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Abstract

The Colca-Majes and Cotahuasi-Ocoiia rivers in southwest Peru that cut through the western margin of
the Andean plateau en route to the Pacific Ocean incised canyons over 3 km deep in response to late Cenozoic
surface uplift. This latest uplift represents a fundamental shift in the style and magnitude of surface deformation
that had been ongoing since at least late Cretaceous time, but only relatively recently created what represents the
only major barrier to atmospheric circulation in the Southern Hemisphere. Studying canyon incision history as a
proxy for surface uplift offers a promising route to understanding how climate and tectonics have interacted
throughout the evolution of the Central Andean plateau.

In this thesis, a combination of bedrock low-temperature thermochronology (apatite and zircon (U-
Th)/He techniques), “°Ar/*’Ar dating of valley-filling volcanic flows, and three-dimensional thermal modeling
using a modified version of Pecube were applied to investigate the incision history of the rivers. Results
suggested between 2.6 and 3.0 km of incision occurred in the deepest reaches of the canyons starting at ca. 10 to
11 Ma and ending between 2.3 and 3.5 Ma. The onset of surface uplift that is likely to have driven incision
probably did not precede incision by more than one million years, although incision may have continued long
after surface uplift ceased. The magnitude and timing of uplift that we infer is in broad agreement with uplift
documented along the western margin in northern Chile, in the interior of the Andean plateau, and the eastern
margin.

Additional work on the style of structural accommodation of this uplift provide important context for
interpreting what potential geodynamic mechanisms may have been responsible for this latest tectonic activity.
Structural mapping revealed an early history of predominantly reverse fault activity that probably generated the
first significant topography in the Central Andes. This compressional period was succeeded by a phase of long-
wavelenth warping deformation and normal kinematic movement on high-angle faults. This later activity
appears to have continued through the latest phase of uplift documented through river incision history, hence was
likely responsible for accommodating uplift. Given the broadly synchronous timing of late Cenozoic uplift
across the Andean plateau and the style of structural accommodation documented on the western margin, two
possible geodynamic mechanisms appear most feasible for generating this latest phase of uplift: lithospheric
delaminantion, and redistribution of ductile material through mid- to lower-crustal flow. Our initial studies of
coastal uplift suggest that each is likely to have played a role, although additional work is required to understand
how important each may have been in generating uplift.
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Kelin X Whipple Title: Professor of Geology



Acknowledgments

I am indebted to my advisors, Kip Hodges and Kelin Whipple, for their guidance, patience, and good
humor. They have given me a breadth of training as a scientist, teacher, and a writer that has served me well over
the course of my studies, and I trust will form the solid foundation of my academic pursuits in the future. I thank
many other faculty members at (or formerly at) MIT who have also contributed to my academic training and
provided kind support over the years, including Sam Bowring, David Mohrig, Stephane Rondenay, Brad Hager,
Lindy Elkins-Tanton, Clark Burchfiel, Wiki Royden, Tim Grove, and the 10" floor visitors: Kevin Burke, Arjun
Heimsath, and John Geissman. A number of colleagues have also helped with their generous collaboration,
advice, and encouragement. Arjun Heimsath and Jeannie Dixon lead me through my cosmogenic sample
preparation at Dartmouth. Todd Ehlers and his students at the University of Michigan (particularly Dave Whipp
and Jason Barnes) were tremendously helpful in getting me initiated with Pecube. Pete Reiners and Stefan
Nicolescu helped with many of my (U-Th)/He sample analyses, and were always willing to help in any way they
could despite the mayhem associated with all the people and labs moving from New England to Arizona.
Matthijs van Soest produced data as fast as humanly ?ossible from the new He lab at ASU. David Shuster
generously agreed to give my samples a shot at ‘He/’He. Malcolm Pringle and Bill Olzscheski continually
worked wonders to keep a steady steam data coming from the argon lab at MIT. My international colleagues,
particularly Gerhard Worner, Jean-Claude Thouret, and Mirian Mamani, were instrumental in getting my field
seasons kick-started and helping me early on to understand the bigger picture of what has happened in the
Andes.

The post-graduate, graduate, and undergraduate students are one of the most impressive aspects of MIT.
There are far too many heartfelt memories to even attempt to do justice to here. Needless to say, I could not
have survived, no less truly enjoyed my time here, without their boundless support, friendship, and guidance.
I'm fortunate to call them my mentors, I'm excited to call them my future colleagues, I’m proud to call them my
friends.

Thanks to a huge supporting cast, my field seasons in Peru were logistically simple, productive, and far
too much fun to call “work.” These include all the people at Cusipata who led/organized our white-water rafting
trips: GianMarco Vellutino, Santiago Ibanez, Christian Duran, Pato Valsecchi, Diego Valsecchi, Sergio Cabada,
Vincent Taylor, and Marc Goddard. Javier Bustamante was helpful in every possible way in Peru, arranging
transportation, lodging, and continually looking out for our safety and well-being while in Peru. My field
assistants were incredible: Tyson Smith my first year, Katrina Cornell for years two and three, plus her mom
Julie Bradley for the third year. I can’t thank them enough for all the time and effort they put in, and for putting
up with me through failed sample-collecting excursions, terrible meals even stray dogs wouldn’t eat, driving on
(or digging through) sketchy roads with guys who brag about the trucks they’ve rolled, and one particularly
scary canyon. Each of them has more patience and good-humored tolerance than I can ever hope for, and our
times together in the field were among my fondest memories of graduate school.

The ultimate frisbee community has dominated my social life throughout my time in Cambridge. 1
thank the players and coaches on Smite, Brute Squad, and Lady Godiva for the good times on and off the fields,
and all the lessons that extend far beyond sports. I particularly thank April Lehman and Ali Cohen, two women
who’s incredible athletic and intellectual abilities are only surpassed by their boundless loyalty to their friends;
Tracy Woo, who continued to coordinate my social calendar long after I decided to devote all my time to thesis-
writing; Nancy Sun, my hero; and Ted Munter, an angel if I’ ve ever known one.

The people I’ve lived with over the years have been a big part my daily rejuvenation. I’ll miss the hall
feeds on Second East and the weird and fascinating community that is East Campus. I probably won’t miss the
2-am courtyard explosions that I mistook for gunshots for my first two years. Cim, Abigail, Alysia, Arik, and
Dang have been a great group of housemate-friends that saw me through the final trying months of finishing up.

Finally, thanks to my family for their love and everything they’ve done to give me the freedom to
pursue whatever path I’d like. My parents have long preached the importance of finding a career I can love. 1
never imagined it could also come along with such an amazing group of colleagues and friends.



Table of Contents

Chapter 1: INtrodUCHION. ... ..ottt e ettt e e e e e eeens 7
Chapter 2: Uplift of the western margin of the Andean plateau revealed from canyon incision

history, southern Pertn..... ..o e e e 13
Chapter 3: Quantifying the timing and magnitude of canyon incision and Andean Plateau surface

uplift, southwest Peru: A thermochronometer and numerical modeling approach.......... 35
Chapter 4: Structural and tectonic development of the western margin of the Central

Andean plateau in southwest Peru..........cocooviiiiiiiiiiiiiiiiin e 83
Chapter 5: Synthesis......o.iiiiieiiiiiii i et e e e eeeee et te e ene e e s enaeanaeanes 115
Appendix: Temporal and spatial patterns of Holocene and Pleistocene landslides in southern

Peru: implications for local lithologic controls and past climate changes.................... 121






Chapter 1:

Introduction

1. Motivation

Orogenic plateaus are dominant topographic features of many major tectonic provinces on
Earth, including the India-Eurasian collision zone, the North American Cordillera, and the Central
Andes. Despite the wide range of tectonic settings in which they occur, similarities in their
lithospheric thicknesses, heat flow patterns, and deformation characteristics suggest that a common set
of fundamental geodynamic processes may govern their development through time. These may
include feedbacks between tectonic and surface processes. High plateaus act as barriers to atmospheric
circulation and can exert first-order controls on climate patterns. Many studies have demonstrated
linkages between development of these major topographic barriers and significant changes in climate.
These include the onset of the Indian Summer Monsoon associated with uplift of the Tibetan plateau
(e.g., Kutzbach et al., 1989; Molnar et al., 1993; Zhisheng et al., 2001; Liu and Yin, 2002; Harris,
2006), a pronounced shift in precipitation from the South American Monsoon and the onset of
hyperaridity in the Atacama Desert associated with uplift of the Central Andean plateau (e.g., Alpers
and Brimhall, 1988; Horton and DeCelles, 2001; Rech et al., 2006; Strecker et al., 2007), and the
development of a pronounced rainshadow in the western United States associated with uplift of the
Colorado plateau (e.g., Kutzbach et al., 1989; Mulch et al., 2006). Surface processes driven by climate
change can in turn affect plateau evolution. Focused erosion on windward plateau margins can alter
the style and pattern of tectonic denudation (e.g., Beaumont et al., 2001), while rainshadow effects can
lead to aridification and sedimentation in plateau interiors (e.g., Sobel et al., 2003). Orogenic plateaus
arguably provide the best opportunities to study how surface and deep crustal processes interact to
shape the surface of the Earth.

The Central Andean plateau is in many ways an ideal natural laboratory for exploring the
processes that contribute to plateau development. Its average elevations of 4000 m stretching over a
region 350 km wide and almost 2000 km long make it the second largest orogenic plateau on Earth,
yet it is considerably more accessible than many of the remote regions of the largest orogenic plateau
in Tibet. Variations in precipitation patterns along its length provide excellent opportunities to study
the effects of increased erosion on plateau development (e.g., Barnes et al., 2006; Strecker et al.,
2007). The relative simplicity of the plate tectonic setting also helps to isolate processes specifically
related to plateau development. Since at least late Cretaceous time (Pardo-Casas and Molnar, 1987),

oceanic plate subduction beneath the South American continent created an active margin long



characterized by compression and crustal thickening in the overriding plate (e.g., Sheffels, 1990;
Schmitz, 1994; Muifioz and Charrier, 1996; Baby et al., 1997; McQuarrie, 2002; Miiller et al., 2002;
Victor et al., 2004; Elger et al., 2005; Farias et al., 2005) with an absence of accreted terrains. This
contrasts dramatically with the complex collision between India and Eurasia that created Tibet, and the
long history of terrain accretion that slowly built the western United States.

Although interest in understanding plateau development has existed for decades, only
relatively recently have quantitative tools advanced sufficiently such that the evolution of surface
topography can be compared with records of changing climate, erosion patterns, and tectonic activity.
Early estimates for topographic development in the Central Andes were primarily based on
paleobotanical work, which used fossil records of changes in vegetation as a proxy for changes in
temperature and elevation. Although these pioneering studies deciphered dominant patterns in the
history of plateau growth, including approximately 2 km of late Cenozoic uplift (e.g., Singewald and
Berry, 1922; Berry, 1939; Gregory-Wodzicki, 2000; Graham et al., 2001), uncertainties that
approached 1000 m in paleoelevation estimates were generally too large to guide interpretations of
how plateau development may be related to the complex interactions of surface and deeper crustal
processes. The relatively rapid response of fluvial systems to tectonic forcing provides a promising
alternative direction to paleoelevation studies. Incised, dated paleo-fluvial surfaces on the eastern
margin of the plateau suggested that 1000 to 2500 m of uplift started between 12 and 9 Ma (Kennan et
a].1997; Barke and Lamb, 2006). More recently, oxygen and clumped-isotope records from the
Central Andean plateau have documented the increased fractionation associated with growing
topography and its orographic effects. Estimates for uplift magnitude based on these studies range
from 2.5 to 3.5 km occurring between 11 and 6 Ma (Garzione et al., 2006; Ghosh et al., 2006).

