaggeration in the cross-section is 3:1, with the locations of samples



Fig. 2. Schematic, hypothetical end-member scenarios of canyon incision following
surface uplift of the western margin of the Andean plateau. Top profile is a schematic
illustration of surface topography (black lines) and the river profile (gray line) prior to
late Cenozoic surface uplift. Middle and bottom profiles are schematic illustrations of two
end-member scenarios for evolution of the river profile through five time steps (t1–t5),
ending with the modern river profile (“Today”). The dashed line along the modern river
profile illustrates what we assume is the top of bedrock (discussed in Section 6.4). Black
line in the middle and bottom profiles shows modern topography. White circles show
sample locations.
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4He/3He inversion results with thermal model predictions to argue
that the 4He/3He results record the progress of headward-propagating
canyon incision by knickpoint migration.

2. The Cotahuasi–Ocoña canyon system

Topography in southwest Peru rises from a 1-km-high coastal
escarpment up to nearly 5 km elevation across a broad, low-relief
surface, which is incised by Cotahuasi–Ocoña canyon (Fig. 1). The
region is underlain by Precambrian through Cretaceous basement
rocks capped by the ∼50–16 Ma Moquequa Group clastic sediments,
the 14–16 Ma Huaylillas ignimbrite, Mio-Pliocene gravels, and
younger volcanics. Although the Moquegua Group sediments record
the presence of significant topography before 14 Ma (e.g., Sempere et
al., 2004; Roperch et al., 2006), additional surface uplift on the order of
2.4–3.0 km occurred between ∼14 and 2.2 Ma (Schildgen et al.,
2009b) through crustal-scale monocline deformation (e.g., Isacks,
1988; Wörner et al., 2002; Schildgen et al., 2009b), minor normal
faulting, and block uplift (Schildgen et al., 2009b). Base level changes
may contribute complexity to the landscape-evolution history,
however, sea level has dropped by only ∼40 m since the early
Oligocene with shorter-term variations of ∼20–80 m (Miller et al.,
2005), implying that it is insignificant compared to late Cenozoic
surface uplift in southwest Peru.

Because incision of the canyon system must coincide with or
postdate surface uplift, we should be able to determine the timing of
surface uplift by i) dating the onset of incision, and ii) estimating the
lag time between uplift and incision. This includes determining
whether canyon incision was spatially uniform, or proceeded by
headward propagation of a major knickpoint formed at the coast
(Fig. 2). Knickpoints commonly develop along rivers that incise in
response to climate change, base level change, and/or tectonic forcing
(e.g., Seeber and Gornitz, 1983; Rosenbloom and Anderson, 1994;
Seidl et al., 1994, 1996;Whipple and Tucker, 1999; Snyder et al., 2000;
Kirby and Whipple, 2001; Wobus et al., 2003, 2006; Zaprowski et al.,
2005), and separate the downstream “adjusted” regions of a river
from upstream “unadjusted” regions. If a major knickpoint did form in
response to surface uplift in southwest Peru, what was the rate of
knickpoint headward propagation? Answering this question would
provide a better framework for relating fluvial incision to surface
uplift, which in turn would allow for improved estimates for the
timing of uplift in southwest Peru.

3. Previous constraints on river incision history and surface uplift

Dating surface uplift by dating river incision requires two pieces of
information: the timing of incision, and the lag time between uplift
and incision. Schildgen et al. (2007) argued that in the Cotahuasi–
Ocoña system, the lag time should be short given the size of the
drainage system and high discharge. This should lead to rapid
propagation of knickpoints through the drainage system and similarly
rapid fluvial response time (e.g., Whipple and Tucker, 1999; 2002).
Although several lines of evidence suggest long-term stability of the
hyper- to semi-arid climate in the region (e.g., Alpers and Brimhall,
1988; Sillitoe and McKee, 1996; Rech et al., 2006), drying of the
western margin likely occurred in response to the growth of the
Central Andean orographic rain shadow (e.g., Lenters and Cook, 1995;
1997; Houston and Hartley, 2003; Strecker et al., 2007; Bookhagen
and Strecker, 2008; Ehlers and Poulsen, 2009). Nonetheless, large
areas of the regional surface in the forearc region that remain
undissected (marked by the Huaylillas ignimbrite and its overlying
alluvial cover in Fig. 1) highlight the potential for large geographic
variations in lag time. This was demonstrated by Hoke et al. (2007),
whose longitudinal profiles of rivers throughout the western margin
of northern Chile showed wide variations in the position of
knickpoints and in the inferred lag time of the different systems. In
general, larger catchments that tap into high elevation regions with
their accompanying higher precipitation have shorter potential lag
times, but details of this have not yet been examined.

