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Abstract Fluvial fill terraces preserve sedimentary archives of landscape responses to climate change,
typically over millennial timescales. In the Humahuaca Basin of NW Argentina (Eastern Cordillera, southern
Central Andes), our 29 new optically stimulated luminescence ages of late Pleistocene fill terrace sediments
demonstrate that the timing of past river aggradation occurred over different intervals on the western

and eastern sides of the valley, despite their similar bedrock lithology, mean slopes, and precipitation. In the
west, aggradation coincided with periods of increasing precipitation, while in the east, aggradation coincided
with decreasing precipitation or more variable conditions. Erosion rates and grain size dependencies in
our cosmogenic '°Be analyses of modern and fill terrace sediments reveal an increased importance of
landsliding compared to today on the west side during aggradation, but of similar importance during
aggradation on the east side. Differences in the timing of aggradation and the '°Be data likely result from
differences in valley geometry, which causes sediment to be temporarily stored in perched basins on the east
side. It appears as if periods of increasing precipitation triggered landslides throughout the region, which
induced aggradation in the west, but blockage of the narrow bedrock gorges downstream from the perched
basins in the east. As such, basin geometry and fluvial connectivity appear to strongly influence the timing of
sediment movement through the system. For larger basins that integrate subbasins with differing geometries or
degrees of connectivity (like Humahuaca), sedimentary responses to climate forcing are likely attenuated.

1. Introduction

Understanding landscape response to climate change is among the key problems in the geosciences today,
particularly as global warming is expected to influence not only temperature patterns worldwide but also
precipitation patterns and intensity [Trenberth, 2011] and flood magnitudes [Knox, 1993]. Although general the-
ories regarding orogen-scale responses to climate forcing over millions of years have existed for decades [e.g.,
Koons, 1990; Beaumont et al., 1992; Willett, 1999; Hoth et al., 2006; Whipple and Meade, 2006], promising field
demonstrations have been limited to where secondary effects like base-level fall have triggered an orogen-
scale response [e.g., Ballato et al,, 2015]. Landscape responses to millennial-scale climate shifts may be even
more complex, as local factors including soil properties, vegetation cover, lithology, storm frequency, and land-
scape history all influence short-term fluctuations in erosion and sediment transport [Blum and Térnqvist, 2000;
Bull, 1991; Tucker and Slingerland, 1997; Istanbulluoglu and Bras, 2006; Acosta et al., 2015; Scherler et al., 2015].
One empirical approach to better understanding responses to higher-frequency climate shifts is to reconstruct
past changes in erosion rates and processes from sediments within fluvial fill terraces, particularly as terrace for-
mation is often associated with millennial-scale climate shifts [Bull, 1991]. The Central Andes are a promising
location for such studies, with thick fill terraces preserved along the steep flanks of the Andean Plateau and
within the intermontane basins of the Eastern Cordillera [Robinson et al., 2005; Sancho et al,, 2008; Spencer
and Robinson, 2008; Pingel et al., 2013] (Figure 1a), and precipitation regimes that can change suddenly as a
result of small shifts in the sharp precipitation gradients [Bookhagen and Strecker, 2008] (Figure 1b).
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Figure 1. Topography and precipitation of the Central Andes. (a) Topography and bathymetry from ETOPO1 data set. Stars
mark locations of paleolake record sites: salars de Coipasa, Poopo, and Uyuni. Ellipses mark locations of western Central

Andes fill terrace studies (Pisco and Majes valleys). Catchment of the Humahuaca Basin is outlined in black. (b) Precipitation
from TRMM2B31 [Bookhagen and Strecker, 2008]. (c) Map of South America. Yellow box shows boundaries of Figures 1a and 1b.

In the western Central Andes, fill terrace formation has been commonly linked to wetter climate periods dur-
ing the late Quaternary [e.g., Fontugne et al., 1999; Keefer et al., 2003; Magilligan and Goldstein, 2001; Nester
et al.,, 2007; Magilligan et al., 2008; Steffen et al., 2009, 2010; Bekaddour et al., 2014]. In both the western
and eastern Central Andes, fluvial aggradation has been explained as a result of increased hillslope erosion
related to mass movements [Tchilinguirian and Pereyra, 2001; Steffen et al.,, 2009, 2010; Bekaddour et al.,
2014] or an increase in periglacial weathering [May and Soler, 2010]. A recent study that links a series of large
landslides in southern Peru to the “Ouki” wet climatic interval of ~120 to 100 ka [Margirier et al., 2015] sup-
ports the importance of sudden mass movements. However, McPhillips et al. [2014] interpreted cosmogenic
nuclide data from southern Peru to indicate no increased frequency of landslides during a past wet period,
and instead suggested that landslides were primarily driven by seismic activity, which has not changed with
time above the active subduction zone.

In the eastern Central Andes, a number of large landslide deposits in the NW Argentine Andes were corre-
lated with past wetter climate periods [Trauth et al., 2000, 2003]. Later work raised the possibility that mixing
with Tertiary marls may have compromised the 'C ages for those landslides, but '°Be exposure dates
confirmed that the landslides indeed cluster during wetter periods [Hermanns et al., 2004]. Only a few large
landslides in NW Argentina have been associated with tectonic forcing [Hermanns and Strecker, 1999; Wayne,
1999], but those are currently undated. Dated fill terraces in the region are limited to the Humahuaca Basin
(Figure 1), where the timing of aggradation based on seven OSL dates and two '*C dates spans both wetter
and drier climate phases [Robinson et al., 2005; Sancho et al., 2008; Spencer and Robinson, 2008; Pingel et al.,
2013]. One possible explanation for the lack of a consistent climate-related signal is that the subcatchments
have different responses following a change in climate, such as may arise if they have differing thresholds for
fluvial incision [Molnar, 2001; Lague et al., 2005; Molnar et al., 2006; DiBiase and Whipple, 2012], differing
vegetation cover [Tucker and Slingerland, 1997; Acosta et al., 2015], or differing thresholds to hillslope erosion
[Montgomery and Dietrich, 1992]. Alternatively, the basin geometry and connectivity may buffer or
temporarily block sediment movement, resulting in mismatches between the timing of external forcing
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and sedimentary responses [e.g., Meade, 1982; Fryirs et al, 2007a; Savi et al., 2013; Bracken et al., 2015].
Intermontane basins like Humahuaca may be particularly susceptible to such phenomena, as tectonic defor-
mation and variations in bedrock erodibility can lead to a juxtaposition of open valleys and narrow bedrock
gorges, which in turn can critically influence sediment transport times [Fryirs et al., 2007b; Cavalli et al., 2013].
Local tectonic activity may be superimposed on any of these, triggering sudden mass movements or local
river aggradation/incision.

To better understand the production and transport of sediment in the Humahuaca Basin and their possible
relationships with climatic and tectonic forcing, we analyze sediments from the late Pleistocene fill terraces
and from the modern tributary channels. Specifically, we (1) expand the existing chronology on the timing
of sediment aggradation and incision with new optically stimulated luminescence and cosmogenic '°Be
exposure ages, (2) investigate changes in erosion rates over time using '°Be, and (3) evaluate grain size
dependencies in the '°Be-derived catchment mean erosion rates as a proxy for changes in erosion processes.
We show how detailed dating and an analysis of erosion processes can help to distinguish among various
potential forcing factors and determine what aspects of the system are most important in controlling the
landscape response to that forcing.

2. Tectonic, Geomorphic, and Climatic Setting of the Humahuaca Basin

The intermontane Humahuaca Basin lies within the Eastern Cordillera of the southern Central Andes along the
eastern margin of the Puna Plateau, which is the southern sector of the Altiplano-Puna Plateau (Figure 1). Near
the latitude of the Humahuaca Basin (22.5-24°S), deformation affected the Eastern Cordillera during the
Miocene-Pliocene, dividing the formerly contiguous foreland into a series of intermontane basins that are sepa-
rated by local range uplifts (reviewed in Strecker et al. [2007, 2009]). Eastward propagating deformation uplifted
the eastern side of the Humahuaca Basin (the Tilcara ranges) between 6 and 4.2 Ma [Pingel et al., 2013, 2014].
Basement rocks exposed along the basin-bounding ranges include the Late Proterozoic to early Palaeozoic
low-grade metasediments of the Puncoviscana Formation [Turner, 1960; Omarini, 1983; Aparicio Gonzdlez
et al, 2014], which are rich in centimeter-scale quartz veins. These units are superseded by Cambro-
Ordovician sandstones and quartzites of the Mesén and Santa Victoria groups [Moya, 1988; Sdnchez and
Salfity, 1999; Acenolaza, 2003], and the Late Cretaceous to Palaeogene Salta Group, which includes red fluvial
sandstone and siltstones and white marine sandstones and carbonates [Salfity, 1982; Galliski and Viramonte,
1988; Marquillas et al., 2005]. Overlying the basement rocks in the Humahuaca Basin are (1) deformed
sequences of variably consolidated, late Miocene to Pliocene conglomerates and sandstones, with remnants
exposed in a 2 to 3km wide swath along the lowermost slopes on the west side of the valley [Kiihn, 1923;
Castellanos, 1950; Marshall et al., 1982; Salfity et al., 1984; Walther et al., 1998; Pingel et al., 2013] and (2) conglom-
eratic Pleistocene terrace fills along tributary valleys that commonly exceed 100 m in thickness and are several
kilometers in length [Tchilinguirian and Pereyra, 2001; Robinson et al., 2005; Sancho et al.,, 2008; May and Soler,
2010; Pingel et al., 2013]. Deformation has continued at least through the late Pleistocene within the basin, as
documented by several tens of meters of offset of the late Pleistocene fills along thrust faults on both sides
of the valley [Sancho et al., 2008; Pingel et al., 2013; Streit et al., 2015] and by folding of Pleistocene basin strata
[Salfity et al., 1984; Marrett et al., 1994; Sancho et al., 2008; Pingel et al., 2013].