Together, these studies suggested that plateau growth may be highly punctuated in time, rather
than a more gradual uplift associated with isostatic balancing of compression-induced, slowly
thickening crust. Late-stage orogenic processes such as lithospheric delamination of a high-density
root may play a dominant role in surface uplift, though supporting evidence such as thinned
lithosphere and widespread mafic volcanism is presently only documented at the southern (Puna) end
of the plateau (Kay and Kay, 1993; Schurr et al,, 2006). Regional uplift driven by ductile
redistribution of material in the mid to lower crust is another alternative. Similarity of timing between
the late Cenozoic pulse of uplift and the ca. 10 Ma initiation of Brazilian Shield underthrusting
beneath the eastern margin of the growing plateau (e.g., Gubbels et al., 1993) suggests that this
cratonic piston driving into the lower crust may have been responsible for regional uplift. Although
the implications of late-stage surface uplift are intriguing, large and potential systematic errors in each

of the paleoelevation studies requires that independent estimates be made. This is coupled with a need



for representative estimates throughout the plateau interior and margins in order to best approach the

questions of how orogenic plateaus develop through space and time.

2. Approach

Chapters 2 through 4 in this thesis summarize our efforts to understand the tectonic and
topographic development of the western margin of the Central Andean plateau in southwest Peru,
particularly as they relate to geodynamic processes that governed growth of the entire plateau. In
southwest Peru, the Cotahuasi-Ocoiia and the Colca-Majes rivers cut two of the deepest canyons in the
world through the western margin of the Central Andean plateau en route to the Pacific Ocean. These
canyons, which exceed 3 km in depth, record a history of river incision response over a growing
plateau margin. Through our studies of the river incision history and the style of structural
deformation that accommodated uplift through time, we aimed to generate a tightly coupled study on
surface uplift and tectonic history to help guide interpretations of the geodynamic processes
responsible for plateau growth.

Chapter 2 introduces our approach of using river incision as a proxy for surface uplift. It
describes the two primary methods we applied to learn about incision history: “°Ar/*’Ar dating of
valley-filling volcanic flows and low-temperature thermochronology. A date for a volcanic flow that
entered the canyon gives a minimum time at which the canyon incised down to the level of the flow.
A series of dated flows thus places general constraints on the timing of incision. Low-temperature
thermochronology can potentially provide a much more detailed record of the timing and magnitude of
incision by recording the depression of near-surface isotherms that occurred in response to canyon
incision. As the lowest low-temperature thermochronometer in common use, the apatite (U-Th)/He
system is most sensitive to the localized transient cooling that occurs beneath canyon bottoms. The
valley-bottom bedrock sampling technique used in this study proved to be highly effective in
deciphering the strong cooling signal induced by incision. We applied two main assumptions in
interpreting our data. First, that the depth below a regional, iwell-preserved, uplifted paleosurface can
provide a common reference frame for widely-dispersed samples. Second, that two key components
of the data set are not significantly affected by lateral variations in the thermal field, topography, or
exhumation: the timing of the onset of incision recorded by the transition from slowly- to rapidly-
cooled samples, and the thickness of the rapidly-cooled zone as inferred on an age-depth plot. From
these two components of the apatite data and simple 1-D thermal modeling, we estimated the
minimum magnitude of the latest phase of incision. Together with constraints from valley-filling
volcanic flows, we also bracketed the timing of incision. Several of the broad assumptions made in

this chapter set the stage for the more detailed studies described in later chapters. These include the



effects of a spatially and temporally complex thermal field on thermochronology data interpretations,
canyon incision processes and timescales of response, and the style of tectonic deformation along the
western margin that is likely to have accommodated the latest phase of uplift.

In Chapter 3 we show how three-dimensional thermal modeling with a modified version of
Pecube (Braun, 2003; Whipp et al., 2007) can refine interpretations of thermochronologic data in
settings where the thermal field is characterized by complex spatial and temporal variations. Using
both the valley-bottom transect data presented in Chapter 1, new data from four vertical transects, and
constraints from modern-day heat flow determinations, we explore what range of topographic
evolution scenarios are consistent with the modern-day pattern of thermochronologic data. This
allowed us first to characterize the thermal field and regional exhumation rates that provide the
backdrop for the cooling pulse that is later induced by canyon incision. We then explored the
sensitivity of our interpretations to a range of parameters including incision onset time, incision
completion time, and depth of the canyon prior to the latest phase of incision. Results presented
encompass the best-fit scenarios for the timing and magnitude of this latest phase of incision, and also
estimates for how well we can constrain these numbers given the precision of thermochronologic data
and sensitivity to free parameters in the model.

We draw together results from these previous chapters with detailed structural mapping in
Chapter 4 to try to understand the late Cenozoic phase of uplift in the context of an evolving orogenic
plateau. Specifically, we attempt to discern what structures are responsible for accommodating the late
Cenozoic phase of uplift documented by river incision. To do this, we present four detailed geological
maps, cross-sections, and describe stratigraphic and geochronologic constraints on the timing and
magnitude of movement on faults mapped in the region. This includes additional *°Ar/*°Ar dating of
volcanic units that cross over fault zones and transects of zircon (U-Th)/He data. The former bracket
the timing of latest movement on structures, while the latter show patterns of bedrock cooling ages
along valley bottoms and any discontinuities that may be associated with significant movement on a
particular structure. We present evidence for changing styles of structural deformation through space
and time that are strong indications of the likely geodynamic forcing mechanisms behind plateau
development.

Chapter 5 presents a synthesis of all the work described in chapters 2-4. It draws together our
studies of surface uplift documented through canyon incision, caveats to the linkage between canyon
incision and surface uplift, and our structural evidence used to evaluate models of the geodynamic
evolution of the western margin of the Central Andean plateau in particular, and by inference, the
larger plateau region as well. This includes brief discussion of several remaining open questions in the

Central Andes, and some possible paths to pursue them. We finish by discussing some wider
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implications of what our work tells us about orogenic plateau development, not only in the Central
Andes, but in also in other places in the world where large orogenic plateaus dominate the surface

morphology.
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Abstract

We explore canyon incision history of the western margin of the Andean (Altiplano-Puna)
plateau in the central Andes as a proxy for surface uplift. (U-Th)/He apatite data show rapid cooling
beginning at c. 9 Ma and continuing to c. 5.1 Ma in response to incision. A minimum of 1.0 km of
incision took place during that interval. The youngest apatite date and a volcanic flow perched 125-m
above the present valley floor dated at 2.261 + 0.046 Ma (“°Ar/*’Ar) show that an additional c. 1.4 km
of incision occurred between c. 5.1 and 2.3 Ma. Thus we infer that a total of at least 2.4 km, or 75% of
the present canyon depth was incised after c. 9 Ma. (U-Th)/He zircon data collected along the same
transect imply that the western margin of the plateau was warped upward into its present monoclinal

form, rather than uplift being accommodated on major surface-breaking faults.

1. Introduction
Understanding the development of the Central Andean plateau' is crucial to evolutionary

models of both Andean geodynamics and regional climate patterns. Although episodes of central

' We use “Central Andean plateau” as defined by Allmendinger et al. (1997) to represent the region above the 3
km elevation contour between 13°-27°S. This includes the Altiplano and Puna plateaus and portions of the
Western and Eastern Cordilleras.
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Andean deformation are constrained in many regions, it is often difficult or impossible to discern the
magnitude of plateau uplift based on deformation history alone. Different approaches for estimating
paleoelevation or the existence of high topography have led to a broad range of proposed uplift
histories, but precise constraints are lacking. Oligocene uplift probably generated less than half of
central Andean relief seen today (e.g., Gubbels et al., 1993; Kennan, 2000). Numerous lines of
evidence from the plateau and its eastern margin point to additional surface uplift starting at c. 10 Ma,
with magnitudes ranging from at least 1 to as much as 3.5 km (e.g., Kennan et al., 1997, Lamb and
Hoke, 1997; Barke and Lamb, 2006; Garzione et al., 2006; Ghosh et al., 2006). In northern Chile,
Hoke (2006) and Nestor et al. (2006) estimate 1 to 1.4 km of western margin uplift after 10 Ma, and
Womer et al. (2000) argue for termination of uplift by 2.7 Ma. More recently, interpretations of
oxygen and clumped isotope data have led to estimates that the plateau reached its present height by c.
6 Ma (Garzione et al., 2006; Ghosh et al., 2006). Uncertainties in all these estimates require that
independent measures of surface uplift be made before we can accurately constrain uplift history.

In southwest Peru, large rivers cut deep canyons through the western margin of the Central
Andean plateau. Cotahuasi-Ocofia Canyon is the deepest of these, incising more than 3 km below the
plateau surface (Fig. 1). The western margin of the plateau has been characterized by a semiarid-
hyperarid climate for at least the past 15 Myr (e.g., Hartley, 2003; Rech et al., 2006). As expected,
given the arid climate and gentle slopes of the region, Kober et al. (2007) found that millennial-scale
interfluve erosion rates are uniformly low, despite a gradual increase in erosion rate with elevation
(<0.001 to 0.05 mm/yr). As predicted from these studies, and as seen in the field, little surface erosion
has occurred on canyon interfluves in our study area, making canyon incision an excellent proxy for
surface uplift. Incision depth provides a minimum estimate for the amount of surface uplift, while the
onset of incision provides a minimum age for the timing of uplift. We use *°Ar/*’Ar dates of volcanic
flows and bedrock (U-Th)/He thermochronologic data to explore canyon evolution. Detailed
information regarding geochronologic data and their interpretation are provided in the GSA Data

Repository® (Tables DR1 through DR4).

2. Valley-filling volcanics
Dates of valley-filling volcanic flows give a minimum time by which the canyon had incised

to the depth of the sampled flow. In the middle reaches of Cotahuasi-Ocofia Canyon, a whole-rock

’GSA Data Repository item 2007124, G23532A.1, is available online at www.geosociety.org/pubs/ft2007.htm,
or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301,
USA.
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“Ar/*Ar date of 2.261 + 0.046 Ma for a basaltic andesite flow sampled 125 m above the present
valley floor (05TS38, Fig. 1) shows that ~96% of the incision in that section of the canyon (3.2 km
total local incision) happened before 2.3 Ma. Farther upvalley, an ignimbrite (05TS25) perched c. 400
m above the present valley shows that ~75% of the canyon depth (1.6 km total local incision) was cut
before 3.825 + 0.016 Ma. Thouret et al. (2005) obtained a “*Ar/ *Ar date of 3.76 + 0.14 Ma for the

same flow and interpreted it as a maximum age for most of the valley incision.

3. Low-temperature thermochronology

In this setting where background erosion rates are very slow, we expect thermochronometers
to yield very old dates. However, canyons are sites of localized, potentially rapid exhumation. When a
canyon is incised, perturbations to near-surface isotherms result in rapid cooling of bedrock below the
canyon bottom (Fig. 2). Because the closure temperature isotherm for the apatite (U-Th)/He system is
only c. 2-3 km below the surface (assuming a geothermal gradient of 20-30 °C/km, Farley, 2000), we
expect to find young, rapidly-cooled apatites below this level in the deepest reaches of Cotahuasi-
Ocoifia Canyon. Their young ages should reflect both downward movement of the closure isotherm
and relative upward advection of rock due to erosion of the surrounding surface, though the latter
component is small in this setting as discussed above. The oldest date among this young suite of ages
should reflect the initiation of the thermal response to canyon incision.

We collected most samples for apatite (U-Th)/He dating along a 75-km, canyon-bottom
transect, far from the influence of volcanic activity (Figs. 1 and DR1). Additional samples were
collected from the uppermost catchment where there are abundant volcanic flows dated at c. 1.4 to 3.8
Ma (Thouret et al., 2005). We constrained canyon depth by measuring the distance below a
paleosurface that is preserved today as bedrock remnants beneath the regionally blanketing 14-16 Ma
Huaylillas Ignimbrite (Thouret et al., 2005, and dates reported here). Positions of remnants exposed in
valley walls were digitized and a spline surface warped to fit the points, giving an approximation for
the bedrock surface (Fig. DR1). Samples were collected from c. 1 km below the paleosurface near the
coast, down to c. 3.1 km below in the deepest reaches of the canyon.