Existing information on the timing of Cotahuasi–Ocoña canyon
incision includes radiometric ages of infilling volcanic flows (Thouret
et al., 2007; Schildgen et al., 2007, 2009a,b) and apatite (U–Th)/He
data from Schildgen et al. (2007, 2009a). Thouret et al. (2007) showed
that an ignimbrite inset below the regional surface records incision
initiation before 9 Ma, and that volcanic flows at low elevations in the
upper portion of the catchment indicate that incision was nearly
complete by 3.8 Ma. Schildgen et al. (2007) showed that conventional
apatite (U–Th)/He ages revealed a strong contrast between old ages
(∼9–60 Ma) associated with slow erosion of the upland surface and
much younger ages within the canyon (∼5–9 Ma), suggesting an
increase in the cooling rate and hence canyon incision starting at
∼9 Ma. Because this relationship could also in part reflect lateral
variability in the crustal thermal structure, Schildgen et al. (2009a)
used a three-dimensional, time-dependent thermal model (using a
modified version of Pecube; Braun (2005) and references within) to
distinguish the spatial and temporal changes in the crustal thermal
structure. The model was forced by a prescribed landscape-evolution
history in which slow regional exhumation was followed by rapid
incision along the entire length of the canyon. Their results supported



Fig. 3. Conventional apatite (U–Th)/He data published by Schildgen et al. (2007) and
Schildgen et al. (2009a), highlighting the context of samples analyzed here for 4He/3He
thermochronometry. Large symbols represent the mean age for each sample.
Horizontal error bars represent the range of individual crystal ages for each sample,
and vertical error bars represented the estimated error on the calculated depth below
the paleosurface. Samples are plotted versus depth beneath the regional paleosurface to
correct for the long-wavelength topographic effects on sampling along the valley
bottom (e.g., Clark et al., 2005; Huntington et al., 2007).
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the hypothesis that canyon incision began ∼9 Ma: only model runs
in which incision started at 8–11 Ma yielded acceptable fits to the
(U–Th)/He data set (Schildgen et al., 2009a).

The purpose of this study is to directly test this result by applying
4He/3He thermochronometry at four sites along the canyon floor. Our
objective is to independently determine the onset time and the rate of
rapid cooling associated with canyon incision at all four sites without
linking geographically dispersed closure ageswith a thermalmodel. In
turn, twomodels can be testedusing the 4He/3He thermochronometric
data: Was canyon incision spatially uniform along the canyon
longitudinal profile, or did it proceed by slow headward knickpoint
propagation? If the latter, how may the knickpoint propagation rate
affect estimates for the start of incision and constraints on surface
uplift?

4. Analytical methods

We analyzed four samples along a valley-bottom transect of Ocoña
canyon, ranging from 27.7 to 80.1 km inland from the coast (Fig. 1).
Apatite (U–Th)/He ages of the selected samples (determined using
conventional methods and originally reported in Schildgen et al.,
2007) range from ∼58 to ∼5 Ma (Fig. 3), spanning nearly the full
range of apatite (U–Th)/He ages reported for the region. Additional
apatites from the same rock samples were exposed to ∼4.6×1015 pro-
tons/cm2 with incident energy ∼220 MeV over a continuous 8 hour
period at The Francis H. Burr Proton Therapy Center (Shuster et al.,
2004). From each irradiated sample, we selected euhedral apatite
grains with pristine crystal faces and analyzed aliquots of between 1
and 3 grains. The crystals were sequentially heated in multiple steps
under ultra-high vacuum while in contact with a type-C thermocou-
ple using a feedback-controlled diode laser. The 3He abundance and
the 4He/3He ratio were measured for each heating step using
Fig. 4. 4He/3He ratio evolution diagrams for step-heating experiments (a–d) and associated
normalized to the bulk ratio (Rbulk) determined by integrating all steps (black circles; the ver
release fraction (ΣF3He). Green, yellow, and orange lines show modeled cooling paths. Gree
show progressively worse fits that can be excluded at a 99% confidence level based on our st
orange modeled cooling paths in time–temperature space; gray paths indicate modeled co
conventional sector-field mass spectrometry and corrected for blank
contributions to 3He and 4He (Table S1). Ratio uncertainties shown
in Fig. 4 and reported in Table S1 contain propagated uncertainty in
blank corrections.