The deformation history and bedrock lithology have left distinct signatures in the tributary valley morphol-
ogy and sedimentation patterns. While most of the western tributaries are oriented perpendicular (E-W) to
the valley trunk stream (the southward flowing Rio Grande), the eastern tributaries extend only a short dis-
tance upstream from the trunk stream through narrow bedrock gorges (in places only a few meters wide)
before turning sharply to the north or south (Figures 2 and 3). There are commonly meter-scale boulders
wedged within the gorges (Figure 3d). Differences in river steepness (ks,,) values are also prominent, with a
dominance of very low values in the east (despite a wide spread of values) contrasting with more moderate
values and a more limited range in the west (Figure 2c). The upper, N-S oriented reaches of the eastern tribu-
tary channels occupy perched sedimentary basins (Figures 3a and 3b). We have not estimated the volumes of
the sediment in the perched basins, but they appear to be significantly larger than the volumes of the down-
stream fill terraces (e.g., Figure 3b). The sediment in the perched basins is similar to that in fill terraces at the
tributary junctions with the valley trunk stream: poorly sorted layers of several centimeters to decimeters
thickness that are dominated by subrounded to subangular clasts with scarce layers of sand. Locally, the fills
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Figure 2. Topography, precipitation, and river steepness maps of the Humahuaca Basin. (a) Digital elevation model from
Shuttle Radar Topography Mission (SRTM) data. White circles show 08¢ sample locations; green circles show OSL sample
locations. Subcatchments in white shading show areas draining to sample locations. For zoomed view with each sample
labeled, see supporting information Figure S1. YAC: Yacoraite; HUE: Huerta; TIL: Tilcara; JUE: Juella; HUI: Huichaira; PUR:
Purmamarca; and TUM: Tumbaya. (b) Yearly rainfall from TRMM2B31 data calibrated to rain-station data [Bookhagen and
Strecker, 2008]. (c) Normalized river steepness index (ksn) values calculated with a reference concavity of 0.45. Normalized
histograms in the upper part of the panel illustrate the distribution of ks, values for two catchments each on the west and east
sides of the valley (same abbreviations as in Figure 2a); colors in the histograms correspond to those shown in the legend.

consist of (1) organized sequences of tabular, bedded, imbricated pebble, and cobble conglomerates that
fine upward into thin horizons of granule-sized material, representing unconfined sheet flood and less
common channelized flow deposits and (2) matrix-supported boulder conglomerate horizons interbedded
with the clast-supported imbricated pebble and cobble conglomerate horizons representing alluvial fan
deposition with debris flows, mud flows, and sheet flood deposits.

The high topography of the Tilcara ranges on the eastern flank of the Humahuaca basin forms an orographic
barrier to easterly moisture-bearing winds and separates the basin from the humid foreland to the east
[Bookhagen and Strecker, 2008]. Within the Humahuaca Basin, rainfall is similar on the western and eastern
valley flanks, ranging mostly from ~40 to 600 mmyr™' (Figure 2b). Pleistocene glaciations have only affected
the 5930 m high Nevado del Chaii, in the southernmost portion of the basin (Figure 2a). Although the gen-
eral rainfall pattern has probably existed since the early Pliocene following uplift of the Tilcara ranges [Pingel
et al,, 2014], significant millennial-scale variations in precipitation have been inferred nearby from paleolake
studies on the Puna Plateau [Bobst et al., 2001; Godfrey et al., 2003; Quade et al., 2008] and the Bolivian
Altiplano [Baker et al., 2001; Fritz et al., 2004; Placzek et al., 2006]. Over the last 50 to 70 ka, wetter climate per-
iods (compared to today) have coincided with insolation maxima [Baker et al., 2001; Bobst et al., 2001; Fritz
et al.,, 2004], and as such may be at least partly coupled with the intensity of the South American Monsoon
System (SAMS) [Fritz et al., 2004] and associated increased easterly moisture transport [Ammann et al.,
2001; Godfrey et al., 2003]. The orbital control is less pronounced prior to 70ka [Bobst et al., 2001; Fritz
et al., 2004; Placzek et al., 2006]. Variations in precipitation likely affected the Humahuaca Basin as well, as
enhanced contrast in the heating of the Southern and Northern Hemisphere associated with higher intensity
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Foreland

Figure 3. Google Earth images and field photos illustrating differences in catchment morphology on the western and
eastern sides of the Humahuaca Basin. (a) Overview of basin, looking NW. The thrust fault that is dashed is buried; the one
with the solid line has been active since the late Pleistocene. (b) Tilcara tributary with upstream perched basin. Fault cuts the
late Pleistocene fill terrace. (c) Tumbaya tributary with thrust fault cutting the late Pleistocene terrace. (d) Tilcara gorge with
large boulder (person standing on boulder for scale), facing downstream. (e) Outlet of Tilcara gorge, looking upstream.

of the SAMS drives strengthened upper air easterlies, providing more moisture to the Eastern Cordillera and
the Altiplano-Puna [Garreaud et al., 2003; Vera et al., 2006; Boers et al, 2013]. Convective storms in the
Humahuaca region are also influenced by the South Atlantic Convergence Zone (SACZ) [Vera et al., 2006;
Barros et al., 2000; Boers et al.,, 2015], with a strengthened and northward displaced SACZ associated with
greater precipitation in NW Argentina [Barros et al., 2000].

3. Methods
3.1. OSL Dating of Fill Terrace Sediments
We used optically stimulated luminescence (OSL) to date the timing of sediment deposition within the fill ter-

races. Bleaching of sediment prior to burial ensures that any measured luminescence (residual stored charge)
from environmental radiation is related to the time since burial. Partial bleaching is known to affect fluvial
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deposits [Murray and Olley, 2002; Wallinga et al., 2002; Spencer et al., 2003; Thomsen et al., 2007; Rittenour,
2008; Arnold and Roberts, 2009; Rhodes, 2011] and is often a concern in depositional settings proximal to
the source area, where sediment transport time is short. Robinson et al. [2005] suggested that four main
facies achieve bleaching in these environments, and they were targets for our OSL sampling: thin, laterally
discontinuous windblown deposits on the top of coarse-grained fluvial bars; laterally continuous or locally
pervasive loess horizons; medium-grained, medium to well sorted fluvial bar-top and chute-channel fill
deposits; and medium to coarse-grained alluvial fan sheet-flow deposits. Samples were collected in black
PVC tubes and environmental radiation (related to U, Th, and K concentrations) was measured in situ for
30 min using an EG&G ORTEC MicroNOMAD gamma spectrometer. Samples were collected from both
depth profiles and from exposed walls of the terraces to ensure that samples span the full range of
aggradation periods. Details of sample preparation procedures in the laboratory and analyses can be found
in the supporting information.

3.2. Cosmogenic Exposure Dating and Erosion Rates

We measured the concentration of the cosmogenic nuclide '°Be in quartz to determine exposure ages of the
terraces, catchment mean erosion rates from modern sediment and fill terrace sediment, and bedrock ero-
sion rates. Although concentrations of '°Be in sediment provide “denudation” rates (the removal of mass
by physical and chemical weathering processes), we employ the more commonly used term “erosion”
[Summerfield, 1991]. Because most of the bedrock in the basin is characterized by the quartz vein-rich
Puncoviscana Formation and the sandstones and quartzites of the Mesdn Group, the region is well suited
to measuring '°Be. Details of sample preparation techniques in the laboratory and accelerator mass spectro-
metry analysis for the '°Be samples can be found in the supporting information.

We collected depth profiles of '°Be samples consisting of between 2 and 9 samples within the upper 2 m of
terrace surfaces to constrain their exposure age and the inherited nuclide concentration (nuclides accumu-
lated prior to deposition [Anderson et al., 1996]). Depth profiles were dug into stable, undisturbed, subhori-
zontal surfaces away from terrace margins and far from surrounding higher topography that might lead to
periodic or sustained surface burial. Profiles on the west side of the valley include YAC (Yacoraite tributary),
TUM (Tumbaya tributary), PUR (Purmamarca tributary), and Pit5 (Yacoraite tributary). Pit1, Pit2, Pit3, and
Pit4 are on the east side at the outlet of the Rio de la Huerta valley (“HUE” in Figure 2). The locations at Rio
de la Huerta were selected atop distinct fill units whose surfaces lie at different elevations, with Pit1 sampling
the highest (presumably stratigraphically oldest) unit and Pit2, Pit3, and Pit4 sampling successively lower
units. Exact depth profile locations are shown in Figure S1 in the supporting information. Samples from depth
profiles YAC, TUM, and PUR consisted of amalgamations of 40 to 50 pebbles between 1 and 4 cm diameter,
while those of Pit1 through Pit5 consisted of 40 to 50 clasts between 5 and 10 cm diameter.