The resulting dates are c. 60 Ma near the coast, and rapidly decrease to ¢. 9 Ma in the middle
reaches of the canyon. Farther upvalley, there is a much more gradual change in dates with distance,
with the youngest sample away from the volcanic-dominated upper catchment dated at 5.1 Ma (Fig.
3). Samples from the uppermost catchment (05TS07 and samples upstream from there) range from < 1
to 3.8 Ma. Because these samples are as young as the abundant volcanic flows in that region, we
suspect their ages have been reset or partially reset by recent volcanism. For this reason, we focus the

remainder of our discussion on samples from the middle and lower catchment, which we believe have
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not been affected by reheating.

A plot of sample cooling age versus canyon depth (Fig. 4) can be interpreted the way that
vertical profiles of thermochronologic data are typically interpreted: as indicative of how exhumation
rates changed over the time interval represented by the measured ages. Although such an interpretation
of Figure 4 may be compromised by variations in bedrock thermal structure, there is very little
evidence of large lateral variations in upper crustal temperatures in this region of southern Peru. For
example, reported variations in measured surface heat flow range only from 32 to 44 mW/m’ (Henry
and Pollack, 1988; Hamza and Muiioz, 1996; Springer and Forster, 1998).

Ignoring the minor influences of such variations in heat flow, our apatite data imply slow
background erosion of only c. 0.7 km from c. 60 to 9 Ma (0.01 km/Myr), and a change to rapid
incision of at least 1.0 km from c. 9 to 5.1 Ma (0.26 km/Myr). The latter is a minimum estimate
because isotherm movement is damped compared to changes in surface topography. Additional
incision must have occurred after 5.1 Ma to exhume this youngest apatite. Because a 2.3-Ma volcanic
flow is perched 125 m above the valley floor in the middle reaches of the canyon, we know that the
young apatite must have been exhumed from its closure depth to the near surface between 5.1 and 2.3
Ma. We explored probable erosion rates and depths to the closure temperature for this scenario using
M. Brandon’s computer code AGE2EDOT (summarized in Ehlers et al., 2005). Assuming typical
thermal properties of the crust (Table DRS) and an initially uncompressed geothermal gradient
between 20 and 30 °C/km, exhumation of the youngest apatite requires incision between 0.7 and 0.5
km/Myr, an effective closure temperature of 72 °C, and corresponding depths of 2.0 to 1.4 km to the
closure temperature. Because we expect even greater compression of isotherms below a canyon
compared to the compression expected from simply increasing erosion rate over flat topography as
AGE2EDOT assumes, we choose the lower end of this range as an estimate. Thus, we infer that c. 1.4
km of material was removed in the middle reaches of the canyon between 5.1 and 2.3 Ma (average 0.5
mm/yr) to exhume the youngest apatite.

Collectively, the data suggest that the middle section of Cotahuasi-Ocofia Canyon was incised
at least 1.0 km between c. 9 and 5.1 Ma and c. 1.4 km between 5.1 and 2.3 Ma. This represents
incision of at least 75% of the total canyon depth since 9 Ma, and 44% since 5.1 Ma.

4. Interpreting surface uplift from thermochronologic data

Deciphering surface uplift from thermochronologic interpretations of canyon incision is
complicated by several factors. First, incision can reflect a transient response to tectonically-driven
uplift, and/or climatically-driven changes in sediment supply and fluvial discharge, provided prior

surface uplift had produced sufficient topographic relief. We interpret the latest phase of incision to be
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a response to uplift because it is the simplest explanation and there is no evidence for a climate change
that could induce a pulse of incision at this time. The interpreted drying of climate starting at c. 15 Ma
(e.g., Hartley, 2003; Rech et al., 2006) should have the opposite effect of deterring incision, rather
than generating a pulse of incision into pre-existing topography. Also, our estimate for the onset of
incision correlates well with tectonic evidence in northern Chile for surface uplift after c. 10 Ma
(Nestor et al., 2006). Second, although incision magnitude is limited by uplift magnitude, incision
rates are not necessarily closely tied to uplift rates. The incision history we interpret from
thermochronologic data is offset from tectonically-driven uplift by lag times defined by both the
geomorphic response time to uplift and the thermal response time to incision. Constraining these
response times is critical in order to quantitatively extract uplift history from canyon incision.

By “geomorphic response time”, we mean the timescale over which rivers respond to a pulse
of uplift. When uplift occurs, a river steepens at its outlet. Over time, this steep segment migrates
upstream at a rate that depends principally on whether incision is transport- or detachment-limited
(Whipple and Tucker, 2002). In a detachment-limited system, the pulse of incision will move through
the system vertically at a rate that approximates the new uplift rate (Niemann et al., 2001), which
appears to be c¢. 0.5 mm/yr in Cotahuasi-Ocofia Canyon. In transport-limited systems, the incision
pulse migrates upstream much more rapidly, resulting in essentially uniform onset of incision
throughout the catchment on geologic timescales (Whipple and Tucker, 2002). Because we sampled
from the trunk stream at large drainage area and thus both relatively low in elevation and most likely
to approach transport-limited conditions, we expect incision across the sampled region to have a
relatively short response time. Even if incision were detachment-limited, the highest bedrock sampled
for apatite (852m) would imply a maximum lag time of 2 Myr.

We investigated the thermal response time to incision using M. Brandon’s RESPTIME
computer code (summarized in Ehlers et al., 2005). Although this code was written to evaluate thermal
field transients resulting from changes in broad-scale erosion rates, it is also useful for exploring
general effects of localized incision. We tested the thermal response time to a sudden increase in
erosion rate from 0.01 mm/yr to 0.5 mm/yr. Using typical values for thermal properties of the crust
(Table DRS), results show that after an initial slow response, the migration rate of the apatite He
closure temperature isotherm reaches 75% of the incision rate 0.7 Myr after incision starts. Thus,
isotherm migration is significantly slower than incision for the first c. 1 Myr.

Response time estimates show two ways in which our thermochronologic data do not directly
reflect uplift. First, the age of the “kink” in the age-depth profile is likely to lag behind onset of uplift
primarily as a result of geomorphic response time, which we expect to be a maximum of 2 Myr.

Second, the damped response of isotherm movement in response to incision means that we derive only
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a minimum estimate of uplift rate and magnitude. Given these limitations, our estimate for the onset of

uplift is likely good to c. 2 Myr, and our estimate for uplift magnitude should be a robust minimum.

5. Style of tectonic deformation

Compared to apatite, the higher closure temperature to helium diffusion in zircon (c. 180 °C,
Reiners et al., 2004) means that (U-Th)/He zircon ages are set much deeper in the crust (c. 7 km)
where they are not significantly affected by localized, near-surface thermal effects of canyon incision.
The pattern of zircon cooling ages should therefore reflect only regional exhumation and post-closure
bedrock deformation. Zircon dates of samples collected along the same valley-bottom transect show a
regular but scattered progression from older dates near the coast to younger dates farther upvalley
(Fig. 3).

If the latest pulse of uplift recorded by canyon incision were accommodated through localized,
surface-breaking fault movement, we would expect to see a step-change in the pattern of zircon
cooling ages (Fig. 5). Although we see no evidence for a large step, the present data set cannot rule out
the possibility of uplift accommodated on a series of small faults distributed over a wide region. We
have not seen distributed faulting in the field, but we mapped a focused shear zone at the range front.
A 16.12 + 0.04 Ma (*Ar/*’Ar) undeformed ignimbrite crossing what appears to be the equivalent
shear zone 100 km to the southeast of the field area suggests that significant movement on this
structure predates the inferred c. 9 Ma uplift. These thermochronologic data lead us to interpret the
latest pulse of uplift as resulting from monoclinal warping of the western margin, consistent with

interpretations presented by Isacks (1988).

6. Geodynamic implications and conclusions

One of the most important characteristics of the data presented here is the evidence they
provide for onset of at least 2.4 km of river incision at c. 9 Ma, in broad agreement with the magnitude
and timing of recent uplift of the Central Andean plateau estimated by different methods. If, as we
suggest, this incision corresponds to a phase of surface uplift, what can the age range tell us about
plausible causes of uplift? Upper-crustal thickening from shortening at the plateau margins mostly
occurred prior to 10 Ma (e.g., Gubbels et al., 1993; Victor et al. 2004; Farias et al., 2005; Elger et al.,
2005). The argument for uplift through lithospheric delamination is well supported at the southern end
of the plateau, where thinned lithosphere and widespread mafic volcanism point to delamination as a
plausible cause (Kay and Kay, 1993; Schurr et al., 2006). In the north, however, strong evidence is
lacking. Seismic data (Beck and Zandt, 2002) suggests there may be thinned lithosphere beneath the

eastern portion of the plateau, but not under the western region. There is also no evidence for a
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volcanic flare-up close to the time of uplift (James and Sacks, 1999). Ignimbrite volcanism in southern
Peru from c. 16 to 14 Ma may be related to a small delamination event, although we expect canyon
incision would not lag more than 2 Myr behind significant uplift. Ductile thickening of the mid- to
lower-crust provides a likely alternative, possibly triggered by displacement of material due to
underthrusting of the Brazilian Shield beneath the eastern margin, as proposed by Isacks (1988). The
c. 10 Ma initiation of underthrusting (Gubbels et al., 1993) correlates well with the latest phase of
uplift inferred from our data. For these reasons, although the data we present on uplift timing and
monocline deformation are consistent with either lithospheric delamination or lateral flow of lower

crust, we favor the latter hypothesis to explain this latest phase of uplift.
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Figure Captions

Figure 1. Location map and sample sites. Topography is shown as a grayscale DEM draped over
shaded relief from 90-m resolution SRTM data. Inset shows location relative to South American
geography. (U-Th)/He samples are collected from near river level. “Ar/*°Ar samples are from

elevations noted in Data Respository.

Figure 2. Schematic interpretation of incision history based on (U-Th)/He apatite data. Gray zones are
rapidly-cooled due to migration of the closure temperature isotherm (~70 °C) in response to incision.
At least 1.0 km of incision occurred between 9 and 5.1 Ma, since this is the thickness of the rapidly-
cooled zone between those ages on the age-depth plot. Post-5.1 Ma incision is equal to the depth of the

closure temperature isotherm below the valley bottom at 5.1 Ma.

Figure 3. Zircon and apatite results plotted as distance measured perpendicular to coastline. Errors in

age show 20 uncertainty.

Figure 4. Apatite and zircon (U-Th)/He ages collected along valley at river level. Mean ages are
weighted by the inverse of the variance of individual crystal ages. Errors in age are plotted as 20
analytical errors only. Errors in depth below paleosurface are estimated at + 100 m. Inset shows apatite

data over the last 25 Myr.
Figure 5. Predictions for patterns of (U-Th)/He zircon ages for samples collected along river profile in
various tectonic settings, assuming initially flat isochrons. The pattern of ages presented here best

match the prediction resulting from a monocline.

Figure DR1. Creation of paleosurface reference layer. Left panel illustrates how points (black dots)

were selected where bedrock outcrops beneath the regionally-blanketing Huaylillas Ignimbrite,
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Elevations are defined by intersections with topographic contour lines. Right panel shows the surface
spline fit to the selected points to create a representation of the (now deformed) paleosurface under the
Huaylillas ignimbrite. This paleosurface shows a flat region in the upper catchment which then ramps
down toward the coast. Also shown on left panel are valley-filling volcanic flows (bright red) we
mapped in the field. Other volcanic units are shown in yellow. Low-temperature themochronology
sample locations are shown (white dots) such that a comparison between sample locations and
volcanic flows can be made. Young volcanics flows (c. 1.4 to 3.8 Ma, Thouret et al., 2005, and data
presented here) dominate the landscape in the uppermost catchment and probably affected (U-Th)/He

ages in that region.