5. Forward model and random-search inversion scheme

We developed a numerical model that predicts the (U–Th)/He age
and the evolution of the 4He/3He ratio during a step-degassing
experiment (i.e., 4He/3He ratios versus the cumulative 3He release
fraction, ΣF3He), and whose input parameters are the characteristics
of the analyzed crystal(s) and a cooling history. We then used a
random-search scheme modeled on that of Ketcham (2005) to find
cooling histories that were compatible with the observations. This
model framework has four components: i) a scheme to generate
random time–temperature (t–T) histories; ii) a forward model whose
input is a t–T history and that predicts the total abundance and radial
distribution of 4He in the sample (henceforth, the ‘geologic model’);
iii) a forward model whose input is the 4He distribution in the sample
and that predicts the 4He/3He ratios evolved during the step-
degassing experiment (the ‘degassing model’); and iv) a means of
determining whether the model results fit the observations.

5.1. Time–temperature (t–T) histories

Togenerate trial coolinghistories, themodelfirst generates a sequence
of temperatures with an autoregressive model T(i)=T(i−1)−e(i),
where T(i) is the temperature in step i (arbitrary units), T(0)=0, e(i) is
normally distributed random with mean k and standard deviation 1,
and values of e(i)b0 are set to 0. This scheme enforces a monotonic
cooling history with no reheating (which is justified by a lack of any
volcanic flows in the proximity of bedrock sample locations), but
permits long periods at constant temperature. We paired these
temperatures with a corresponding sequence of times chosen from a
uniform distribution between 0 and 1, then shifted and scaled both
sequences to geologically appropriate values. All cooling histories
began at 150 °C at a time older than twice the measured (U–Th)/He
age of the sample, and ended at the modern mean surface
temperature of the sample site. We chose the parameter k, as well
as the number of t–T points, to populate the t–T space as fully as
possible; the number of t–T points was allowed to vary randomly
between 6 and 10.

5.2. Geologic and degassing models

The geologic model for 4He accumulation during cooling uses the
Crank–Nicholson finite-difference scheme for diffusion in a sphere
described by Ketcham (2005). The scheme for alpha particle
ejection and redistribution is also described in that reference; in
this study we assumed a uniform distribution of U and Th. Apatite
diffusion kinetics is described by the radiation damage and
annealing model (RDAAM) of Flowers et al. (2009). This model
differs from previous models for the effect of radiation damage on
apatite diffusion kinetics (Shuster et al., 2006) in that the effective
annealing temperature for radiation damage (∼100 °C) is well
above the He closure temperature (∼70 °C). This affects predictions
for the (U–Th)/He age of samples that experience long residence
near, or slow cooling through, the He partial retention zone (PRZ)
(also see discussion below).
cooling paths (e–h). Plots on left show the 4He/3He measurements of each step (Rstep)
tical axes of open boxes indicating 1 standard error) plotted against the cumulative 3He
n lines are cooling paths that show a good fit to the data, while yellow and orange lines
atistical assessment (see text for discussion). Plots on right show the green, yellow, and
oling paths that failed to predict the observed (U–Th)/He age.
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The degassing model employs the same finite-difference scheme.
The initial condition for the radial 4He distribution is taken from
the end state of the geologic model, and 3He is initially uniformly
distributed throughout the grain. As we are predicting the nor-
malized 4He/3He ratio, the value chosen for the He diffusivity in
this portion of the model does not affect the results; only the
relationship between 3He and 4He diffusivities is important. Fol-
lowing Shuster et al. (2004) we take the diffusivities of 3He and 4He
to be equal.