To estimate the inherited concentration of '°Be and to calculate a terrace exposure age, we used the Monte
Carlo simulator created by Hidy et al. [2010]. In running the simulations, we assumed a range of densities of
1.6 to 2.0gcm— (results only differed by a few percent compared to a range of 1.6 to 1.8gcm™>) and an
attenuation length scale of 160+5gcm 2. On the terrace surfaces we sampled, there are commonly well-
developed desert pavements, comprising a surface layer of tightly interlocked clasts overlying a layer of
fine-grained sand and silt up to several decimeters thick. Such surfaces are commonly interpreted to have
experienced inflation over time, with aeolian material accumulating beneath the uppermost layer of clasts,
which are passively uplifted during the accumulation [e.g., McFadden et al., 1987; Scherler et al., 2014b]. To
simulate inflation of those surfaces, we applied a constant negative erosion rate and a total (negative) erosion
threshold equal to the thickness of the fine-grained unit. We excluded the surface sample from the simulation
(as required by the simulator for inflating surfaces), but later used that sample to independently estimate a
surface exposure age after subtracting the estimated inherited concentration. Nonconstant inflation may
affect the calculated exposure age [e.g., Scherler et al.,, 2014b] but can be evaluated to a first order based
on comparison with the exposure age derived from the surface sample. By default, the simulator calculates
exposure ages based on a constant, site-specific production rate. Therefore, after running the simulator,
we input the most probable surface concentration into the CRONUS online calculator version 2.2 [Balco
et al, 2008] to determine the time-dependent “Lm” production rate over the approximately correct time
interval. We then reran the Monte Carlo simulator with the time-dependent production rate to obtain a more
accurate estimate of the exposure age and inherited concentration.
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Table 1. OSL Results

CosmicDose  TotalDose

H,0P Rate® Rate MeanAge?  MAMAge®
Sample Name  ShortName N? U(ppm) Th(ppm) K(ppm) (%) (mGyaq) (mGyaq) De(Gyr) (ka) (ka)
HOR110204-77 HOR-77 34 215+0.12 1033+£030 1.76%0.03 0.70 0.05 3.00+£0.15 97.2+9.7 324+36 n/a
HUE060303-29 HUE-29 16 191+£0.12 11.85+£0.32 1.54+003 11.32 0.03 2.81+£0.15 2182+7.2 n/a 107.8+9.4
HUE060303-30 HUE-30 46 2.25+0.12 9.10%0.28 1.53+0.03 2.31 0.26 292+0.16 103.8+3.6 356+23 n/a
HUE070303-31 HUE-31 88 276+0.13 11.78+0.32 225%+0.03 0.77 0.12 3.78+£0.16 2409+11.1 63.8+3.9 n/a
HUE070303-32 HUE-32 13 212+£0.11 736+025 1.09+002 11.49 0.29 238+0.16 1720+£125 722+7.1 n/a
HUE070303-33 HUE-33 28 1.90+0.11 729+025 1.19+0.02 8.64 0.29 242+0.16 217.2+12.1 n/a 89.9+7.7
HUE080803-34 HUE-34 23 222+0.12 8.75+0.28 1.16+0.02 0.00 0.29 256+0.16 928+13.7 n/a 36.2+58
HUE310104-57 HUE-57 19 269+0.13 10.14+030 1.72+0.03 3.90 0.21 323+0.16 303.6+245 941189 n/a
HUE010204-60 HUE-60 35 209+0.12 9.71+029 1.79+0.03 5.00 0.03 294+0.15 218.0+25.7 742+96 n/a
HUE010204-61 HUE-61 10 223+£0.12 10.64+£0.31 1.80+0.03 0.55 0.01 3.04+£0.15 2474+353 815+123 n/a
HUE010204-62 HUE-62 24 203+0.11 828+0.27 155+0.03 0.83 0.20 2.77+0.15 2320+149 839+7.2 n/a
HUE020204-64 HUE-64 31 1.88+0.11 9.05+0.28 1.54+0.03 4.20 0.01 259+0.15 1468+94  56.6+4.9 n/a
HUE020204-65 HUE-65 16 242+0.12 9.26%0.28 1.65+0.03 0.00 0.07 290+£0.15 2943+175 101.6x8.1 n/a
HUI270104-47 HUI-47 80 201+0.12 920+0.28 191+0.03 0.80 0.16 3.14+0.15 1286+ 11.1 n/a 41.0+4.1
HUI270104-48 HUI-48 46 2171041 9.28 £0.95 1.90+£0.09 240 0.09 3.10£0.19 159.0+14.6 n/a 514157
HUI270104-49 HUI-49 48 251+£0.13 990%£0.29 2.15%0.03 0.50 0.02 3.39+£0.15 1848+7.8 545+34 n/a
HUI270104-50 HUI-50 48 1.83+0.12 828+029 1.61+0.03 085 0.01 259+0.15 1536+7.7 n/a 59.3+46
JUE090303-37 JUE-37 12 211+£0.12 9.80%0.29 1.51+0.03 0.40 0.05 270+£0.15 1759+120 651158 n/a
JUE090303-38 JUE-38 12 197+£0.12 9.81x0.29 1.73£0.03 0.14 0.01 284+£0.15 119.7+147 42157 n/a
JUE090303-39 JUE-39 23 1.90+0.13 9.21+0.25 1.77+0.02 0.80 0.06 290+0.15 135.5%95 472+4.2 n/a
TILC040303-21 TILC-21 26 248+0.12 952+029 206+0.03 0.82 0.03 328+0.15 2758+88  84.1+4.8 n/a
TILCO40303-22 TILC-22 20 238+024 1049+£052 220z£0.11 1.80 0.25 361+£0.18 2485+169 n/a 68.8+5.8
TILC260104-44 TILC-44 36 238+0.12 10.16+030 2.14+0.03 0.00 0.04 339+0.15 2459+94  725+43 n/a
YAC240303-02 YAC-02 24 217+011 7.63+026 132+0.02 5.00 0.03 236+£0.15 107.7+132 456+6.3 n/a
YAC240303-03 YAC-03 56 152+0.10 6.30+0.23 117+0.02 0.64 0.01 1.96+0.15 225.7+204 n/a 115.1+£13.7
YAC011303-42 YAC-42 49 180+0.11 929+0.28 1.60+0.03 1.28 0.27 290+0.16 2883+ 36.6 n/a 99.5+13.7
YAC080303-35 YAC-35 29 144+010 6.76+024 099+0.02 025 0.14 1.92+0.15 107.6+5.7 56.0+54 n/a
YAC080303-36 YAC-36 43 196+0.12 9.86%0.29 1.40+0.03 2.89 0.29 280+0.16 704+73 n/a 25.1+£3.0
YAC040204-67 YAC-67 43 1.82+0.12 9.94+029 148+0.03 0.0 0.02 2.58+0.15 1229482 47.0+43 n/a

@Number of replicated D, estimates.
Percent moisture compared to dry weight. Uncertainty taken as 5%.

“Cosmic dose rate calculated assuming constant burial depth using method described in Prescott and Hutton [1994]. Uncertainty taken as 10%.
D, and ages calculated using mean De.

eDe and ages calculated using mean value of first age cluster from finite age model and the relative error (MAM) [Galbraith et al., 1999].

To determine modern and paleo-catchment mean erosion rates [e.g., Bierman and Steig, 1996; Granger et al.,
1996; von Blanckenburg, 2005], we measured the concentration of '°Be in samples of detrital sand and peb-
bles from modern channels and fill terraces in tributary catchments that range in size from 17 to 948 km? with
mean slopes of 11.6 to 20.8° (Figures 2a and S1). From the modern channels, we collected samples at least
several tens of meters away from any fill terraces. From the fill terraces, we collected samples from recently
exposed walls that were at least several tens of meters below the terrace surface, and we dug ~50 cm into the
wall before collection to avoid material with significant postdeposition nuclide accumulation. From the sand
samples, we processed the 0.25 to 0.71 mm grain size fraction. The pebble samples consisted of 50 to 60
amalgamated pebbles with diameters of 1 to 3 cm. We calculated catchment mean, time-dependent '°Be
production rates using the approach described in Scherler et al. [2014a], which implements functions within
TopoToolbox v2 [Schwanghart and Scherler, 2014]. Time-dependent production rates were calculated for
each 90m resolution pixel within the contributing drainage basin considering topographic shielding
together with “Lm” latitude and elevation scaling (from Lal [1991] modified by Stone [2000]) as within
CRONUS version 2.2 [Balco et al., 2008]. For paleo-erosion rates, we calculated time-dependent production
rates from the time of deposition [cf. Scherler et al., 2015], based on either OSL samples collected in close
proximity to the cosmogenic sample or on the surface exposure age of the terrace (Table 2). These produc-
tion rates were averaged across the catchment and used to convert '°Be concentrations into catchment
mean erosion rates. When reporting uncertainties on those rates, we consider the “external” uncertainties,
which include uncertainties in the reference '°Be production rate for spallation and in the production rate
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Figure 4. Sedimentological logs and OSL ages of alluvial fill units underlying the terraces. (a) OSL ages separated into western and eastern sides of the valley.
Locations of the logs refer to locality names shown in Figure 4a. At Rio de la Huerta, we label the highest fill unit, which we presume to be oldest, Qt1, with
subsequently lower and presumably younger fills labeled Qt2 and Qt3. Magenta circles correspond to sample locations within the section. Black wavy lines in
Yacoraite profile indicates an inferred discontinuity.

by muons [Balco et al., 2008]. When reporting and discussing results in the text, we refer to 2¢ uncertainty
limits except where noted otherwise.