Table DR1. Apatite (U-Th)/He individual crystal data.

Table DR2. Zircon (U-Th)/He individual crystal data.

Table DR3. “’Ar/*°Ar data for valley-filling volcanic flows and Huaylillas ignimbrite.

Table DR4. Location and context for samples dated with “Ar/*Ar.

Table DRS. Parameters used in thermal model calculations and results.
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TABLE DRI1. APATITE (U-Th)/He INDIVIDUAL CRYSTAL DATA

Sample Mass Radius u Th Sm 4He Ft Corrected age* 2 of Depth§ Distance Elevation
(ug) (um)  (ppm) (ppm) (ppm) (nmol/g) (Ma) (Ma) (km) (km) (m)

04TS12aA  6.67 63.5 148 106 187 6.28 0.79 8.54 0.31 2.04 56.4 702
04TS12aB  2.63 428 180 114 168 7.33 0.70 9.31 0.34 2.04 56.4 702
04TS12aC  1.15 34.3 174 143 152 7.14 0.63 10.1 0.37 2.04 56.4 702
04T7S12aD  2.32 44.3 189 115 220 5.81 0.70 0.26 2.04 56.4 702
04TS12aE  1.11 325 197 107 165 6.82 0.62 9.18 0.35 2.04 56.4 702
04TS12aF 1.81 39.8 244 156 225 8.07 0.68 7.85 0.29 2.04 56.4 702
04TS13aA 1.08 323 84.8 538 179 7.17 0.62 221 0.83 1.85 51.7 552
04TS13aB  1.34 323 81.7 492 145 4.90 0.63 16.5 0.60 1.85 51.7 552
04TS17aA  4.42 47.0 9.39 100 309 7.76 0.71 60.0 1.98 1.01 27.7 290
04TS17aB  3.04 413 1.2 109 318 8.15 0.68 59.2 1.97 1.01 27.7 290
04TS17aC 253 453 14.7 98.0 283 10.1 0.69 2.32 1.01 27.7 290
04TS17aD  2.97 45.8 8.83 94.7 279 6.99 0.70 58.7 2.00 1.01 27.7 290
04TS18aA 2.21 40.3 4.72 31.8 138 1.31 0.67 1.25 0.89 277 415
04TS18aB  1.34 36.3 5.33 78.6 307 5.92 0.62 725 2.98 0.89 27.7 415
04TS21aA 1.02 37.3 258 148 221 67.6 0.64 66.7 248 1.09 12.4 73
04TS21aB  1.57 36.0 225 66.3 92.1 7.46 0.64 56.1 1.95 1.09 124 73
05TS02_A 2.40 46.7 64.9 140 309 3.70 0.71 9.86 0.41 2.28 61.1 590
05TS02_B  1.40 35.6 63.9 114 267 2.91 0.64 9.22 0.40 2.28 61.1 590
05TS02_C 1.43 371 62.9 113 274 3.09 0.65 9.81 0.42 2.28 61.1 590
05TS02_D 2.24 49.2 316 478 165 3.18 0.71 0.82 2.28 61.1 590
05TS09_A 1.86 39.7 11 110 233 2.85 0.68 5.68 0.25 2.99 80.1 816
05TS09_ B  2.50 43.4 106 118 255 2.56 0.70 5.05 0.22 2.99 80.1 816
05TS09_C 1.77 411 97.8 85.8 217 2.22 0.68 5.1 0.23 2.99 80.1 816
05TS11_A 1.49 373 45.1 744 189 1.87 0.65 8.45 0.38 2.64 68.7 647
05TS11_B 2.1 451 74.4 145 258 4.57 0.70 0.47 2.64 68.7 647
05TS11_C  1.87 425 11 223 310 5.25 0.68 8.68 0.36 2.64 68.7 647
05TS11_D 1.27 38.6 126 239 327 5.25 0.65 8.19 0.34 2.64 68.7 647
05TS39_A 2.28 445 51.9 31.9 167 4.54 0.70 20.0 0.92 1.92 52.8 490
05TS39 B 247 47.5 90.2 483 169 5.21 0.72 13.2 0.59 1.92 52.8 490
05TS39_C 3.84 51.1 52.4 28.0 174 2.09 0.74 0.33 1.92 52.8 490
05TS39_ D 2.48 40.8 84.7 50.9 112 544 0.69 15.0 0.55 1.92 52.8 490
05TS39_E  3.37 51.9 54.5 35.8 251 4.55 0.74 18.0 0.66 1.92 52.8 490
05TS39_F 2.31 48.6 56.7 26.6 124 2.90 0.72 1.9 0.56 1.92 52.8 490
05TS40_ A 1.03 349 108 97.2 161 9.42 0.63 21.2 0.79 1.92 52.1 480
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05TS40_8
05TS40_C
05TS40_D

05TS12_A
05TS12_B
05TS12_C
05TS12_D
05TS12_E
05TS12_F
05TS12 G
05TS12_H

05TS37_A
05TS37_B
05TS37_C
05TS37_D

05TS07_A
05TS07_B
05TS07_C
05TS07_D

05TS35_A
05TS35_B
05TS35_C
05TS35_D

05TS30_A
05TS30_B
05TS30_C

05TS23_A
05TS23_B

1.40
0.87
1.12

1.54
1.41
1.85
1.80
2.83
3.12
2.10
3.03

3.57
3.26
2.81
1.88

3.69
2.93
2.98
5.62

3.28
2.76
341
4.17

1.30
1.43
1.01

1.48
1.31

39.2
321
32.6

36.9
40.7
38.9
46.3
47.9
49.9
40.7
50.4

48.6
42.4
43.7
40.8

44.1
42.3
48.9
51.4

457
475
46.4
53.5

36.9
37.8
35.7

40.8
36.6

119
143
141

1.86
2.79
2.24
2.43
1.37
3.22
1.33
3.37

10.9
12.6
13.7
8.01

13.8
14.9
171
8.33

70.1
86.5
68.5
68.5

62.2
48.2
60.8

10.5
121

98.2
85.5
49.6

23.2
225
154
8.24
13.9
16.9
6.67
247

23.3
32.2
37.2
15.9

19.3
16.4
20.9
10.7

134
167
136
108

318
212
274

37.3
443

139
107
112

473
356
337
330
380
434
377
369

151
186
189
134

144
85
149
104

169
177
141
136

149
132
138

184
228

6.82
10.1
524

0.70
0.36
0.18
0.38
0.15
0.88
0.27
0.91

0.60
0.48
0.48
0.28

0.27
0.26
0.34
0.18

0.78
0.90
0.84
0.71

0.78
0.30
0.42

0.04
0.07

0.66
0.61
0.62

0.63
0.65
0.65
0.69
0.70
0.72
0.67
0.72

0.73
0.70
0.70
0.68

0.71
0.70
0.73
0.75

0.72
0.72
0.72
0.75

0.63
0.64
0.61

0.66
0.64

13.4
18.8

26.1

215

29.2
22.0
24.4

6.26
5.60
6.42

3.79
3.66
3.87
4.10

1.97
1.84
2.16
1.86

1.66
0.88
1.01

0.53
0.86

0.49
0.71
0.40

1.54
0.70
0.62
1.64
0.77
1.68
3.73
1.23

0.39
0.24
0.23
0.52

1.43
1.40
1.45
1.50

0.07
0.06
0.07
0.06

0.08
0.05
0.07

0.18
0.17

1.92
1.92
1.92

1.62
1.62
1.62
1.62
1.62
1.62
1.62
1.62

3.08
3.08
3.08
3.08

3.13
3.13
3.13
3.13

3.00
3.00
3.00
3.00

2.60
2.60
2.60

1.41
1.41

52.1
52.1
52.1

40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

84.5
84.5
84.5
84.5

90.2
90.2
90.2
90.2

96.9
96.9
96.9
96.9

108.6
108.6
108.6

139.8
139.8

480
480
480

360
360
360
360
360
360
360
360

852
852
852
852

940
940
940
940

1028
1028
1028
1028

1355
1355
1355

2580
2580

*Alpha-ejection corrected age; values shaded gray are outliers not plotted in results. "Outliers” were defined based on microscopic inclusions or
cracks that were suspected could affect the age; others did not have visible flaws but had ages that were far from the rest of the population of grains

analyzed. This can come about for a number of different reasons, such as strong zoning in U and Th, errors in the alpha-gjection correction,

radiation damage affecting diffusion characteristics of the grain, He-implantations from adjacent crystal phases in the host rock, etc.
tError includes analytical precision only; in reality errors noted previously are likely to contribute to uncertainty.

§Depth below paleosurface. Error on this values is estimated to be +/- 100 m.

30



TABLE DR2. ZIRCON (U-Th)/He INDIVIDUAL CRYSTAL DATA

Sample Th/U Mass Radius U Th ‘He Ft Corrected age* 20" Distance Depth§ Elevation
(e) (Wm)  (ppm)  (ppm)  (nmol/g) (Ma) (Ma) (km) (km) (m)
04TS13z_B 0.47 292 38.3 233 106 90.9 0.73 88.9 4.50 51.7 0.19 552
04TS13z_A 0.63 3.31 375 277 169 125 0.73 99.0 495 51.7 0.19 552
04TS16z_A 279 14.7 59.8 94.5 257 110 0.82 158 7.28 27.7 0.14 225
04TS16z_B 0.55 14.7 65.3 170 914 134 0.84 153 7.67 27.7 0.14 225
04TS18z_A 278 7.80 56.8 56.5 163 74.3 0.81 182 8.34 27.7 0.89 415
04TS18z_B 1.31 6.82 57.3 122 156 121 0.81 173 8.23 27.7 0.89 415
04TS20z_A 1.16 222 37.5 200 227 210 0.72 210 9.86 20.0 0.66 650
04T7S20z_B 1.46 414 51.5 123 174 123 0.78 177 8.13 20.0 0.66 650
05TS02z_A 0.83 14.5 54.7 206 166 87.3 0.82 79.9 3.78 61.1 228 590
05TS02z_B 0.48 8.21 50.4 340 160 143 0.80 87.5 4.29 61.1 2.28 590
05TS07z_A 0.52 133 55.3 228 115 53.0 0.82 46.7 2.25 90.2 3.13 939
05TS07z_B 0.43 12.5 54.3 195 80.8 407 0.82 431 213 90.2 3.13 939
05TS09z_A 0.63 12.4 63.9 365 223 116 0.83 61.7 2.99 80.1 2.99 816
05TS09z_B 1.41 10.3 56.2 600 823 319 0.81 91.2 417 80.1 2.99 816
05TS11z_A 0.46 43.8 80.4 294 132 110 0.88 71.2 3.49 68.7 264 647
05TS11z_B 0.58 52.8 93.0 202 114 80.2 0.89 72.8 3.51 68.7 2.64 647
05TS12z_A 1.14 20.8 67.0 57.7 64.3 36.7 0.85 110 4.76 40.0 1.62 360
05TS12z_B 0.66 17.7 59.7 111 71.3 71.3 0.84 123 5.63 40.0 1.62 360
04TS12zA 0.72 525 435 269 188 101 0.77 77.4 2.83 56.4 2.04 702
04T7S122B 0.89 6.78 425 194 168 81.5 0.77 834 2.94 56.4 2.04 720
04TS15zA 0.27 2.65 40.8 408 108 201 0.75 115 4.44 36.7 1.62 322
04TS15zB 0.32 1.98 40.5 361 M 151 0.73 98.4 3.83 36.7 1.62 322
04TS21zA 0.82 14.6 52.5 78.8 62.7 57.3 0.82 138 4.90 12.4 1.09 73
04TS21zB 1.26 6.96 48.3 61.7 75.6 523 0.78 165 5.34 124 1.09 73

* Alpha-ejection corrected ages.

tError includes analytical precision only; in reality, zoning in U and Th and crystal measurement error also likely contribute to uncertainty.