5.3. Model fitting

To determine whether or not a trial cooling history fits the
observations, we need to answer two questions. First, does it predict
the correct (U–Th)/He age? Second, does the predicted 4He/3He ratio
evolution agree with that observed? Although one could construct a
fit statistic that included both of these tests, we considered each
separately. First, we ran the geologic model for all trial cooling
histories, and rejected those that did not predict a (U–Th)/He age
within 1 standard error of themeasured age. Second, for those cooling
histories that passed this screening, we ran the degassing model,
compared the resulting predicted 4He/3He ratio evolution to the
ratios actually observed, and assigned a misfit value based on this
comparison.

We used a misfit statistic M defined to be the mean of squared
residuals weighted by themean uncertainty in the ratiomeasurements:

M =
1
n
∑
n

i=1

Rp;i−Rm;i

σ̄

� �2

ð1Þ

where Rp,i is the predicted normalized 4He/3He ratio released in
heating step i, Rm,i is the measured value, n is the number of heating
steps, and σ̄ is the mean ratio measurement uncertainty in the
experiment. For a typical number of heating steps (n=20), the
expected value of this statistic (estimated by a Monte Carlo
simulation) is ∼0.95. That is, if the actual 4He/3He ratios were in
fact as predicted by the model, and our estimate of the measurement
precision is correct, M would exceed this value 50% of the time. The
corresponding 99% confidence level for M is ∼2. According to this
argument, we defined thermal histories yielding Mb2 to be
acceptable fits to the data.

This argument, however, has several weaknesses. First, it assumes
that the model perfectly describes the evolution of He distributions in
the sample during both its geologic history and the degassing
experiment. This is not actually the case, because we have not
included a variety of complicating factors in the geologic and
degassing models, including zonation in [U] and [Th], the non-
spherical shape of apatite crystals, and small differences in size, shape,
and diffusion kinetics between grains analyzed together in the
degassing experiment. Although in all cases we obtained good fits
to the data without including these factors, we cannot exclude the
possibility that they affect the results. Second, this fit statistic does not
detect the presence of systematic residuals. Fig. 4 shows that many
predicted 4He/3He evolutions yielding acceptable values for M show
systematic differences from the observations. This could signal an
incorrect cooling history, but could also arise solely from the model
simplifications listed above. Third, our choice of this fit statistic avoids
the issue of degrees of freedom that is implicit in evaluating other
commonly used fit statistics such as the reduced chi-squared or the
MSWD. Although in principle one could estimate degrees of freedom
for this purpose on the basis that the number of input parameters in
the model is twice the number of randomly generated t–T points in
the cooling history, this would be misleading because the portions of
the cooling history that are well above or below the He PRZ have no
effect on the result.
6. Results and discussion

6.1. t–T paths derived from 4He/3He inversion

Fig. 4 shows results of the random-search inversion models for the
four samples. Of the large set of possible cooling paths that yield the
observed total (U–Th)/He age for a given sample (colored paths), only
a small subset also yield acceptable fits to the 4He/3He measurements
(green paths). These results highlight the advantage of 4He/3He
thermochronometry over conventional (U–Th)/He dating for identi-
fying the cooling history near the He PRZ. Cooling histories are
unconstrained for temperatures above the He PRZ and are tightly
constrained as the sample cools below the closure temperature (see
discussion in Shuster and Farley, 2004). The set of acceptable cooling
histories can be reduced by incorporating additional geologic
information: using 40Ar/39Ar geochronometry, Schildgen et al.
(2007, 2009a) dated two volcanic flows ≤100 m above of the current
valley floor in the central canyon region to 2.2 and 2.3 Ma. This
requires that incision, and hence cooling of canyon-bottom samples to
surface temperature, must have been complete by that time and
allows us to exclude otherwise acceptable cooling paths that do not
satisfy this condition (Fig. 5).

4He/3He results from two downstream samples require a marked
increase in cooling rate, presumably induced by rapid canyon incision.
Sample 04TS17, 27.7 km inland from the coast, cooled slowly through
and below the He PRZ, and then cooled rapidly from ∼40 °C to surface
temperature (Fig. 5(b)). Cooling histories that fit the 4He/3He results
from this sample display a tradeoff between the cooling rate in the He
PRZ and the time rapid cooling begins: the slower the early cooling,
the later the onset of rapid cooling. Because of this tradeoff, the time
that rapid cooling began is only limited to be between 25 and 3 Ma.
Sample 04TS39, 52.8 km inland, did not reside in the He PRZ for
as long, but nearly all acceptable cooling histories require an equiv-
alent increase in the cooling rate at some time between 13 and 3 Ma
(Fig. 5(a)). For nearly all acceptable cooling paths for both of these
samples, rapid cooling is sustained until 3–2.2 Ma (Fig. 5).