We also collected three bedrock samples to determine bedrock erosion rates from the tops of convex ridges.
Those samples comprised material within the uppermost 3 cm of the bedrock surface. We calculated erosion
rates with the CRONUS online calculator version 2.2 [Balco et al., 2008] using the Lal [1991] scaling modified
by Stone [2000] and time-dependent production rates (denoted Lm).
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4, Results

4.1. Timing of Fill Terrace Aggradation
and Abandonment
4.1.1. Fill Terrace Aggradation (OSL Ages)

Age (ka) Our new OSL dates (Table 1) in the Humahuaca
0 20 40 60 80 100 120 .
wis ' ! ! : ! Basin reveal terrace fill ages of ~32 to 115ka, and
g QE —o0—- — o —o——o— ages of fine-grained material beneath the desert
L3R
W. Humahuaca, n = 14 pavement ?urfaces of ~25 to 90 ka.. We .prese.nt
® representative OSL ages and uncertainties in radial
je2}
gz W. Central Andes, n =45 plots, which simultaneously give a visual represen-
=) . .
12g= tation of data accuracy, precision and spread
a ° "’ . g
8¢ ™ e (Figure S2). Additional samples and ages of related
] units are listed in Table 1. Overall, the timing of
-4 Wet aggradation on the west side of the Humahuaca
2 31 t Basin (14 samples) tends to differ from the east
25 2 Dry side (18 samples) (Figure 4). When plotted as
© 1] stalagmite BTV3A ' ' cumulative probability distribution functions, the
et hepErl27g0) SAMS intensity peaks in ages are distinct between ~32 and 90 ka
=] " but are difficult to distinguish earlier, due to the
- 44 t s . P
S N larger uncertainties in ages and/or the limited
£ 21 t number of samples older than 90 ka (Figure 5).
© -2 )
1] Stalagmite Bt2 { o The four dated fine-grained deposits beneath
157 southern Brazil (27°5) the desert pavement surfaces (Figure 4 and
. d Wet Table 1) yield ages that are younger than the
EU 20 4 exposure ages of the surfaces below which they
a R ot were sampled (see section 4.1.2), consistent with
2 E.equatorial Atlantic ~ SACZintensity &  Dry the notion that material is aeolian and inflated
N-ward displacement )
I 5 e Wet the surfaces. As such, we do not consider those
o t dates to represent the timing of fluvial aggrada-
(%) . . .
A 923 V3040, central equatorial Atanti Dry tion, and we do not plot them in Figure 5.
‘T% i
S 920 1
€ 80 ]
= 8801 o ) Figure 5. Compilation of OSL dates of terrace sedi-
e 840 - February30°slinsolation ment and terrace '°Be exposure ages compared to
g g aak"_de paleoclimate records. (a) OSL dates are shown as
‘ET 80 Bglt;:i'a 20°9) Wet stacked probability density functions with the number
£ of samples (n) indicated. Dashed black line from
> western Andes (data from Steffen et al. [2009, 2010]),
2 orange line from east side of Humahuaca, blue line
§ from west side of Humahuaca. Beryllium-10 exposure
ages are shown as colored circles (west side in blue,
W Perennial lake  [Perennial saline lake  [Salt pan east side in orange). (b) Oxygen isotope record from
3.78+ h Poopo, Coipasa, & stalagmite BTV3A (Batuvera Cave, southern Brazil,
E Uyunipaleolakellevels, | = H“Th see Figure 1c for location) from Wang et al. [2007].
e‘é 3.74 sSitherpEolivia C (c) Oxygen isotope record from stalagmite Bt2 (also
E by :5__;?‘— Batuvera Cave) from Cruz et al. [2005]. (d and e) Sea
g 3.701 - surface temperature records [from McIntyre et al., 1989]
OJ o . .
o -~ are minimum (i.e., cold) values, hence labeled SST..
E 3.66 A Dry (f) Variations in both stable isotope and SST records are

interpreted to be dominantly controlled by insolation,
Age (ka) as illustrated in the record from Berger and Loutre
[1991]. (g) Gamma ray record from Salar de Uyuni from
Fritz et al. [2004]. (h) Paleolake highstands on the
Bolivian Altiplano from Placzek et al. [2006]. In blue
and orange shading, we highlight periods where
aggradation on the western and eastern sides of the
valley appears not to overlap.
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Figure 6. Monte Carlo simulation results of cosmogenic depth profiles. Samples shown with white circles were included in the simulation; those shown with black circles
were not. Errors plotted are 2¢. Frequency plots to the right of the depth-concentration plots illustrate simulator results using a constant production rate (colored yellow)
and using a time-dependent production rate (colored blue). In our interpretations, we only consider the results derived from the time-dependent production rate.

A few locations where we obtained multiple OSL dates from individual fill units reveal ages that are in correct
stratigraphic order; these ages help to constrain time spans and rates of aggradation. In the Rio Huichaira and
Juella tributary valleys on the west side of the Humahuaca Basin, OSL dates over ~75 m of stratigraphic thick-
ness (Figure 4) reveal similar aggradation rates of 4.3+ 1.4mkyr~' from ~59 to 41ka and 3.4+ 1.1 mkyr™"
from ~65 to 42 ka, respectively (using York et al. [2004] regressions). On the east side of the valley, a slower
aggradation rate of 1.4+ 0.6m kyr™' occurred at Tilcara from ~84 to 69 ka. Also on the east side, aggradation
rates of 0.14 +0.03 m kyr~" from ~84 to 36 ka, 1.0+ 1.0 m kyr~' from ~102 to 90 ka, and 1.5+ 1.4mkyr™' from
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Figure 7. Cosmogenic nuclide sample (a) %8¢ concentrations and (b) ero-
sion rates from modern rivers, fill terraces, and bedrock ridges. Where error
bars are not visible, the uncertainties are smaller than the plotted symbols.
The two samples from the trunk stream are from Bookhagen and Strecker
[2012]. Inherited concentration and erosion rates from depth profiles are
labeled with the profile name (Pit2, Pit4, Pit5, YAC, and TUM). Samples are
divided into west side tributay outlets, east side perched basins, and east
side tributary outlets. Uncertainties plotted are 2¢. First three letters of
catchment abbreviations at bottom correspond to labels in Figure 2a. YAC:
Yacoraite; HUE: Huerta; TIL-N: Tilcara, northern tributary; TIL-S: Tilcara,
southern tributary; TIL-M: Tilcara, main branch; PUR-E: Purmamarca, east;
PUR-W: Purmarca, west; TUM-B: Tumbaya, below tributary confluence; and
TUM-A: Tumbaya, above tributary confluence.

108 to 94 ka are recorded at Rio de la
Huerta. While these sections gener-
ally start near the base of the
exposed fills, we cannot constrain
how much aggraded material lies
beneath the present channels.

4.1.2. Cosmogenic Depth Profiles:
Terrace Abandonment and

1%Be Inheritance

All but one of our depth profiles
yielded exponentially decreasing
concentrations with depth that
allowed us to determine both expo-
sure ages and inherited concentra-
tions of '“Be. In our Monte Carlo
simulations for depth profiles YAC,
PUR, and TUM, the small analytical
uncertainties together with probable
natural scatter in the data (due to,
for example, variable inheritance)
preclude finding fits at a 25 analytical
uncertainty level. A more complex
aggradation/exposure history may
provide better fits, but uncertainties
on the final calculated exposure age
would remain large. Instead, we used
the lowest chi-square limit that per-
mitted the simulator to find fits. For
surface exposure ages, we report
Bayesian probability limits. For
nuclide inheritance, we report the
mean value with an estimated 2o
uncertainty of 50% of the mean value
based on the frequency distribution
of values (Figure 6). For consistency,
we use the same convention for all
depth profiles.