§Depth below paleosurface. Error on this measurement is estimated to be +/- 100 m.
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TABLE DR3. “Ar/*Ar DATA FOR VALLEY-FILLING VOLCANIC FLOWS AND HUAYLILLAS IGNIMBRITE

R

Sample  05TS03 £0.036 £0.050 84.0 £16.8 £0.081 £0.411
Material ~Feldspar 1360 , opa% 1985 3265% 112 110113 0746 2953 y560% "0 1503% 1897 45049
Sample  05TS04 £0.015 £0.021 84.4 £276 £0.027 +0.037
Material Feldspar 1413 s 1oam " aqom M3 200125 0872 3278 yga19 "7 w1919 1907 51949
Sample  05TS04 £0.015 £0.021 100.0 £12.56 £0.019 £0.027
Material Felgspar 1385 5 106% 190 :108% ' 6016 M1 207 s 432% 30 140% V9% s1419
Wtd. Mean Age: 1.934 : gg;; 0.05
Sample  05TS25 +0.008 £0.016 100.0 £10.1 £0.011 £0.018
Material  Sanidine 2802, 030% 3825 40429 140 qgor1g 1449 57 sam5m 2009y 3834 4 pamy
Sample  04TS10 +0.008 +0.04 100.0 +85 +0.009 +0.04
Ml Baeiding 4334 s018% "203027% 20 q20i12 708 P11 y0019 4336 40219 1421 4020%
Sample 047522 +0.010 +0.04 100.0 +47.0 +0.014 +0.05
4373 : ; ' : 7 : :
Mtensl Eariding £023% P s030% 200 g1or11 302 243 1160% o319 0 1037%
Sample  05TS43 - T 100.0 &5 — s SO o 006
i e ; 0% 1612 30239 082 59400 5% 1 £ 25.1% 576 4 023% 1613 £ 0.30%
Fumace Step oo B R T e R R A
o . aewaa AU o) Ko ddayos) 220 Ao 20 Al
Sample  05TS08 +0.007 +0.012 93.7 +25 +0.010 +0.015
1507 21 : ' : ; :
Nl e £044% 219 10539 0% q30117 0651 252 ,085% B io063% 219 1o60%
Sample  05TS38 £0.057 £0.079 80.4 £36 £0.140 £0.193
1663 2% . : : ' ' : :
Melaal Brarmass 313420 2% 53449 078 13011 0876 287 s121% T ppaaw 23543y
Sample  05TS38 £0.041 £0.056 84.7 £28 £0.106 £0.143
1.669 ong = : L : ; &0
Mgl i 1245% 224 1p479 004 pqop7 0799 2981 1001% T s6.03% 2% 1604%
Wtd. Mean Age: 2.261 : gg;; 0.13

Note: All ages reported relative to TCR-2a Sanidine @ 28.34 Ma
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TABLE DR4. LOCATION AND CONTEXT FOR SAMPLES DATED WITH “Ar/ *°Ar

Sample Description Age 20 Ht. above river Latitude Longitude
(Ma) (m) (°s) (W)
05TS03 Feldspar from basal vitrophyre 1.865 + 0.050 400 15°33'48.91" 73°06'16.22"
ash; Cotahuasi valley fill
05TS04 Feldspar from basal vitrophyre 1.934 + 0.015 400 15°33'48.91"  73°06'16.22"
obsidian; Cotahuasi valley fill
05TS25 Sanidine from base of welded 3.825 + 0.016 450 15°12'41.86" 72°52'49.87"
tuff in-filling upper Cotahuasi
valley
04TS10 Sanidine from Huaylillas Fm., 14.20 + 0.04 nla 16°14'45.83" 72°30'06.56"
near town of Aplao
04TS22 Sanidine from Huaylillas Fm., 14.29 + 0.04 n/a 15°57'20.85" 72°34'59.70"
north of Aplao
05TS08 Andesite groundmass, from 2.196 + 0.012 450 15°35'31.561"  73°04'05.70"
andesite valley fill near
Chaucalla
05TS43 Sanidine from undeformed ignimbrite ~ 16.12 + 0.04 n/a 16°11'16.08"  72°01'36.33"
crossing range front fault zone 100
km SE of Cotahuasi range front
05TS38 Basaltic andesite groundmass 2.261 + 0.056 125 15°39'28.30" 73°04'35.36"

from valley fill near Liauce
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TABLE DR5. PARAMETERS USED IN THERMAL MODEL CALCULATIONS AND RESULTS

Parameter used in model 20°C/km run 30°C/km run
Diffusion radius (micrometers)*: 60 60
Activation energy for closure temperature (kJ/mol)*: 138 138
Normalized frequency factor, Q(s™)*: 7.64E+07 7.64E+07
Thermal parameters:

Layer depth to constant temperature (km)T: 60 60
Thermal diffusivity (km*my): 30 30
Internal heat production (“Clmy)S: 8 8
Surface temperature (°C): 10 10
Predicted temperature at base of layer (°C)#: 730 1330
Estimates assuming steady-state heat flux and no erosion:®

Surface thermal gradient (°C/km}): 20 30
Estimate for volumetric heat production (mW/m?): 0.583 0.583
Estimate for thermal conductivity (W/(m*Kelvin)): 2.186 2.186
Predicted surface heat flux (lem’)#: 43.73 65.59
Crustal avg. product of thermal conductivity and density (kJ/ (Kelvin*m3))§: 2300 2300
AGE2EDOT results:

Erosion rate (km/myr): 0.7 0.5
Depth to closure temperature (km): 2.0 14
Closure temperature (°C): 72 72

*Farley, K.A., 2000, Helium diffusion from apatite: General behavior as illustrated by Durango fluorapatite: Journal of

Geophysical Research, v. 105, no. B2, p. 2903-2914, doi: 10.1029/1999JB900348.

1Beck, S.L., Zandt, G., Myers, S.C., Wallace, T.C., Silver, P.G., and Drake, L., 1996, Crustal-thickness variations in the

central Andes: Geology, v. 24, no. 5, p. 407-410.

§Details in Brandon, M.T., Roden-Tice, M.K., Garver, J.1., 1998, Late Cenozoic exhumation of the Cascadia accretion-
ary wedge in the Olympic Mountains, northwest Washington State: GSA Builletin, v. 110, p. 985-1009.

#Values predicted based on input parameters.
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Chapter 3:
Quantifying canyon incision and Andean Plateau surface uplift, southwest

Peru: A thermochronometer and numerical modeling approach.
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Kip Hodges®
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1. Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology,
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Abstract

Apatite and zircon (U-Th)/He thermochronometer cooling ages from Cotahuasi-Ocofla canyon
at the northwest margin of the Central Andean plateau provide information on rock cooling histories
induced by a major phase of canyon incision. In this study we quantify the timing and magnitude of
canyon incision by integrating 20 previously published samples from the valley bottom with 26 new
samples from five vertical transects. Interpretation of the canyon incision history from cooling ages is
complicated by a southwest to northeast increase in temperatures at the base of the crust due to active
subduction. Furthermore, the large magnitude of canyon incision in this region leads to additional
three-dimensional (3D) variations in sample cooling histories that depend on the style of landscape
evolution. =~ We address these complications with a finite-element thermal evolution and
thermochronometer age-prediction model to quantify the range of topographic evolution scenarios
consistent with observed cooling ages. Geological evidence for early canyon depths of at least 200 m
and 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 8 and 11.5 Ma. Young thermochronometer ages and
a ®Ar/*’Ar age on a valley-filling volcanic flow imply that incision ended by 2.21 = 0.02 Ma. Model

simulations suggest incision could have ended as early as 6 Ma, but this is not well-constrained by the
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results. Better constraints can be derived directly from the age of the youngest apatite sample, 5.24
Ma, as additional incision must have occurred after this time in order to expose the sample. Canyon
incision starting at 8 to 11.5 Ma must coincide with or post-date surface uplift, given that incision on
the order of several kilometers in magnitude must be driven by surface uplift of at least this
magnitude. Contemporaneous surface uplift recorded in the interior and eastern margin of the plateau
suggest that uplift was driven by geodynamic mechanisms capable of producing uplift over several
hundred kilometers, possibly including delamination of a high-density lithospheric root, lateral flow of

lower crust, or subduction zone mechanisms such as thermal weakening and ablative subduction.

1. Introduction

Low-temperature thermochronology can provide a wealth of information reflecting changes in
the near-surface thermal field within the crust in response to evolving surface topography (e.g. Ehlers
and Farley, 2003; Braun, 2005). Such data have been used to demonstrate the antiquity and evolution
of mountain topography (House et al., 1998; 2001; Ehlers et al. 2006; Herman et al., 2007), relief
change in landscapes, (e.g., Braun, 2002a; Braun and Roberts, 2005; Shuster et al. 2005), and to record
the timing of major canyon incision in southern Peru (Schildgen et al., 2007) and in eastern Tibet
(Clark et al., 2005; Ouimet 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.

In this paper we explore how some of these complications affect interpretations of
thermochronologic data from southwest Peru, where Schildgen et al. (2007) used a valley-bottom
transect of apatite and zircon (U-Th)/He data to decipher the cooling signal induced by a major phase
of canyon incision on the western margin of the Central Andean plateau. Canyon incision could
coincide with or post-date 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 a drainage system implies that the onset of incision provides
only a minimum estimate for the onset of surface uplift. Plateau uplift could predate incision by an
unknown amount if insufficient discharge is available in rivers for bedrock erosion. As discussed later,
in this study we do not believe this is the case and infer incision to be contemporaneous with surface
uplift. The lag time between uplift and incision may be on the order of one million years for a
detachment-limited system, but at large drainage areas in the trunk stream of major rivers the lag time
can be much shorter (Whipple and Tucker, 2002).
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Early contributions to the present height of the Central Andes are difficult to constrain, but
sedimentary units deposited in the forearc region provide some clues. The regional sedimentary
package that blankets the forearc region known as the Moquegua Formation in Peru (Sempere et al.,
2004; Roperch et al., 2006) and the Azapa Formation in northern Chile (Wé6rner 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, and the unconformity beneath the coarser sediments is estimated to be
~30 Ma (Sempere et al., 2004; Roperch et al., 2006), indicating that some inland topography existed
prior to that time, and probably grew to more significant heights prior to deposition of the upper
Moquegua conglomerates. Later uplift in the region is better constrained. In southern Peru,
thermochronology data (Schildgen et al., 2007) and “’Ar/*’Ar ages on valley-filling volcanic flows
(Schildgen et al., 2007; Thouret et al., 2007) suggested that at least 2.4 km of uplift-driven incision
started at ca. 9 to 10 Ma. These results agree broadly with uplift estimates from other regions in the
Central Andes. These include oxygen- and clumped-isotope data from the Altiplano interior (Ghosh et
al., 2006; Garzione et al., 2006; Quade et al., 2007), uplift-induced incision history derived from dated
low-relief erosion surfaces on the eastern margin of the plateau (Gubbels et al., 1993; Kennan et al.,
1997; Barke and Lamb, 2006), and additional paleoelevation studies based on paleobotany and
structural analysis of deformed sediments that are summarized in Table 1. However, in all these cases,
uplift estimates are only minima or they are bracketed by large uncertainties. Placing better
constraints on the magnitude of uplift during this most recent tectonic phase is of particular
importance, because the timing of generation of major topographic barriers such as the Andes has
important effects on local and global atmospheric circulation patterns (e.g., Rodwell and Hoskins,
2001; Takahashi and Battisti, 2007). More sophisticated analyses of low-temperature
thermochronologic data from southwest Peru can provide the most precise constraints to date on the
uplift history of the western margin, and can better inform how topographic evolution of this region
relates to development of this major orogenic plateau.