The two upstream samples do not record the increase in cooling
rate required by the two downstream samples. Rapid cooling was
already in progress at the time they began to retain 4He, implying
that they were beneath the He PRZ at the onset of rapid cooling
(they are located 2640 and 2990 m below the regional surface)
(Fig. 5(c,d)). The 4He/3He results from the upstream samples there-
fore provide minimum ages for the onset of rapid cooling, the time
these samples cooled to surface temperatures, and cooling rates
during the latter stages of cooling. Due to the shorter overall time
period recorded by these samples, they provide better resolution
on the latter stages of the cooling history than the downstream
samples. At sample 05TS11, 68.7 km inland from the coast, rapid
cooling started before 8 Ma and ended 6–2.2 Ma (Fig. 5(d)). Nearly
all acceptable cooling paths at this site display a decreasing cooling
rate towards the present. At sample 05TS09, 80.1 km inland, rapid
cooling started before ∼6 Ma and ended 3–2.2 Ma (Fig. 4(c)). Most
acceptable cooling paths for this sample show an approximately
constant cooling rate sustained until 2.2 Ma.

To summarize, the 4He/3He results show that: i) there was a
change from slow cooling consistent with slow background erosion
rates to rapid cooling consistent with canyon incision; ii) the onset
of rapid cooling occurred 25–3 Ma near the coast and prior to 8–6 Ma
inland, and iii) rapid cooling was sustained until 6–2.2 Ma and 3–
2.2 Ma at the two upstream sample sites.

6.2. Cooling histories inferred from 4He/3He data compared to those from
conventional apatite (U–Th)/He ages and thermal model interpolation

As discussed above, Schildgen et al. (2009a) used a time-
dependent thermal model driven by an assumed incision history to



Fig. 5. Cooling paths constrained by 4He/3He data (gray and green lines) and from Pecube simulations optimized to predict conventional apatite (U–Th)/He ages of 24 different
samples (black lines). Both sets of cooling histories represent the full range of acceptable t–T paths derived from the different data sets. Gray lines show paths that fit the 4He/3He data
but do not fit the geological constraint of no cooling after 2.2 Ma based on the dated volcanic flow at the present valley bottom (Schildgen et al., 2009a). Note change in x-scale
between panels a and b (100 to 0 Ma) and panels c and d (16 to 0 Ma).
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identify incision and cooling histories that were consistent with their
conventional (U–Th)/He measurements. They compared the model-
predicted ages to the measured ages to assess the adequacy of a
given model. Acceptable parameter values (i.e., those that predicted
(U–Th)/He ages indistinguishable from measured ages at a 95%
confidence level derived from a chi-square misfit statistic) include
incision onset times ranging from 8 to 11 Ma and completion times
ranging from 2 to 5 Ma. These constraints on the timing of incision are
reflected as breaks in slope of the t–T paths derived from Pecube
(Fig. 5).

At temperatures within and below the He PRZ, acceptable cooling
paths derived from our 4He/3He inversion are in good agreement with
the thermal-model-derived cooling paths that Schildgen et al.
(2009a) found to yield acceptable fits to the conventional (U–Th)/
He age data set (Fig. 5). Differences between the acceptable cooling
paths derived from the different methods exist at higher tempera-
tures. For example, at sample 04TS39, the cooling history prior to
incision derived from the thermal model fit to the entire (U–Th)/He
data set indicates lower temperatures before 25 Ma than permitted by
the 4He/3He results for this sample. These differences arise for two
reasons. First, the acceptable cooling histories derived from the
thermal modeling of Schildgen et al. (2009a) are chosen to yield an
acceptable fit to the (U–Th)/He data set as a whole, but not necessarily
to any single (U–Th)/He age. Second, and more importantly, our 4He/
3He inversion model employs a time-dependent annealing model for
He diffusion kinetics (Flowers et al., 2009), whereas Schildgen et al.
(2009a) computed (U–Th)/He ages from model-derived cooling
histories using constant Durango apatite diffusion kinetics (Farley,
2000). This difference in diffusion kinetics significantly affects age
predictions for samples that experience a long residence in the
He PRZ. In the model framework of Schildgen et al. (2009a), the older
(U–Th)/He ages that are affected by this difference in diffusion
kinetics help to identify the background erosion rate prior to canyon
formation. The younger ages that provide strong constraints on
the timing of canyon formation, on the other hand, did not experience
long residence in the He PRZ, so are not strongly affected. To sum-
marize, if Schildgen et al. (2009a) had used the time-dependent
model for He diffusion kinetics, they would have inferred a different
background erosion rate, but the same beginning and ending times for
canyon incision. In this study we are primarily interested in dating
the rapid cooling associated with canyon incision, so we have not
considered this issue further.