On the west side of the valley, depth
profiles YAC and Pit5 were collected
from the Yacoraite terrace. The three
samples of Pit5 yielded a most
probable age of 96.8+11.7ka and a
mean inherited concentration of
50.4+25.2x10* atomsg ™' (Figure 6
and Table S3). To find reasonable fits
for the YAC profile, one outlier sam-
ple was excluded (depth of 50cm).
The remaining samples yielded a
Bayesian most probable age of
73.6 £ 1.7 ka and mean inherited con-

centration of 13.2+6.6 x 10*atoms g™ (Figure 6 and Table S3). The exposure age calculated for the surface
sample (63.8+5.5ka, 10) agrees within 26 uncertainty limits. Four samples from the TUM depth profile on
the west side of the valley yielded an exposure age of 75.5+ 1.3 ka and mean inherited concentration of
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Table 2. Modern and Paleo-Erosion Rates From Detrital Samples and Depth Profiles

Sample Sample Mean Basin Mean Measured '%Be
Latitude  Longitude Slope Area  Elevation® Concentration® ErosionRate® ErosionRate' Unit
Sample Description (°S) (°wW) ) (kmz) (m) (103 atm 971, 16) (mm yr71, 16) (mm yr71, 10) Ageg (ka)
Yacoraite
YAC? Terrace —23.3775 —65.3430 123 948 3835 132.4+33.10 0.187+0.047 0.218+0.055 752
qtzt pebbles
Pit5% Terrace clasts —23.3780 —65.3403 123 948 3835 503.8+126.0 0.053+0.013  0.071+0.01775 952
12YACO03 Terrace sand —23.3776 —65.3444 12.3 948 3835 755.5+6.796 0.036+0.003 0.040+0.003 752
12YACO5 Modern —23.3795 —65.3463 12.3 948 3835 342.4+3.887 0.076+0.006 - -
qtzt pebbles
12YACO06 Modern —23.3795 —65.3463 12.3 948 3835 502.4+6.242 0.053+0.005 - -
qtz pebbles
12YACO07 Modern sand —23.3795 —65.3463 123 948 3835 1014.1+£7.411 0.027+0.002 - -
STR-23° Modern sand -23.3772 -65.3553 12.6 946 3830 791.8+8.900 0.039+0.003 - -
Purmamarca (East)
12PURO1-A Modern —23.6589 —65.5423 184 49 3623 553.2+4.947 0.044+0.003 - -
qtz pebbles
12PUR01-B Modern —23.6589 —65.5423 184 49 3623 335.8+3.004 0.070+0.005 = °
qtzt pebbles
12PUR01-C Modern sand —23.6589 —65.5423 184 49 3623 407.94£3.135 0.059+0.005 - -
12PUR02 Terrace —23.6834 —65.5440 184 49 3623 20.04+0.300 1.079+0.082 1.135+0.086 50!
coarse sand
12PUR03 Terrace —23.6740 —65.5460 18.4 49 3623 5.221+0.283 4.195+0.385 4.358+0.402 50"
qtzt pebbles
Purmamarca (West)
12PUR04 Modern sand —23.6012 —65.5661 20.5 17 4199 118.8+£1.069 0.242+0.019 - -
12PUR05 Modern —23.6012 —65.5661 20.5 17 4199 84.21+1.487 0.335+0.026 - -
qtzt pebbles
PUR? Terrace —23.6618 —65.5778  20.8 33 3884 13.40+3.350 1.986+0.497 1.833+0.508 97°
qtzt pebbles
Tumbaya (Below Confluence With Tributary)
TUM?® Terrace —23.8177 —65.5028 19.1 99 3834 32.50+8.125 0.737+0.184 0.908+0.115 752
qtzt pebbles
12TUMO04 Modern sand —23.8144 —65.5197 19.1 29 3834 317.0+£2.806 0.082+0.006 - -
12TUMO05 Modern —23.8144 —65.5197 19.1 99 3834 62.32+0.649 0.389+0.030 - -
qtzt pebbles
12TUMO06 Terrace —23.8126 —65.5224 19.1 29 3834 121.7£1.260 0.205+0.016 0.240+0.019 752
qtzt pebbles
12TUMO7 Terrace —23.8126 —65.5224 19.1 29 3834 339.3+3.362 0.077+0.006 0.087+0.007 752
qtzt pebbles
Tumbaya (Above Confluence With Tributary)
12TUMO02 Modern sand —23.8115 —65.5326 18.5 86 3918 326.0+3.624 0.083+0.007 - -
12TUMO3 Modern —238115 —65.5326 18.5 86 3918 118.1£1.400 0.219+0.022 - -
qtzt pebbles
12TUMO3B Modern —23.8115 —65.5326 18.5 86 3918 45.97+0.529 0.541+0.041 - -
qtz pebbles
Huacalera
13HUEO1 Modern sand —23.4552  —65.3350 17.6 183 3936 1383£11.13 0.021+0.002 - -
13HUE02 Modern —234552 —65.3350 17.6 183 3936 1224+16.12 0.024+0.002 - -
qtzt pebbles
13HUEO3 Terrace —23.4501 —65.3454 17.6 183 3936 491.949.037 0.057+0.005 0.066+0.005 80"
pebbles
13HUE04 Terrace —23.4501 —65.3454 17.6 183 3936 537.1£8.972 0.052+0.004 0.061+0.005 80"
qtzt pebbles
pit2? Terrace —23.4544  —65.3430 17.6 183 3936 657.2+164.3 0.043+0.011 0.051+0.007 11 82
pebbles
Pit4® Terrace —23.4495 —65.3459 17.6 183 3936 195.2+48.93 0.135+0.034  0.183+0.04575 402
pebbles
Tilcara (Main Stem)
13TILO1 Terrace sand —23.5859 —65.3947 16.3 116 3794 425.4+4.811 0.061+0.005 0.071+0.006 80"
13TILO2 Terrace sand —23.5859 —65.3949 16.3 116 3794 787.9+10.14 0.034+0.003 0.040+0.003 80"
13TILO3 Terrace pebbles —23.5859  —65.3949 16.3 116 3794 565.8+7.664 0.047+0.004 0.054+0.004 80’
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Table 2. (continued)
Sample Sample Mean  Basin Mean Measured '%Be
Latitude Longitude Slope Area Elevation®  Concentration ErosionRate® ErosionRate’ Unit

Sample Description °S) (°wW) ©) (kmz) (m) (103 atm 971, 16) (mm yr71, 16) (mm yr71, 10) Ageg (ka)
13TILO4 Modern sand —23.5936 —65.3825 16.3 116 3794 744.0+8.395 0.036+0.003 - -
13TILO5 Modern qtzt —23.5936 —65.3825 16.3 116 3794 400.2+£5.676 0.065+0.005 - -

pebbles

Tilcara (Northern Tributary)

13TILO6 Modern qtzt —23.5958 —65.3712 15.0 68 3839 826.0+£25.11 0.034+0.003 - -

pebbles
13TILO7 Modern sand —23.5958 —65.3712 15.0 68 3839 1568+34.61 0.018+0.002 - -
13TILO8 Terrace qtzt —23.5962 —65.3716 15.0 68 3839 78.98+1.513 0.310+0.024 0.372+0.029 80’

pebbles

Tilcara (Southern Tributary)

13TILO9 Modern sand —23.5963 —65.3720 184 48 3750 543.9+8.376 0.048+0.004 - -
13TIL10 Modern qgtzt —23.5963 —65.3720 18.4 48 3750 294.9+4.692 0.085+0.007 - -

pebbles

Bedrock Erosion Rates
12PUR08 Puncoviscano (qtz) —23.6577 —65.5818 - - 3205 598.4+5.291 0.038+0.003 - -
12TUMO08 Meson Group —23.8222  —65.4983 - - 2445 379.9+3.429 0.040+0.003 - -
(qtzt)
12TUMO09 Puncoviscano (qtz) —23.8075 —65.5062 - - 2455 244.3+2.169 0.061+0.004 - -
Rio Grande

STR-21 B Modern sand —24.0346 —65.4302 155 5903 3670 755.5+£10.17 0.038+0.003 - -
STR—24b Modern sand —23.7301 —65.4648 13.8 4427 3730 511.1+£8.450 0.055+0.004 - -

ZErosion rate calculated from the best fit inherited concentration of the depth profile following Monte Carlo simulations.
Sample published in Bookhagen and Strecker [2012].

“Catchment mean elevation for detrital samples, local sample site elevation for bedrock samples
Blank-corrected values. Blank uncertainty propagated into total uncertainty.

e . . . . .

Erosion rates calculated with time-dependent production rate assuming all samples have zero age.

Erosion rates calculated with time-dependent production rate based on the age of the d?gosit (see text for details).

9Age assumed to be zero for modern samples; terrace sample age based on nearby OSL/'“C date (1) or

Be exposure age (2).

33+1.7x10%atomsg™"' (Figure 6 and Table S3). The exposure age calculated from the surface sample
(80.0+6.9ka, 10) agrees within 1o uncertainty limits. The two-sample profile at PUR yielded an exposure
age of 97.0+21.9ka and a mean inherited concentration of 1.34+0.7 x 10%atoms g™~ (Figure 6 and Table S3).