Utilizing a modified version of the three-dimensional finite-element thermal model Pecube
(Braun, 2003), we explore what range of topographic evolution scenarios are consistent with
thermochronologic data collected from the region. The model tracks the thermal history of rocks as
they are advected to the surface through a thermal field that responds to changes in surface
topography, and predicts thermochronologic ages of rocks collected at the surface. We compare
model results data from 26 new samples collected in five vertical transects in addition to the valley-

bottom apatite and zircon (U-Th)/He data previously reported by Schildgen et al. (2007). With new
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insights from thermal modeling, we refine previous interpretations of the canyon incision history in

southwest Peru.

2. Geologic and Thermal Setting
2.1. Plate tectonic setting

The complex thermal setting of the western margin of the Central Andean plateau poses
particular challenges to understanding the thermal evolution of the region. 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) as well as the absolute
westward movement of South America (Silver et al., 1998) are likely related to 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). In northern and central Peru, oblique subduction
of the Nazca Ridge 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).

2.2, Arc volcanism and Heat Flow

Our study is focused on the Cotahuasi-Ocoiia drainage in southwest Peru, which cuts through
the active volcanic arc lining the western margin of the plateau, and drains ~150 km through the
forearc region toward the coast (Fig. 1). Low heat flow measurements from coastal and forearc regions
(30 to 60 mW/m?) increase gradually to higher values (50 to 180 mW/m?) on the plateau (Henry and
Pollack, 1998; Hamza and Muiioz, 1996; Springer and Férster, 1998; Springer, 1999; Hamza et al.,
2005). Localized high heat-flow anomalies are generally located within a c. 10 km radius of active
volcanoes. As Springer (1999) noted, anomalies of up of 180 mW/m?> within the volcanic arc region
can be explained by shallow magma chambers at 4 to 6 km depth. However, the short-lived nature of
such anomalies (generally decreasing to 10 mW/m? after 1 million years) imply that they cannot be
resolved in long-term thermal field simulations. Even if effects of local arc volcanoes are limited,
understanding the effect of spatial variation in geothermal gradients from the coast toward the arc on
thermochronologic ages that traverse the forearc region is difficult without explicit modeling.

Subduction-related volcanism has had additional regional and local effects on the thermal
history of the region. The early thermal history was likely dominated by cooling of the arc-related
Coastal batholith that crops out through much of the western margin in Peru, and locally in the middle
reaches of Cotahuasi-Ocofia canyon. Geological maps (INGEMMET, 2001) identify Cretaceous

diorites, tonalities, and granodiorites in this region, and new “°Ar*’Ar step-heating experiments on
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biotite samples from the canyon yielded ages of 137.5 + 1.8 Ma and 135.7 + 1.7 Ma (Table 2).
Southeast of the canyon, near Arequipa, U/Pb zircon ages demonstrate a long-lived history of
plutonism, with ages ranging from 61.0 to 188.4 Ma (Mukasa, 1986). These intrusive bodies that are
today between the active arc and the coast give evidence for the inland migration of the active volcanic
arc up until ca. 20 Ma when its present position was established (Stern, 2004).

Modern-day arc volcanoes in the region closest to the canyon include Corapuna, Sara Sara,
and Solimana, which 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 ca. 9 to < 1 Ma (Thouret et al.,
2007), and cover a radius on the order of 15 to 20 km surrounding the volcanoes. The 14 to 16 Ma
Huaylillas-age ignimbrites that blanket the region may have also derived from one or more of these
centers. This oldest volcanic unit appears to have pre-dated significant canyon incision, as no place
has it been found to outcrop at lower elevations within the canyons. Younger units did enter the
canyon, including the 2-km-deep upper reaches of Cotahuasi canyon that were deeply-refilled with
volcanic ash at ca. 1 to 2 Ma (Schildgen et al., 2007; Thouret et al., 2007), after the canyon had
previously been incised to near its present depth by 3.75 Ma (Schildgen et al., 2007). In the middle and
lower reaches of the canyon, however, where themochronologic 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 the flows, they still may have
partially-reset ages on some samples. This highlights the importance of collecting samples far from
any volcanic flows to discern robust patterns in cooling related to canyon incision, and of collecting a

sufficient number such that any interpretations are not contingent upon a small number samples.

2.3. Regional climate

Extremely low precipitation over most of this region has important implications for bedrock
exhumation histories. The Atacama Desert of northern Chile and southwestern Peru 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 Peru (Humboldt) Current that leads to temperature inversions
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 semi-arid 300 to 400 mm/yr in the upper catchments of major rivers (Houston and
Hartley, 2003), which leads 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 semi-arid prior to that time (Rech et al., 2006). In northern Chile,

exhumation rates derived from cosmogenic studies were estimated to range from <0.001 mm/yr to
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0.05 mm/yr in a transect from the coast to the plateau based on cosmogenic nuclide exposure studies
(Kober et al., 2007). This long-term, slow exhumation contrasts dramatically with rapid incision that
carved major canyons in the region, which slice down over 3 km below the surrounding surface in the
deepest reaches of their path toward the Pacific Ocean. This strong contrast in background and
localized erosion rates and the great depth of incision imply a strong potential for rates and timing of
canyon cutting to be recorded in low-temperature thermochronology data, as will be described in

greater detail below.

3. Thermochronologic data
3.1. Application of low-temperature thermochronology to landscape evolution studies

Both apatite and zircon (U-Th)/He ages are useful to help constrain the thermal and
topographic evolution of the region. Because Earth’s surface acts as an upper boundary layer to
thermal diffusion in the crust, morphology of the surface affects the geometry of near-surface
isotherms (e.g., Lees, 1910; Benfield, 1949; Turcotte and Schubert, 1982; Stiiwe, 1994; Mancktelow
and Grasemann, 1997; Braun, 2002, Ehlers and Farley, 2003). This effect is damped at depth, meaning
that higher-temperature thermochronometers reflect cooling resulting only from background
exhumation rates. Zircon (U-Th)/He ages are typically set at 7 to 9 km depth (Reiners et al., 2004),
where surface effects on isotherm morphology are minimal. In contrast, the relatively shallow, 2 to 3
km depth of the apatite (U-Th)/He closure isotherm (Farley, 2000) is significantly affected by changes
in surface topography. Ages can be affected by cooling not only related to background exhumation,
and by local movement of isotherms in response to the changing surface. As Schildgen et al. (2007)
described in greater detail, (U-Th)/He apatite thermochronologic samples collected from canyon
depths exceeding 2 km (depth of the closure temperature isotherm prior to incision) reflect rapid
cooling from incision-induced isotherm depression, showing young ages that are distinct from older
samples high on canyon walls that were cooled slowly as a result of background exhumation rates
(Fig. 2). The rapidly-cooled zone provides an important record of this change in surface morphology,
with the age énd thickness of the zone reflecting the timing and magnitude of the latest phase of
canyon incision.

In this study, 26 new samples collected from 5 vertical transects (Fig. 1, Tables S1-S3) along
with samples collected along a valley-bottom transect reported in Schildgen et al. (2007) are

- interpreted in the context of 3D thermal modeling.

3.2. Analytical methods
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Samples were prepared by first crushing all material to less than 500 microns with a jaw
crusher only 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. Euhedral apatite crystals were inspected for inclusions under 150x magnification and
under cross-polarized light. Inclusion-free grains that exceeded 60 microns in diameter were
measured 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 S minutes at 9 Amps. The gas was spiked with *He and exposed to a SAES NP-
10 getter for 2 minutes, after which the gas is expanded into a Pfeiffer — Balzers Prisma Quadrupole
with a range of 0-100 amu, electron multiplier and a faraday detector. To analyze the *He/*He
composition of the gas, four masses were monitored during analysis: Mass 1 as a proxy for
homogenous discharge (HD) contributions to the mass 3 peak (contribution is on average 0.03%, but
in some cases has been as high as 0.13%.), Mass 3 for *He, Mass 4 for *He and Mass 5 for the
background. A total of 20 sets of measurements are made in a period of less than 100 seconds. *He
concentrations were calculated by comparing the sample “He/*He to a set of standard analyses run
prior to and after the sample analysis. These standard analyses were comprised of adding a known
quantity of ‘He to the same *He spike that is used to spike the sample gas. The short-term (5-10
standard analyses) reproducibility is on the order of 0.03-0.05%, while the long-term (complete
sample holder run) reproducibility is on the order of 0.05-0.08%. Currently the composition of the “He
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 retrieved and put into 2 mL high purity polypropylene
copolymer (PPCO) vials, into which a 25 microliter 2°U and **° Th spike with a concentration of 15
ng/mL and 5 ng/mL respectively was added. The spiked mixtures were then ultrasonically agitated for
15 minutes then left for 4 hours to dissolve the apatite. The solution, diluted with 325 microliter of
18.2MegaOhm water, was analyzed on a Thermo X series quadrupole in the Keck Lab at ASU.
Analyses were standardized by analyzing a spiked standard solution to which the same amount of
spike was added. For age calculations, Ft corrections were calculated according to procedures outlined

in Farley (2002).

3.3. Valley-bottom transect data

Very slow background exhumation rates in the region have preserved a low-relief surface that
developed prior to the latest phase of uplift and incision. This surface now forms a gentle ramp from
the coast to the volcanic arc, and serves as a common reference level from which depths of incision

can be measured for samples collected over wide spatial areas. Schildgen et al. (2007) interpreted
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OAr/P Ar ages of volcanic flows and apatite and zircon (U-Th)/He ages from a 75-km long valley-
bottom transect to show at least 2.4 km of incision between ca. 9 and 2.3 Ma. This study differs from
that of Schilgen et al. (2007) in that we use new data and a process-based model of sample cooling to
improve the interpreted timing and magnitude of topographic development.

On an age versus depth plot of the apatite-He data (Fig. 3), the steep slope shown in the below
9 to 12 Ma reflects rapid cooling induced by canyon incision, while the shallow slope above 9 to 12
Ma reflects slow background denudation. The break in slope shows the 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.

The conclusions in that paper assumed that there were no substantial lateral variations in the
thermal field of the study area. Our purpose here is to further evaluate the robustness of those
conclusions in light of the strong lateral gradient in heat flow and possible effects associated with the
valley incision process. Long-wavelength topographic effects on geothermal gradients such as
compression near the base of a ramp are probably insignificant in this region, as predicted by
analytical models for the nearly uniform 2.2° regional slope between the coastal escarpment and the
edge of the plateau (Lachenbruch, 1969). Lateral variations in the incision rate, however, can affect
the cooling rate of samples and interpretations of the slope on depth versus age plots of data. Incision
rates are likely to be slower near the coast, where less than 1 km of incision has occurred, and faster
inland, where more than 2.4 km of incision has occurred. With additional samples and three-

dimensional thermal modeling, we explore possible implications for data interpretations below.

3.4. Vertical transect data

We collected a series of vertical transects from the middle reaches of Ocofia Canyon, focused
around the region where the break in slope occurred in the valley-bottom transect data, at canyon
depths of approximately 2 km (Fig. 1). The transect closest to the coast (VT1), which samples depths
of 0.8 to 2.3 km, shows relatively old mean ages, ranging from ca. 10 to 55 Ma, and a gentle slope
reflecting slow background denudation of approximately 0.025 mm/yr (Fig. 4). The middle transects,
VT2 and VT3, sample similar depth ranges of 1.5 to 2.3 km and 1.6 to 2.3 km, and show similar
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 appears to occur at 11 to

13 Ma, but is not well-constrained due to limited sampling above the break (Fig. 4).
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When compiled in a single plot, the vertical transect data reveal trends similar to that seen in
the valley-bottom transect (Fig. 3). Shallow samples are generally old and show a low slope (ca.
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, as expected in
rapidly-cooled samples. They show a steep slope (ca. 0.18 mm/yr) reflecting fast cooling due to
isotherm depression in response to canyon incision. Although the valley-bottom transect showed a
sharp break in slope at ca. 9 Ma, vertical transect data show a disperse transition region between ca. 11
and 14 Ma. Apart from this, the main difference between the data sets is that the slope of the older
suite of ages from the vertical transects is somewhat steeper and better defined than that of the valley-
bottom transect. Such differences are unsurprising given that both transects can lead to biases in the
slope of these data (e.g., valley-bottom transect data can be affected by lateral variations in the
geothermal gradient as discussed, and vertical transects can be affected by changes in relief through
time, e.g., Braun, 2002a).