6.3. Advantages of 4He/3He data thermochronometry for incision and
landscape-evolution studies

Overall, the agreement between cooling histories derived from
four 4He/3He analyses and those derived from thermal model
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interpolation to a large set of conventional (U–Th)/He ages high-
lights several advantages of 4He/3He thermochronometry. First, a
relatively small number of analyzed samples can provide infor-
mation on regional cooling histories. In this case we obtained
comparable constraints on the incision history of Ocoña canyon
from four samples as did Schildgen et al. (2009a) from 24 samples.
This highlights the utility of 4He/3He thermochronometry in areas
where access to sampling localities may be highly limited (e.g.,
Colgan et al., 2008).

In addition, we found that the 4He/3He data for samples from
relatively shallow depths provide information on canyon incision.
This is particularly evident near the coast, where samples only ∼1 and
2 km beneath the regional paleosurface (04TS17 and 05TS39) clearly
require a significant recent change in the cooling rate. In contrast, a
valley-wall transect of conventional (U–Th)/He ages from the canyon
rim to bottom at these sites would not extend below the He PRZ at the
time incision started, so could only provide information about the
early, relatively slow cooling history prior to incision. This demon-
strates that 4He/3He thermochronometry can be useful for interro-
gating landscape evolution in areas where sampling access is limited
and total exhumation or relief change is less than the depth to the He
PRZ.

Finally, cooling histories derived from 4He/3He data are
independent of assumptions in typical thermal models that are
required to link multiple, spatially scattered (U–Th)/He ages into a
continuous cooling history. This is important because it improves
our ability to learn about spatial patterns of exhumation. A limi-
tation of the previous conventional (U–Th)/He work is that the
majority of samples were collected from the canyon bottom, and it
was only possible to collect valley-wall transects of samples at
locations near the middle of the canyon. Thus, the lateral position of
the samples is strongly correlated with sample depth below the
pre-incision surface. Such correlation makes it difficult to test
whether canyon incision proceeded simultaneously at all locations,
or if incision began at the coast and propagated headward along the
longitudinal profile. Because the 4He/3He data independently
constrain cooling histories at multiple locations, we can test these
two hypotheses in following section despite a lack of valley-wall
sample transects.
Fig. 6. Stacked cooling paths derived from Pecube 3-d thermal model (black lines) and
from 4He/3He inversions (colored lines) for samples 05TS09 and 05TS11. The Pecube
thermal model simulations assume simultaneous canyon incision at both sites, but a
range of starting and ending times.
6.4. Uniform incision or knickpoint migration?