On the east side of the valley near the outlet of Rio de la Huerta valley, Pit2 and Pit4 yielded three consecutive
samples showing decreasing concentrations with depth. They resulted in Bayesian most probable ages of
118 +8.7 ka (Pit 2) and 39.3 + 5.4 ka (Pit4), and mean inherited '°Be concentrations of 65.7 +32.8 x 10*atoms g~
(Pit 2) and 19.6 +9.8 x 10*atoms g~ (Pit 4) (Figure 6 and Table $3). From Pit3, the top two samples show
decreasing concentrations with depth, but the bottom sample shows a higher concentration. After exclud-
ing the lowermost sample, we found a Bayesian most probable age of 67.8 + 14ka and a mean inherited
concentration of ~68x10%*atomsg ™" (with a larger uncertainty compared to the other pits, Figure 6).
Despite the larger uncertainties associated with the Pit3 results, the age is in the correct presumed strati-
graphic order, and the mean inherited concentration is within the same order of magnitude as Pit2 and
Pit4. Pit1 yielded a more variable pattern of %Be concentrations with depth (Table $2), which is inadequate
to constrain an exponential trend.

4.2, Catchment Mean and Bedrock Erosion Rates

The '°Be concentrations that we measured for our modern and terrace sediment detrital samples span three
orders of magnitude, from ~5 x 10* to 1568 x 10%atoms g~". Overall, for individual catchments, the pebble
samples yield lower concentrations compared to sand, and the catchments on the west side yield a much
wider range of concentrations compared to those in the east (Figure 7a). We discuss these patterns in more
detail after converting the concentrations to erosion rates (Figure 7b).

4.2.1. Modern Erosion Rates

From the modern channels, sand samples yield catchment mean erosion rates ranging from ~0.02 to
0.24mmyr~, while pebble samples yield rates ranging from ~0.02 to 0.54 mmyr~' (Table 2). Uncertainties
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(10) range from ~7 to 11%. Overall, rates are higher on the west side, with sand averaging 0.09 mmyr~"' and
pebbles averaging 0.22 mmyr~', versus 0.03 mmyr~' for sand and 0.05 mmyr ™" for pebbles on the east side
(Figure 7b). When comparing results for a single catchment, pebbles generally (with only one exception) yield
higher mean erosion rates compared to sand (Figure 7b). Two previously published sand samples taken from
near the Humahuaca Basin outlet yielded erosion rates of 0.038 + 0.006 mm yr~" (sample STR-21) and 0.055
+0.008 mmyr~' (sample STR-24) [Bookhagen and Strecker, 2012]. Those rates are similar to the three bedrock
erosion rates, which range from 0.038 +0.006 to 0.061+0.008 mmyr~' (2, Table 2 and Figure 7b).

4.2.2. Paleo-Erosion Rates From Fill Terrace Sediments

Sand layers are uncommon within the fill terraces, so most of our paleo-erosion rates are derived from
pebbles or from our estimates of inherited '°Be concentrations in the depth profiles (Table 2). Although
we present the paleo-erosion rates assuming both a zero age and a measured age of the deposit (Table 2),
we only discuss the latter rates. We present the zero-age rates solely to illustrate the importance of correcting
for the sediment age for some samples, as differences between the two rates range from ~3 to 35%.

On the west side of the valley, paleo-erosion rates span 2 orders of magnitude, from ~0.04 to 44 mmyr™", which
often greatly exceed and sometimes overlap with modern erosion rates (Table 2 and Figure 7b). In contrast, on the
east side of the valley, paleo-erosion rates largely overlap with erosion rates from modern samples, with rates
below or within uncertainty of 0.1 mmyr~' (Figure 7b). One exception to this pattern on the east side is the rela-
tively high pebble paleo-erosion rate of 0.37 +0.03mmyr~' from the perched basin upstream from the bedrock
gorge in Tilcara (13TILO8, Figure 7b). We assumed an age of 80 ka for that deposit to calculate the paleo-erosion
rate (similar to the aggradation age of the fill downstream); however, the age of the sediment within the perched
basin is unknown. Nonetheless, alternative late Pleistocene ages also result in higher erosion rates compared to
the zero-age estimate of 0.31+0.02 mm yr’1 (Table 2), which itself is still well above the other rates from the
east side.

5. Discussion

5.1. Sediment Aggradation and Incision Cycles in the Humahuaca Basin

The terrace exposure ages on the west side are all older than the peak in OSL dates, whereas on the east
side, one exposure age predates the broad, older peak in OSL ages and the two younger exposure ages fall
between the two peaks of OSL ages (albeit the large age uncertainties make precise comparisons difficult)
(Figure 5). Although we expect to find terrace exposure ages that postdate the OSL ages (surface exposure
postdates aggradation), the lack of younger exposure ages could relate to our sampling strategy. We tar-
geted the central portions of the terraces for depth profiles to minimize the likelihood of surface erosion.
Because even the terraces with simple morphology may comprise multiple periods of filling and incision,
our depth profile sampling would have been biased toward older generations of fills. OSL samples, in con-
trast, were most often collected from incised walls of the terrace fills along the modern channels, where
younger units are more likely exposed. Despite this potential bias in our sampling, differences in the timing
of aggradation and incision on the western and eastern sides of the valley based on OSL ages are promi-
nent, and point to multiple, antiphased periods of aggradation and incision along the tributary valleys.
This antiphased timing in turn implies that the triggers for the main aggradation phases are likely to have
arisen within the tributary valleys themselves, rather than being a response to aggradation along the trunk
stream (the Rio Grande).

With respect to late Pleistocene regional paleoclimate records, on the west side of the Humahuaca Basin,
aggradation coincided with periods of increasing intensity of the South American Monsoon System
(SAMS), which is marked by decreasing 5'0 in stalagmites from southern Brazil (Figure 5) [Cruz et al.,
2005; Wang et al., 2007]. There are no millennial-scale climate archives that directly record variations in the
South Atlantic Convergence Zone (SACZ). Nonetheless, modern rainfall anomalies in NW Argentina are asso-
ciated with a strengthened and northward displaced SACZ [Barros et al., 2000; Boers et al., 2015], phenomena
that tend to occur together and are associated with negative sea surface temperature (SST) anomalies in the
equatorial Atlantic [Barros et al., 2000]. Those negative SST anomalies in turn are correlated with enhanced
easterlies [Mcintyre et al., 1989; Molfino and Mcintyre, 1990] and show strong positive correlations with periods
of high insolation over the past 200 ka [McIntyre et al., 1989; Molfino and Mclintyre, 1990; Schneider et al., 1995].
The correlation between the peak in OSL dates on the west side of the valley and decreasing SSTs in the
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equatorial Atlantic (Figure 5; note the reversed SST axes) therefore points toward aggradation during increas-
ing intensity and northward displacement of the SACZ. The timing of aggradation on the west side also cor-
responds to the earlier part of the interval of perennial paleolakes in southern Bolivia [Fritz et al., 2004] and a
documented high lake level in Laguna Pozuelos on the Puna between 43 and 37 ka [McGlue et al., 2013]. As
such, aggradation on the west side occurred during periods of increasing precipitation in the region.

Conversely, on the east side of the Humahuaca Basin, the young peak in OSL ages (~30 to 40 ka) overlaps
with periods of decreasing intensity of the SAMS, decreasing intensity and southward displacement of the
SACZ, and with a declining phase of the perennial Bolivian paleolakes (Figure 5). The older, broader peak in
ages encompasses periods of both increasing and decreasing intensities of the SAMS and SACZ, and cor-
responds to more variable conditions, when precessional control on precipitation on the plateau was
apparently less strong [Bobst et al., 2001; Fritz et al., 2004; Placzek et al., 2006]. Lake levels, nonetheless,
experienced an overall decline (Figure 5). While it is difficult to relate this older peak in ages to specific
paleoclimate conditions, aggradation on the east side appears to have occurred mainly during decreasing
or variable precipitation conditions.

The peak in ages on the west side of the valley from ~40 to 60 ka corresponds to a peak in OSL ages from fill
terraces in the western Central Andes (Figure 5 and Table S1). Both that peak and an additional, younger peak
in ages in the western Andes from circa 20 to 30 ka are coeval with increasing intensity of the SAMS (Figure 5
and Table S1). Although the Holocene peak in ages has also been suggested to relate to climate forcing, the
specific climatic phenomenon that affected the region remains unclear [Steffen et al., 2009, 2010]. Overall, this
comparison with paleoclimate records illustrates that aggradation in both the western Central Andes and the
western side of Humahuaca Basin occurred during increasing precipitation, while aggradation on the eastern
side of Humahuaca occurred during decreasing or more variable precipitation.