An additional vertical transect not plotted in Fig. 3 was collected from a side-valley (VTO0 in
Fig. 1) and showed anomalously young ages compared to the trends shown in the other transects. We
later discovered an ignimbrite perched 185 to 235 m above the side-valley floor dated at 2.01 + 0.03
Ma (Table 2) that may have at least partially reset apatite (U-Th)/He ages in these samples. We also
excluded two samples that we suspected may be too close to a volcanic flow farther up the main

valley, and one samples we believe was from a landslide block (circled in Fig. 3).

4. Thermal Model of Thermochronometer Cooling Ages
4.1. General Description

We use the finite-element thermal model Pecube (Braun, 2003) to simulate sample cooling
and exhumation in the study area (Fig. 1). The model solves the transient three-dimensional
advection-diffusion equation with internal radiogenic heat production. We modified the program to
account for lateral variations in basal temperature across the domain, and also to predict a wider range
of thermochronometer cooling ages. The cooling history 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 et al., 2005), radiation damage (Shuster et al., 2006), and grain size (Farley, 2000). We
apply kinetics for helium diffusion in zircon from Reiners et al. (2004) and in apatite from Farley
(2000).

4.2. Model Set-up and Parameters
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Model set-up entails defining the three-dimensional domain size and resolution, material
properties, background exhumation rate, and the style of landscape evolution. The range of model
parameters used in this study is summarized in Table 3. Material properties such as heat production
and diffusivity are spatially invariant and were not changed in different simulations. Surface
temperature is controlled by a specified lapse rate, and temporally varies as topography evolves to
different elevations. The temperature pattern at the base of the model domain is held constant. A
modification for this work includes the option to increase the temperature linearly at the base of the
model up to a maximum temperature, after which it remains constant in order to simulate the thermal
field in the overriding plate above a subduction zone. 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. Predicted and observed cooling ages were compared for each
simulation to identify the range of exhumation histories that could have produced the observed cooling
ages.

The simulated region in this work is centered on the middle and lower reaches of Cotahuasi-
Ocofia canyon, with dimensions of 215 x 100 km across the surface and 60 km thick (Fig. 5A). This is
large enough to prevent boundary effects from biasing heat flow and predicted ages. Based on two-
dimensional thermal modeling by Springer (1999) in northern Chile (Fig. 5B), we estimate that basal
temperatures at ca. 60 km depth near the coast should be approximately 200°C and increase to a
maximum temperature of 1400°C beneath the volcanic arc. For our model simulations, we explored
setting basal temperature to be between 100 and 300°C at the edge of the model near the coast
(referred to as the T, value) and imposed a linear temperature increase between 7 and 11.6°C/km,
which placed 1400°C temperatures between ~170 and 100 km from the southern edge of the model
domain for a 200°C initial temperature. This range roughly defines the position of volcanic forearc in
southwest Peru, which gives an approximate indication of where the tip of the aesthenospheric wedge
(and highest temperature) should lie. Farther inland, basal temperature remained at a constant value of
1400°C. In general, our linearly-increasing temperatures are not an ideal match to the apparent non-
linear increase modeled by Springer (1999), but did allow us to generate a pattern of increased crustal
temperatures between the trench and the arc. Simulated lapse rate was 6.5°C/km with average sea level
temperature set to 25°C (Klein et al., 1999). Other material properties and thermal parameters that

remained constant are summarized in Table 3.

4.3. Exhumation and Topographic Evolution
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Within Pecube, surface topography is defined by digital elevation models (DEMs), and
landscape evolution is simulated by morphing from one DEM to another. Two main categories of
topographic scenarios that we explored included steady-state topography and canyon incision. For
steady-state simulations, the canyon and present day topography existed prior to and throughout the
simulation (Fig. 6d). 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) (Fig.
6a) to intermediate-relief topography (e.g., Figs. 6b and 6c) and then to the final, high-relief modern
topography (Fig. 6d). The timing and rate of incision between individual steps shown in Fig. 6 was
treated as free parameters.

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 (Fig. 6d). Initial topography prior to canyon incision (Fig. 6a) was generated by selecting
points on the preserved paleo-surface on canyon interfluves and using a spline interpolation to smooth
out canyon relief, but still retain the general morphology of ramping from the coast up toward the
plateau (described in greater detail in Schildgen et al., 2007). We refer to this as the “spline DEM.” In
order to explore the effect of different paleo-canyon depths on predicted thermochronometer age
patterns, we created a series of DEMs (e.g., Figs. 6b and 6c) that maintained 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.

A uniform background denudation rate was superimposed on the spatially varying exhumation
rates that resulted from changing surface morphology. Through these two mechanisms, the model
simulates advection of rock toward the surface and changes in surface morphology. For most
simulations we investigated background denudation rates between 0.01 and 0.07 mm/yr. This was
based on thermochronology data presented in Schildgen et al. (2007) that implied background
exhumation rates of 0.015 to 0.02 mm/yr in the southern Peru forearc region from ca. 60 to 10 Ma, as
well as cosmogenic data from northern Chile that implied erosion rates of <0.001 to 0.05 mm/yr
(Kober et al., 2007).

45



4.4, Evaluation of Model Results

We conducted 275 simulations to explore a range of incision histories and other model free
parameters. Each simulation was compared to several metrics to evaluate if the model produced an
acceptable fit to geologic observations. These metrics included (1) a comparison between the range of
predicted and observed heat flow, and (2) minimization of the Chi-squared misfit between predicted
and observed apatite and zircon (U-Th)/He ages.

Regional heat flow determinations (Henry and Pollack, 1998; Hamza and Muifioz, 1996;
Springer and Forster, 1998; Hamza et al., 2005) provided general guidance on the range of reasonable
geothermal gradients in the region as well as on the magnitude of lateral changes from near the coast
toward the volcanic arc. We also used results of thermal field modeling by Springer (1999) across the
subduction zone in northern Chile to verify the general form of lateral thermal field variations. These
show that crustal temperatures at ca. 60-km depths increase rapidly from ca. 200°C to 1400°C from the
trench to the arc.

To more quantitatively evaluate the quality of fit between our observed thermochronometer
ages and model predicted ages and to determine best-fit scenarios, we used a reduced chi-squared
goodness-of-fit test. This is a sum of the squared differences between observed thermochronologic

ages and expected model ages divided by the variance (Eg. 1).

g.
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For each sample, the standard deviation (o) 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 all samples. We
compared the chi-squared sum to a critical value that is associated with a 95% confidence level. This
is determined by comparison with a chi-squared distribution, typically recorded in tables such as in
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. We consider free
parameters to be all the variables that were allowed to change for the different simulations. These
include initial basal temperature at the southern edge of the model, lateral basal temperature gradient,
maximum temperature, background exhumation rate, onset of canyon incision, and end of canyon
incision. If the chi-squared 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 probably a reasonable statistic to
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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 Ehlers, 2005). Chi-squared 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. Lower chi-squared values resulted in even better fits to the mean ages of samples.

5. Model results

In the following sections we describe model simulation results that explored a wide range of
parameter space to find both best-fit scenarios and to discern the sensitivity of predicted ages to
different exhumation histories. We discuss the quality of fit between model predictions and both
apatite and zircon data for simulations that explored background denudation rates and different spatial
gradients in basal temperature. However, for simulations that specifically explored details of the
canyon incision process, we only discuss the quality of fit for apatite data. This is because the zircon
data are unaffected by canyon incision, and hence predicted zircon ages showed no variation in the
model runs that only explored details of canyon evolution. Also, for simulations that specifically
explore the timing of canyon incision, which has a strong effect only on the youngest set of apatite
samples, we compared model results to both the full set of samples as well as a subset of younger

samples.

5.1. Steady-state topography

Steady-state topographic simulations started and finished with the modern-day topography
DEM. We ran several simulations with a basal temperature varying from 200°C at the southern edge
of the model and increasing at a rate of 11.6°C/km toward the arc. The range of denudation rates
explored was 0.01 to 0.5 mm/yr. Denudation rates were assumed to be constant over then entire
simulation duration of 225 Ma. All other parameters such as material properties are present in Table 3.

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
matches apatite ages from ca. 7 to 9 Ma, a 0.07 mm/yr rate matches a range from ca. 20 to 25 Ma, and
a 0.03 mm/yr rate matches ages from ca. 55 to 60 Ma (Fig. 7A). The complete range of observed ages
is not produced with any of the constant exhumation rate models. Because of this, results show that a
single exhumation rate can match only small ranges of the apatite (U-Th)/He data. Large increases in
the lateral basal temperature gradient could help produce a wider spread of ages, but would create
lateral variations in heat flow values that exceed modern observations. Model simulations produce

better matches to zircon (U-Th)/He data. An exhumation rate of 0.05 mm/yr shows good fits between
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predicted and observed ages that are less than 100 Ma, but a slower exhumation rate is needed to

match older samples (Fig. 7B).

5.2. Canyon incision

To explore the effect of incision timing and magnitude on predicted ages, we started
simulations with the spline DEM (Fig. 6a) and investigated the influence of canyon incision onset
between 8 and 12 Ma, incision completion between 2 and 6 Ma, and variations in early canyon
maximum depths ranging from 0 to 1120 m, corresponding to 0 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

We explored the relationship between lateral basal temperature gradient and background
exhumation rates to determine a reasonable range of values for these parameters through 40 model
simulations. All other parameters were held constant and values used are in Table 3. For the following
simulations, we set the initial topography to be the spline DEM (Fig. 6a), 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 11 and 2 Ma.

Model results show that background denudation rate has a strong effect on predicted apatite
(U-Th)/He ages. When lateral basal temperature gradient is set to 9.9°C/km and T, is 200°C,
denudation rates of 0.02 mm/yr produce best fits to the data (Figs. 8 A and 8B). Chi-squared misfit
values calculated for expected and observed apatite ages over a range of lateral basal temperature
gradients and denudation rates are shown in a contour plot in Figure 8C. These illustrate that
increasing lateral basal temperature gradients require lower exhumation rates to derive best matches to
the data. Denudation rates between 0.024 and 0.015 mm/yr produce best fits for the illustrated range
of lateral basal temperature gradients. These simulations produced a range of surface heat flows from
near the coast to just south of the volcanic arc of 40 to 50 mW/m’ for a lateral basal temperature
gradient of 7.0°C/km and 40 to 60 mW/m’> for a gradient of 11.6°C/km. Both are reasonable
considering the range of modern-day measurements of ca. 30 to 60 mW/m? within the forearc region.

The observed zircon (U-Th)/He data is not well-predicted by uniform background denudation
rates (Figs. 8C-E). On both age versus depth (Fig. 8D) and distance from coast versus age (Fig. 8E)
plots where the lateral basal temperature gradient is 9.9°C/km, denudation rates of 0.03 mm/yr show a
good match to zircon ages less than 120 Ma or closer than 45 km to the coast. Observed ages greater

than 120 Ma and farther inland are better matched by a 0.04 mm/yr denudation rate. Simulated heat
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flow values of 60 to 80 mW/m’ across the forearc region resulting from these simulations are higher
than modern values. Chi-squared values exceed the critical value of 12.6 (12 samples with 6 free
parameters in the model) over all parameter space, suggesting that a uniform background denudation
rate is not appropriate for explaining the zircon data. Instead, spatial and/or temporal variations are
likely. Alternatively, the data may reflect changing thermal conditions in the crust, possibly related to

plutonism.