A primary motivation of this study was to learn about canyon
incision processes in response to surface uplift by testing whether the
onset of incision was contemporaneous throughout the canyon sys-
tem or propagated headward from the coast through knickpoint mi-
gration (Fig. 2). The former may occur if the river is uniformly
steepened, such as through deformation of the western Andean mar-
gin into a crustal-scale monocline (e.g., Isacks, 1988; Wörner et al.,
2002; Schildgen et al., 2009b). With current analytical techniques,
it may not be possible to resolve truly uniform onset of incision from
fast migration of a major knickpoint, or from the migration of a series
of small knickpoints that develop during surface uplift. Regardless,
these scenarios producing uniform or nearly-uniform onset of incision
would imply a short lag time between the onset of surface uplift and
the onset of canyon incision measured at any point, meaning that
incision tightly limits the onset of surface uplift. Slow migration of a
major knickpoint, however, would require estimates of the propaga-
tion rate to effectively limit the onset of surface uplift. The simplest
way to distinguish uniform onset of incision from slow knickpoint
propagation would be to resolve differences in the onset of incision-
induced rapid cooling along the longitudinal profile; uniform incision
would induce simultaneous cooling, and slow knickpoint propagation
would induce time-transgressive cooling that proceeds upward from
the coast.
Unfortunately, the conventional (U–Th)/He ages and our 4He/3He
data results do not constrain incision onset times with sufficient
precision to distinguish the two hypotheses. This is mainly because
the samples with the youngest (U–Th)/He ages, where we would
expect to best resolve the recent cooling history, were located below
the He PRZ at the time canyon incision began, so do not record this
event. The downstream samples, as discussed above, require
accelerated cooling but do not precisely date its initiation. We can
conclude only that rapid cooling began 25–3 Ma at 04TS17, 13–3 Ma
at 04TS39, N8 Ma at 04TS11, and N6 Ma at 04TS09. These results are
consistent with either simultaneous or headward-propagating inci-
sion models, the extreme possibilities being simultaneous incision
beginning 13–8 Ma, or headward-propagating incision beginning 25–
13 Ma at the coast and 6 Ma at our farthest upstream sample. The 4He/
3He inversion model results for all sites are in agreement with a
scenario in which rapid incision was sustained until 3–2.2 Ma.
However, scenarios in which cooling ended later at samples farther
upstream are permitted.

An alternative test for the simultaneous onset of incision is
to compare the 4He/3He inversion model results of the two up-
stream samples, 05TS11 and 05TS09. These samples have the
youngest (U–Th)/He ages and therefore provide highest resolution
on recent cooling. They clearly do not share a common cooling history
(Fig. 6). For example, at 6 Ma, 05TS09 is at least 20 ° C warmer, and
cooling faster, than 05TS11. This suggests a temporal offset in cooling
at these two sample locations, with a sense consistent with headward
knickpoint propagation: cooling likely started earlier at the down-
stream sample, 05TS11. However, this could potentially also be
explained by the difference in the samples' depth below the pre-
incision surface: 05TS09 is 350 m deeper than 05TS11. We evaluated
this possibility by comparing the 4He/3He based inversion results of
these samples with the cooling histories derived from selected
thermal model simulations in Schildgen et al. (2009a). Those model
simulations assumed that incisionwas simultaneous at both sites, and
took into account the different depths beneath the pre-incision
surface by tracking of the samples' complete exhumation and cooling
history. The models therefore provide limits on what cooling history
differences should be expected between these two sample sites given
simultaneous onset of incision. Nearly all acceptable cooling histories
derived from 4He/3He data of these two samples imply a larger
temperature difference prior to ∼4 Ma than is permitted by the
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simultaneous-onset incision model (Fig. 6; note differences between
the black and colored cooling paths). This suggests that incision at
05TS11 preceded incision at 05TS09 by 1 to 2 Ma, and supports a
scenario in which canyon incision, at least between samples 05TS11
and 05TS09, proceeded by headward propagation of a knickpoint over
∼12 km at an apparent rate of 6 to 12 km/Ma.

If the ∼6 to 12 km/Ma knickpoint propagation rate is character-
istic of the whole canyon, it would imply that incision at the coast
started ∼7 to 13 Ma earlier than at sample 05TS09. However, this
interpretation of the data would imply that there should be a major
knickpoint farther upstream along the N250 km length of the
Cotahuasi–Ocoña river system, above which no significant incision
should have occurred. Although there is a broad convexity in the
river profile between 1.8 and 2.8 km elevation (∼175 to 220 km
upstream from the coast) (Fig. 7), it does not appear to be a major
bedrock knickpoint. Thouret et al. (2007) argued that the canyon in
that region was mostly incised by 3.8 Ma (based on a 40Ar/39Ar
dated valley-filling ignimbrite), was then refilled by 2-Ma ignim-
brites that blanket the plateau in the region, and subsequently has
been re-incised. The re-incised portion was then partially refilled
by extensive landsliding of the weakly welded 2-Ma ignimbrites
and ashes (Schildgen, 2008; Ouimet et al., 2008). However, if the
convexity is a bedrock knickpoint and not simply a recent per-
Fig. 7. a: River profile and surrounding topography. River profile extracted from
1:100,000 scale topographic maps, and surrounding topography derived from a 50-km
wide swath profile of 90-m resolution SRTM digital elevation data. Locations indicated
for 4He/3He samples (circles) and 40Ar/39Ar samples (stars). b: 15-m resolution ASTER
image draped over a 30-m resolution ASTER DEM showing scallop-shaped landslide
scarps and landslide infill from the landslide-dominated region of the upper Cotahuasi
valley. Kilometer marks indicate distance along river valley from the coast and are
equivalent to those shown in a.
turbation of the river profile, it is nonetheless small in magnitude
compared to the depth of the canyon at that location (Fig. 7), and
does not appear to have delimited headward propagation of major
canyon incision.