5.2. Cosmogenic Nuclide Evidence for Landslides and Mass Movements

Both theoretical and field studies have demonstrated that cosmogenic nuclide concentrations measured
from multiple samples collected over time or from different sediment sizes can reveal information about sedi-
ment production and transport processes [e.g., Brown et al., 1995, 1998; Matmon et al., 2003; Belmont et al.,
2007; Aguilar et al., 2014; Carretier et al., 2015]. Mass movements can mobilize material from several meters
beneath the surface, which leads to a short-term pulse of sediment with low concentrations of cosmogenic
nuclides [e.g., Brown et al., 1995; Savi et al., 2014; Olen et al., 2015]. Although such localized mobilization of
low-concentration material violates the steady state erosion assumption required to convert detrital sedi-
ment nuclide concentrations into meaningful catchment mean erosion rates, it provides a potential signature
of mass wasting processes. Numerical modeling studies have illustrated that due to the stochastic nature of
landslides, detrital sediment samples in landslide-prone regions should yield a wide range of cosmogenic
erosion rates that may underestimate or overestimate true catchment mean erosion rates, particularly from
smaller basins [Niemi et al., 2005] without significant sediment storage [Yanites et al., 2009]. A similar rationale
explains how nuclide concentrations from different sediment sizes can be sensitive to landslide activity:
because landslides preferentially mobilize larger grain sizes from greater depths below the surface compared
to diffusive hillslope processes, grain size dependency in the nuclide concentrations (with lower concentra-
tions in larger grain sizes) may be diagnostic of landslide activity [e.g., Brown et al., 1995, 1998]. Several field
studies in landslide-prone regions have provided support for this inference [e.g., Brown et al., 1998; Belmont
etal.,, 2007; Aguilar et al., 2014; McPhillips et al., 2014; Puchol et al., 2014]. We use these concepts to investigate
the importance of landslides based on our cosmogenic nuclide samples from the modern channels and the
fill terraces, specifically focusing on grain size dependence and variability in the calculated erosion rates.
5.2.1. Landslide Signatures in Modern Samples

Hillslopes in the region show widespread evidence for gullying and mass movements (Figures 3 and S3). As a
result, we can examine the cosmogenic nuclide data from modern samples to gauge if our samples are sen-
sitive to mass movements. Erosion rates from the tributary sand samples mostly fall between 0.02 and
0.1 mmyr~' (Figure 7b). This range broadly overlaps with the erosion rates measured on sand samples from
the Rio Grande, whose large drainage area (~3700 km?) should make the samples relatively insensitive to
landslides [Niemi et al., 2005; Yanites et al., 2009], and it overlaps with rates from the convex bedrock ridges,
which appear to be unaffected by sudden mass wasting processes. Based on the overlapping rates, we infer
that the sand samples from the tributaries are also minimally affected by landslides. One exception is the
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higher erosion rate of 0.24+0.02mmyr~" for the sand sample 12PUR04. Its upstream catchment is the
smallest within our sample set (17 km?), which could imply that it has less effective mixing compared to
the other samples and hence is more sensitive to landslides or gullying [Niemi et al., 2005].

The amalgamated pebble samples from both the eastern and western tributaries consistently yield higher
erosion rates compared to sand collected in the same location (with only one exception: 12PUR01-A)
(Figure 7b). Many of the erosion rates from pebbles also exceed the rates measured on the convex bedrock
ridges and the trunk stream samples (Figure 7b), which are less sensitive to landslides. Because mass wasting
processes are active on modern hillslopes (Figure S3), our cosmogenic nuclide results support previous infer-
ences that larger grain sizes may record landslide activity and that grain size dependencies in erosion rates
may provide a proxy for the importance of mass movements as a hillslope process [Brown et al., 1998;
Belmont et al., 2007; Aguilar et al., 2014; McPhillips et al., 2014; Puchol et al., 2014].

5.2.2. Landslide Signatures in Fill Terrace Samples

Our cosmogenic samples collected from the fill terrace sediments give us perspective into how both paleo-
erosion rates and hillslope processes have changed over time, as they record the cosmogenic signatures of
the sediment at the time of deposition. Because the terrace fill on the west side aggraded during periods of
increasing precipitation and on the east side during periods of decreasing precipitation, the cosmogenic data
reflect processes occurring over different time periods on each side of the valley.

Our paleo-erosion rates show differences on the western and eastern sides of the basin that may reflect dif-
fering degrees of landslide activity in the past (Figure 7b). On the west side of the valley, pebble samples yield
a wide range of paleo-erosion rates, spanning 2 orders of magnitude from 0.05 to 44 mmyr~". These highly
variable (and often very high) rates likely reflect an increased importance of landslides at the time when the
terraces were aggrading compared to today. As noted, on the west side of the valley, aggradation occurred
during increasing precipitation (Figure 5). In contrast, on the east side of the valley, the paleo-erosion rates
based on pebbles largely overlap with those from modern sediments from the tributaries, modern sediments
from the trunk stream, and with erosion rates from the bedrock ridges (Figure 7b). This pattern indicates that
landslide activity today is similar to the time when the channels were aggrading, which was a time of decreasing
or variable precipitation.

There are two exceptions to this pattern. Sample 13TILO8 on the east side shows a relatively high pebble
paleo-erosion rate of 0.37+0.03mmyr~', well above the range of modern rates on that side of the valley
(Figure 7b). That sample was collected from the perched basin upstream from the bedrock gorge in
Tilcara, hinting at potentially greater past landslide activity within the perched basin. Unfortunately, due to
a lack of appropriate material for OSL or '*C dating, we do not have a depositional age on the sediment
within the perched basin. Another exception is the Yacoraite catchment (“YAC” in Figure 7), which shows a
range of paleo-erosion rates similar to those on the east side. We discuss a possible explanation for that
behavior in section 5.3.3.

5.3. External and Internal Controls on Sediment Transport and Aggradation

The antiphased timing of fill terrace formation on the western and eastern sides of the Humahuaca Basin is
intriguing with respect to potential forcing mechanisms. Although the link between wetter climate periods
and a greater importance of landslides on the west side of the Humahuaca Basin appears well documented
with our data, the absence of coeval, landslide-related fill deposits on the east side is enigmatic at first. We
consider next how changes in the balance between sediment supply and transport capacity, tectonics, and
valley geometry/connectivity may have influenced the timing and location of fluvial aggradation.

5.3.1. Changes in Sediment Supply and Fluvial Transport Capacity

Aggradation occurs when fluvial systems have insufficient capacity to transport the sediment supplied from
hillslopes [e.g., Bull, 1991]. In this section, we consider how temporal and spatial variations in both sediment
supply and fluvial transport/incision might explain our observations from the Humahuaca Basin.

In general, sudden mass wasting events like landslides and debris flows increase sediment supply relative to
transport capacity, triggering fluvial aggradation [e.g., Miller and Benda, 2000]. Aggradation has also been
shown to occur during periods of increasing precipitation without sudden mass wasting: greater rainfall
can lead to an expansion of the channel network, and the associated temporary increase in sediment supply
can in turn trigger aggradation along the main channel [Horton, 1945; Montgomery and Dietrich, 1992; Tucker
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and Slingerland, 1997]. On the other hand, both field [e.g., Bull, 1979; Acosta et al., 2015] and modeling studies
[Tucker and Slingerland, 1997] have argued that when precipitation decreases, decreasing vegetation cover
can trigger a temporary increase in sediment supply and consequent aggradation. These scenarios allow
us to explain aggradation under either decreasing or increasing precipitation conditions due to changes in
sediment supply. However, the rock types, vegetation cover, and mean slopes on the west and east sides
of the Humahuaca Basin are all very similar. Hence, it is difficult to explain why the west side might be more
sensitive to mass wasting or an expansion of the drainage network, while the east side is more sensitive to
changes in vegetation cover.

Variations in precipitation over time will affect runoff and the transport capacity of river systems. To explain the
observations from Humahuaca Basin, we must consider how it may be possible for the west and east sides to
respond differently to the same climate shift. One possibility would involve differences in the threshold for ero-
sion along river systems, which would affect their sensitivity to storm frequency: areas with high erosion thresh-
olds would only experience incision during large storm events [e.g., Tucker and Bras, 2000; Molnar, 2001; Tucker,
2004; Lague et al., 2005; Molnar et al., 2006; DiBiase and Whipple, 2012]. Although the bedrock lithology is similar
on both sides of the valley, implying a similar erosion threshold, the low river steepness values in the upper
portions of the tributaries on the east side of the valley (Figure 2c) would require a higher critical discharge to
overcome a given erosion threshold (see discussion in DiBiase and Whipple [2012]). The intriguing implication
is that if drier periods are stormier, areas with differing erosion thresholds or channel steepnesses could respond
differently to a change in climate: high-threshold, low-steepness channels would preferentially incise during
stormier times (even if mean precipitation is lower), whereas low-threshold, high-steepness channels would pre-
ferentially incise during wetter times (even if they are less stormy) [Molnar, 2001; Molnar et al., 2006; DiBiase and
Whipple, 2012]. We have no direct records of storminess during the late Pleistocene. Nonetheless, the timing of
incision and aggradation is opposite of what we would predict in this particular scenario. Aggradation (rather
than incision) occurs in the lower steepness eastern side during times of decreasing precipitation, and aggrada-
tion occurs in the higher-steepness western side during times of increasing precipitation.

Following these arguments, it is difficult to find a reason for the differences in the timing of aggradation and
incision on the western and eastern sides of the valley only considering changes in hillslope sediment supply
and river transport capacity. We next consider how tectonic activity or landscape connectivity may influence
sediment supply and transport.