5.2.2. Incision timing

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 and rounding of the break between older and younger ages due
to effects of the helium partial retention zone and lag in thermal response to onset of 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, and hence must be inferred from
modeling or from other geological constraints. Schildgen et al. (2007) estimated incision completion
to be no later than ca. 2.3 Ma, based on the age of a volcanic flow perched within 100 m of the present
valley floor. A more precise estimate is no later than 2.21 = 0.02 Ma, based on a new “’Ar/*’Ar age of
a volcanic flow collected from the present valley floor (Table 2). Onset times of incision that we tested
in our simulations ranged from 8 to 12 Ma, and completion times ranged from 2 to 6 Ma. There was
no change in topography after the completion time, but background exhumation continued to 0 Ma. In
the simulations presented, we show best estimates for incision onset and completion time assuming a
range of different T, (southern basal edge of model) and lateral basal temperature gradient
combinations. For any given combination, the suite of chi-squared values produced from different
onset and completion times are sensitive to changes in exhumation rate on the order of 0.0005 mm/yr,
often with only one erosion rate producing results that fall below the critical value. Thus, we first
identified the exhumation rate that produces minimum chi-squared values, and show how best fits for
incision timing are affected with the different combinations. All other parameters were held constant
(see Table 3).

Results from 125 simulations illustrate the effects of changing T, as well as the effects of
changing the lateral basal temperature gradient. In general, minimum chi-squared values cover a
shorter range of onset times than completion times, meaning that the former can be determined with
greater precision. We discuss results from analyzing the whole sample set as well as a subset of
samples that are < 16 Ma. Because there are 27 total samples and 6 free parameters, the critical value
associated with a 95% confidence interval when comparing all model results is 32.7. The subset of

younger samples consists of 14 samples, and an associated critical value of 15.5.
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In the analysis of all samples, with Ty set to 300°C, increasing temperature gradients from 9.3
to 11.6 generally produces better fits (Fig. 9A-C). Similarly, with the temperature gradient set to
11.6°C/km, increasing T, from 100 to 300°C produces a wider region of best fits (Fig. 9C-E). In all
plots, chi-squared sums that are below the critical value of 32.7 fall within the range of ca. 8 to 11.5
Ma, and minimum values fall within the range of ca. 9 to 10.5 Ma. 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. Differences in the quality of fit are also illustrated on an age-depth
plot for three simulations (Fig. 10).

Using the same set of exhumation rates and basal temperature patterns, we analyzed a subset
of the younger samples to determine if onset and completion times could be determined with higher
precision (Fig. 11). However, the range of parameter space explored in all the plots illustrates that chi-
squared sums fall below the critical value for the most of the tested range of onset and completion
times. Despite the young ages being most significantly affected by changes in the timing of canyon
incision, the inclusion of older samples that may reflect characteristics of the partial retention zone

allows for the best estimates of incision timing.

3.2.3. Incision magnitude

Simulations to test the effects of different early canyon depths proceeded from the spline
DEM to an intermediate layer, and then from the intermediate layer to the modern topography starting
at 11 Ma. The spline layer itself contributes 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 early
canyon incision: 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 al., 2004; Roperch et al., 2004). The former may represent the development of some
initial inland topography in the region, while the latter may represent first generation of significant
topography. Early canyon relief tested included 10%, 20%, 25%, 30%, and 35% of the modern
canyon relief, which corresponds to approximately 320, 640, 800, 960, and 1120 m depths in the
deepest reaches of the canyon. Background exhumation rates were set at 0.02 mm/yr, Ty was set to
200°C, and the range of early canyon depths was tested against a range of lateral basal temperature
gradients from 7 to 11.6°C/km.

Model results show significant effects of early canyon relief on predicted ages. For 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 early incision, all far exceeding the critical value, with any significant early

relief resulting in over-prediction of sample ages (Fig. 11).



6. Discussion
6.1. Temporal and spatial patterns in background exhumation rates

Understanding temporal and spatial patterns in background exhumation rates is difficult in this
region where both are likely to vary. For the steady-state topography simulations, one possible way to
match predicted and observed apatite ages is to impose an increasing exhumation rate through time.
However, this is an unlikely scenario. First, the required increase in exhumation rates of ca. 0.03
mm/yr to 0.20 mm/yr would demand 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), which would violate the steady-state topographic assumption for the simulation.
Additionally, the climate history of the region suggests that exhumation rates are likely to have been
slower, not faster, since semi-arid coastal conditions became hyper-arid starting at 19 to 13 Ma (Rech
et al., 2006). Finally, geologic relationships indicate little to no canyon incision south of x km from the
coast at ~14Ma and that the canyons had been fully cut by 2.2 Ma. The steep gradient in apatite ages
is therefore best interpreted as localized cooling resulting from canyon incision.

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. Fig.
3). This shows that coastal regions have experienced low background exhumation throughout the time
span recorded by both thermochronometers: ca. 75 to 14 Ma for apatite, and ca. 175 to 75 Ma for
zircon. However, younger zircon samples collected from farther inland reflect faster exhumation rates
(i.e., steeper slopes) from ca. 75 to 40 Ma on an age-depth plot. These apparent faster exhumation
rates can be explained by several alternatives. They may reflect an earlier history of tectonic activity
with accompanying faster exhumation in the interior region from 75 to 40 Ma. Alternatively, they
may reflect the early establishment of the spatial gradients in precipitation and exhumation that we see
today, where higher inland regions experience faster denudation than hyper-arid coastal regions.
Finally, they may simply reflect faster cooling that could have been experienced with an identical
background exhumation rate but with perturbations to the thermal field, as would be expected from the
cooling of Cretaceous age intrusive bodies. Additional data is needed to test which of these
possibilities is most likely. For example, vertical transects collected throughout the valley length

could discriminate between temporal and spatial changes in the cooling history of zircons.
6.2. Incision history and uplift

Estimating the magnitude of canyon depths prior to the latest phase of incision is one of the

biggest challenges in using incision history to learn about past uplift. Early canyon depths give
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important information on the likely initial position of near-surface isotherms prior to the latest phase
of incision. Such information is critical for assessing the magnitude of the latest phase of incision, but
early canyon depths are difficult to determine without clear geologic constraints. In many cases, strath
terraces that may record the earliest phases of incision are highly degraded or non-existent. In
southwest Peru, depositional records suggest that the.maj or drainages are likely to have experienced a
lon.g history of incision that started well before the latest 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., 2007; Roperch et al., 2006; Thouret et al., 2007) are exposed in smaller drainages
such as the Sihuas valley. This points to the early development of a drainage system prior to 14 Ma
with depths of at least several hundred meters based on the thickness of exposed cut-and-fill
conglomerate packages.

Our model simulations that explored the canyon depths prior to the latest phase of incision
produced minimum chi-squared values when the spline topography was used as a starting topography,
which consists of approximately 200 m of relief in the deepest reaches. Early incision that exceeded
these depths produced fits that far exceeded chi-squared critical values. This interpretation of minimal
early canyon relief is supported by the broad, thick Upper Moquegua sand/conglomerate sheets that
cover the forearc region from near to coast to elevations as high as 2000 m exposed in the cliffs above
the town of Iquipi. Such deposition would not be possible if there were a significant canyon in the
region from ca. 30 to 14 Ma, the age range of those sediments. However, in other parts of the forearc,
cut-and-fill channels at least 200 m deep in the Upper Moquegua sediments suggests that some relief
may have characterized the forearc region at the time. Based on the overall broad distribution of the
sediments as well as our model results, we believe early canyons probably did not significantly exceed
this depth, though farther inland early canyons may have been deeper. Surface topography that hosted
such channels must have reached elevations at least as high, and could feasibly have been in the range
of 500 to 1000 m. Because the total depth of the canyon today is ca. 3.2 km at the northern end of our
sampled region (in the deepest reaches of the canyon), and early canyon depths were likely not more
than ca. 200 m deep, the latest phase of incision was up to 3.0 km in magnitude, decreasing to < 1 km

at the coast.

6.3. Landscape evolution

One of the main limitations to our topographic simulations is that we use prescribed DEMs to
model changes in topography rather than applying exhumation rules 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
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outlet and the uppermost catchment. In Cotahuasi-Ocofia canyon, we suspect the propagation time of
a knickpoint through the sampled region is likely to be less than one million years (see discussion in
Schildgen et al., 2007). However, because onset time has a strong effect on age predictions for the

youngest apatite samples, even a one million year difference in onset time can be important.

7. Conclusions

Three-dimensional thermal modeling is a powerful tool for gaining insight into interpretations
of thermochronologic data in settings characterized by a spatially variable thermal field, or where
major changes in the surface morphology can lead to transient adjustments in the near-surface thermal
field. Although our estimates can be further refined with a better understanding of background
exhumation rates through space and time, and more accurate representation of topographic evolution,
our new interpretations of apatite and zircon (U-Th)/He data from southwest Peru are a significant
improvement to earlier estimates of the timing and magnitude of canyon incision.

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 11.5 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 one million years for a detachment-
limited system, but at large drainage areas in the trunk stream of major rivers, the lag time can be
much shorter (e.g., Whipple and Tucker, 2002). The end time of uplift is not well-constrained by
association with rapid cooling, as incision can potentially continue long after uplift ends. Our model
simulations are also, unfortunately, not very sensitive to the end of incision. Nonetheless, we believe
the phase of uplift documented to have started at ca. 10 to 11 Ma in the Altiplano interior and at the
eastern margin (evidence summarized in Table 1) is likely to be correlative with uplift that generated
the major pulse of incision in Cotahuasi-Ocofia canyon. Such a significant contemporaneous uplift
experienced over a 350-km wide orogen is likely to result from a geodynamic process or 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 lithospheric delamination or regional ductile redistribution of mass
through mid- to lower-crustal flow are more likely to affect large regions, and hence are more feasible

explanations for the latest phase of plateau uplift.
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Figure Captions

Figure 1: Location map showing Cotahuasi-Ocoiia Canyon in southwest Peru and thermochronologic
sample sites for zircon and apatite (U-Th)/He dating. White box outlines region from which vertical
transects were collected and is shown in greater detail in the second frame. Images are created by
draping a 30-m resolution semi-transparent digital elevation model (DEM) over a hillshade layer
created from the same DEM. The DEM was derived from Advanced Spaceborne Thermal Emission

and Reflection Radiometer (ASTER) imagery.

Figure 2: Schematic drawing showing depression of the near-surface 65° (apatite-He closure)
isotherm in response to canyon incision. The rapidly-cooled region provides a record of the thermal

response to changes in the surface morphology. Modified from Schildgen et al. (2007).

Figure 3: Apatite (U-Th)/He data from valley-bottom and vertical transects in Cotahuasi-Ocofia
Canyon plotted against depth beneath reconstructed paleosurface. Black diamonds show the mean
ages of valley-bottom transect samples, and white diamonds show mean ages of each sample in four

different vertical transects (V1 through V4). Y-axis error bars reflect an estimated =100m uncertainty
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in the depth of samples below the regional paleosurface. X-axis bars show the range of individual

crystal ages for each sample.

Figure 4: Vertical transects of apatite (U-Th)/He data. In each plot, the dashed gray line marks the 2-
km depth, where we expect to see a transition from the younger to older suite of apatite ages.
However, as most transects were limited to under 1000 m in vertical extent, it is difficult to resolve the
pattern clearly on a single transect. 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 are shown in figure 1.

Figure 5. A: Model set-up and description. Model consists of a 3-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 that changes with elevation according to
a defined lapse rate. The surface experiences a uniform background exhumation rate. Topography
changes through time by warping from one topographic input file to another. 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 southern basal edge (T;) and a linear
lateral basal temperature gradient that increases to a maximum of 1400°C, after 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 T, and the lateral basal temperature gradient. Because T,
ranges from 100 to 300°C and the gradient ranges from 7 to 11.6 °C/km, the position of maximum
temperatures ranges between 95 and 186 km from the southern edge of the model over the whole
range of parameter space. B: Surface heat flow measurements and modeled temperature field (from

Springer, 1999).

Figure 6: Examples of the digital elevation models (DEMs) used as input topographies for model
simulations. All simulations started with the spline topography (a) and ended with the modern-day
topography (d). 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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>