Rather than providing a representative estimate for knickpoint
propagation along the whole river profile, an alternative possibility is
that our data to reveal a local slowing of the upstream propagation of
incision in the middle reaches of the canyon. Such slowing may have
also occurred downstream, which would mean that the start of
incision (and a minimum age estimate on the start of surface uplift)
may have occurred earlier than previously reported. Although our
data currently do not resolve knickpoint propagation rates down-
stream from sample 05TS11, additional 4He/3He data from the lower
reaches of the canyon may help resolve this question.

Knickpoints preserved along river profiles in northern Chile reveal
slow knickpoint propagation rates that have persisted for millions of
years. For example, Schlunegger et al. (2006) reported a knickpoint
propagation rate of ∼10 km/Ma since the lateMiocene, and Hoke et al.
(2007) reported a rate of 1.6 km/Ma over the past 6.4 Ma. These
studies as well as ours show that knickpoint propagation rates can
vary substantially both locally and among different catchments within
the coastal drainages of southwest Peru and northern Chile,
highlighting the complexity of river incision responses to surface
uplift. Additional studies are therefore needed to help reveal details of
regional incision processes that have been used as proxies for surface
uplift (e.g., Gubbels et al., 1993; Kennan et al., 1997; Clark et al., 2005;
Barke and Lamb, 2006; Schildgen et al., 2007, 2009a; Hoke et al.,
2007).
7. Conclusions

Apatite 4He/3He thermochronometry of four samples from the
Cotahuasi–Ocoña canyon system reveals an increase in cooling rate at
13–8 Ma associated with canyon incision in response to regional
surface uplift. The independently derived cooling paths of these four
samples are in excellent agreement with cooling paths derived from a
three-dimensional thermal model interpolation to a large set of
geographically distributed conventional apatite (U–Th)/He ages. Both
data sets and interpretive methods yield similar estimates for the
timing of incision onset, which limits the timing of Peruvian surface
uplift to be prior to 8 Ma. These results highlight two aspects of 4He/
3He thermochronometry: the ability to constrain continuous low-
temperature cooling histories from individual samples without
recourse to thermal model spatial interpolation, and efficacy for
testing models of fluvial incision even if canyon depths do not exceed
the pre-incision position of the PRZ.

Understanding details of the fluvial response to surface uplift is
necessary for canyon incision to be an effective proxy for surface
uplift. Because 4He/3He thermochronometry permits independent
reconstruction of the cooling paths of multiple samples, it is also
valuable in exploring the geographic and temporal pattern of ex-
humation. In this study, cooling paths of two samples from the
upper canyon differ more than permitted by thermal models driven
by simultaneous incision at both sites, requiring that canyon inci-
sion occurred later at the upstream site. This indicates that at least a
portion of the canyon system developed by headward knickpoint
propagation. The apparent rate of knickpoint propagation (∼6 to
12 km/Ma) between these two sites may indicate that asynchro-
nous incision occurred along the entire drainage system. Although
geologic and geomorphic evidence upstream from the two sites
support more rapid propagation of the incision signal upstream
from the sites, we have not yet tested whether the region down-
stream from the sites was characterized by slow knickpoint
propagation. A more extensive set of samples analyzed with 4He/
3He thermochronometry would allow us to directly test whether or
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not incision was time-transgressive across a much greater length of
the canyon.
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