5.3.2. Tectonic Influence on Sediment Cycles

Various tectonic processes may influence sediment flux. Large earthquakes can trigger landslides and create
plugs of sediment that migrate through fluvial systems [e.g., Dadson et al., 2004]. Considering the timescale of
disturbance to the sediment flux following an earthquake is typically less than a decade where it has been stu-
died in Taiwan, Papua New Guinea, and Japan [Dadson et al., 2004; Hovius et al.,, 2011; Marc et al., 2015], repeated
large earthquakes would be required to produce prolonged aggradation. Even if the response timescale is longer
in more arid environments, repeated disturbances are likely needed to produce the fill terraces in Humahuaca
Basin that aggraded over tens of kiloyears. In the eastern Central Andes, there is no precedent for seismic activity
producing extensive landslides, nor is there evidence that seismicity has differed on either side of the
Humahuaca Basin (both sides have been deformed in the late Pleistocene). Also, landslides today are well corre-
lated with years of high annual rainfall [Paolini et al., 2005]. Although we cannot reconstruct earthquake activity in
the past, the increased importance of landslides during a past period of increasing precipitation and the relatively
long duration of aggradation points to a climatic rather than seismic trigger for landslides in the area.

Alternatively, changes in drainage-divide positions related to tectonic activity or other processes could influ-
ence sediment flux, leading to river incision or aggradation [Bishop, 1995]. The relatively high relief of the
basin margins throughout the area implies that over late Pleistocene timescales, if there have been shifts
in drainage divides, they are likely to have been limited to the areas close to the divides. One exception is
the upper Yacoraite catchment, where the elevated, low-relief Casa Grande Basin (Figure 2b) appears to have
only recently been captured by the Yacoraite river. In fact, sediment provenance and stratigraphy shows that
the basin was fully isolated between 2.1 and <1.7Ma due to uplift along its eastern margin but was
recaptured by 0.8 Ma [Streit et al., 2015].

Finally, deformation along alluvial rivers induced by fault movement can trigger incision and the formation of
terraces in regions with steepened slopes, or aggradation in areas of decreased slope [e.g., Ouchi, 1985]. The
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excavation of the Pliocene and younger basin fill has been suggested to have triggered multiple episodes of
fault reactivation within the Humahuaca Basin [Pingel et al., 2013]. Indeed, fault movement has induced sev-
eral tens of meters of vertical offset of the late Pleistocene terraces on both the east and west sides of the
valley (Figures 3b and 3c) [Sancho et al., 2008; Pingel et al., 2013]. This fault movement (in both cases, the
thrusts verge upstream) could have temporarily dammed the tributaries and induced upstream aggradation,
while uplifted sediments in the hanging walls were incised. However, there are no fill terraces of more than a
few meters height (above the active channel) that are either synchronous with or postdate this fault activity.
Considering that these clearest demonstrations of late Quaternary fault movement have produced only very
small terraces, it is difficult to invoke local fault movement to explain the formation of the large (>100m
thick) fill terraces along the tributary valleys.

It is less certain whether periodic storage in the perched sedimentary basins on the east side (Figure 3a) could
relate to fault activity. Theoretically, uplift along the east-verging thrust buried beneath the perched basin fill
(Figure 3a) could have temporarily dammed the drainage system, until overtopping sediment and subse-
quent outflow could carve a new gorge into the uplifted bedrock ridge and reestablish a downstream con-
nection. However, the damming of significant volumes of sediment would require tens of meters of offset,
with the basement overriding Pleistocene sediment. Considering that we see no evidence for such a relation-
ship in the field and that the timing of aggradation on the east side is directly out of phase with past increases
in precipitation, we favor a climate-related mechanism for the damming.

5.3.3. Differing Valley Geometry and Connectivity

Differing valley geometry and connectivity on either side of the Humahuaca Basin may offer an alternative expla-
nation for our observations. If storminess did not increase during past dry phases and landslides were just as likely
to occur in the east as in the west (as we argued above), landslides were likely triggered throughout the
Humahuaca Basin during periods of increasing precipitation. In this case, on the west side of the valley, sediment
mobilized by mass movements would aggrade within the tributary valleys, particularly near their downstream
outlets. On the east side of the valley, in contrast, coeval aggradation in the near the tributary outlets did not
occur. One possible explanation is that voluminous, sudden pulses of coarse sediment (e.g. debris flows)
dammed the narrow bedrock gorges at the downstream outlets of the perched sedimentary basins
(Figures 3d and 3e), forcing most of the sediment to accumulate upstream (Figure 8a). Later, during periods of
decreasing precipitation when landslide activity was reduced, material that dammed the narrow bedrock gorges
would have been slowly removed. Sediment in the perched sedimentary basins would in turn be slowly exca-
vated, transferred downstream, and deposited where the valley width increases near the intersection with the
main valley (Figure 8b). The excavation process would provide time for the sediments stored within the perched
basins to accumulate more '°Be prior to their redeposition in the fill terraces, which could mask or even eliminate
any cosmogenic nuclide landslide signature that may have existed in the perched basin sediments [e.g., Yanites
et al,, 20091. In the model that emerges, fill terraces downstream from the narrow bedrock gorges on the east side
would tend to be out of phase with the climate forcing that drives mass movements, lack a clear '°Be landslide
signature, and have experienced slower aggradation compared to the west side. All of these predictions are con-
sistent with our observations. This model may also explain why the Yacoraite catchment on the west side, with
the large, low-relief Casa Grande Basin in its upstream reaches, shows a cosmogenic signature similar to that of
the east side. Although this model remains speculative, we emphasize that even if transient storage alone tends
to smooth out grain size dependencies in cosmogenic nuclide concentrations and delay sediment transfer down-
stream, blocking of the gorges by landslides or debris flows explains why downstream aggradation on the east
side only occurred when precipitation was decreasing.

5.4. Sedimentary Records of Landscape Response to Climate Change

Our results are consistent with previous studies linking late Pleistocene fill terraces in the Central Andes to
orbitally forced climate shifts [Steffen et al., 2009, 2010; Bekaddour et al., 2014]. Our data point to fluvial aggra-
dation during times of increasing precipitation within drainage basins with a relatively simple morphology
along the west side of Humahuaca Basin. Previous studies from the western Andes associated aggradation
with wetter climate periods [Steffen et al., 2009, 2010]. However, our comparison of the western Andean data
to paleoclimate proxy records (Figure 5) indicates that the western Andean sites in fact experienced aggra-
dation during times of increasing precipitation, rather than during peak precipitation. Together, this work
from the Central Andes supports previous inferences that transient changes in climate have the most
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Figure 8. Cartoon illustrating sediment mobilization from shallow landslides and differing timing of deposition in fill terraces
along the western and eastern sides of the valley. (a) We suggest that landslides triggered by increasing precipitation block the
narrow bedrock gorges at the downstream end of the perched sedimentary basins on the east side, leading to sediment
deposition in the perched basins. (b) In times of decreasing precipitation, the gorges on the east side become cleared of
sediment, and sediment moves from the perched basins downstream to the tributary outlets.

substantial impacts on landscapes with respect to erosion and sediment transport [Donnelly, 1982; Bull, 1991;
Tucker and Slingerland, 1997; Inman and Jenkins, 1999; Zhang et al., 2001; Molnar, 2004].

Unlike within the geometrically simple basins on the west side of Humahuaca, the timing of aggradation on
the east side, where narrow bedrock gorges facilitate damming by landslides or debris flows, correlates with
periods of decreasing precipitation. If we are correct in inferring that this valley geometry (with narrow
bedrock gorges) is a primary factor leading to the antiphased timing of downstream sediment delivery, then
larger basins that integrate areas with both well and poorly connected sediment routing geometries should
have an attenuated response to climate forcing with respect to sediment flux. Similar inferences have been
drawn from a modeling study of sediment flux through landscapes with different degrees of morphological
complexity, with greater complexity leading to larger mismatches between hillslope erosion and sediment
discharge at the outlet [Baartman et al., 2013].

6. Conclusions

Within the Humahuaca Basin of NW Argentina, our OSL ages of terrace sediments illustrate that aggradation
along tributaries on the west side of the valley primarily occurred during late Pleistocene periods of increas-
ing precipitation and on the east side during periods of decreasing or variable precipitation. Our cosmogenic
'%Be data show that although landsliding is an important process today for mobilizing sediment from
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hillslopes, it was even more important during past periods of aggradation on the west side of the valley
(when precipitation was increasing). On the east side, the pattern is more complex, with a possible signature
of landsliding in the upper perched basins but no increased importance of landslides during the downstream
aggradation (when precipitation was decreasing).

Differences in valley geometry and connectivity can explain this diachroneity in aggradation. Landslides were
likely triggered throughout the landscape when the climate was becoming wetter. We envision that the
mobilization of sediment from landslides led to aggradation in the western tributaries but to blockage of
the narrow bedrock gorges along the eastern tributaries. Later, as precipitation decreased, those blockages
were slowly removed, resulting in the remobilization of dammed sediment in the east and its redeposition
in downstream fill terraces. By integrating our data with previously published data from the western
Central Andes, it appears as if across this broad zone of arid to semiarid climates, fluvial aggradation peaked
during times of increasing precipitation, unless it was influenced by transient sediment storage. Overall, our
data illustrate how landscape connectivity can influence the timing of sediment evacuation from tributary
valleys, with both in-phase and out-of-phase responses to climate forcing within a relatively small region.
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