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Landscape evolution modeling and global compilations of exhumation data indicate that a wetter
climate, mainly through orographic rainfall, can govern the spatial distribution of erosion rates and
crustal strain across an orogenic wedge. However, detecting this link is not straightforward since these
relationships can be modulated by tectonic forcing and/or obscured by heavy-tailed frequencies of
catchment discharge. This study combines new and published along-strike average rates of catchment
erosion constrained by 1°Be and river-gauge data in the Central Andes between 28°S and 36°S. These
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data reveal a nearly identical latitudinal pattern in erosion rates on both sides of the range, reaching
Keywords: a maximum of 0.27 mmy/a near 34°S. Collectively, data on topographic and fluvial relief, variability of
erosion rate rainfall and discharge, and crustal seismicity suggest that the along-strike pattern of erosion rates in the
tectonics

southern Central Andes is largely independent of climate, but closely relates to the N-S distribution of
shallow crustal seismicity and diachronous surface uplift. The consistently high erosion rates on either
side of the orogen near 34°S imply that climate plays a secondary role in the mass flux through an
orogenic wedge where the perturbation to base level is similar on both sides.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction trolling topographic form (e.g. Willett, 1999; Whipple, 2009) and
the position of the orogenic thrust front (e.g. Lease et al., 2016;
Norton and Schlunegger, 2011).

Despite straightforward predictions by the numerical models
(Willett, 1999; Whipple, 2009), explicit field evidence support-
ing the link between climatically driven erosion and the evolu-
tion of mountain ranges has been difficult to consistently iden-
tify. The climatic influence on erosion in compressional orogens
is often clouded by tectonic deformation because of its control
of topographic relief through increased rock and/or surface up-
lift and the local base level (e.g. Balco et al., 2013; Gasparini and
Whipple, 2014; Godard et al., 2014). Also, erosion thresholds and

Global compilations suggest that climate exerts a significant
control on exhumation of rocks in active orogens (e.g. Herman et
al., 2013; Yanites and Kesler, 2015). In non-glaciated landscapes,
the premise for climatic influence on erosion is straightforward:
more precipitation increases river discharge and therefore stream
power, which leads to increased rates of fluvial incision (e.g. Ferrier
et al, 2013). Moreover, heavy rainfall can lower the threshold
hillslope gradient by increasing pore pressure and causing mass-
wasting processes and relief reduction (Bookhagen et al., 2005;
Gabet et al.,, 2004; Trauth et al., 2000). In contrast, hyperaridity can

bring erosion to a halt and lead to greater surface uplift and topo-
graphic growth if tectonic uplift is ongoing (Jordan et al., 2014;
Kober et al., 2007). Thus, when mountain ranges grow tall enough
to develop orographic precipitation and rain shadows, the climatic
patterns can enhance exhumation in the prevailing wind direction
and induce an asymmetric mass flux and crustal strain rate, con-
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discharge variability will exert a strong influence on the style of
erosion and make landscapes less sensitive to increases in runoff
(e.g. DiBiase and Whipple, 2011). In these locations, decreasing
trends in erosion rates can sometimes be observed in the direc-
tion of an increasing precipitation gradient (e.g. Balco et al., 2013;
Carretier et al., 2013). Thus, the hypothesis that orographic precip-
itation in compressional orogens causes greater exhumation needs
to be tested in a region where climatic, tectonic, topographic, and
erosion rate data are available.

We contribute to this debate by comparing along-strike ero-
sion rates in the Central Andes between 28°S and 36°S, where
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Fig. 1. Southern Central Andes. (a) Topography (SRTM, 90 m). Eastern Andean catchments sampled for CRN are outlined in red; catchments used for gauge data are outlined in
yellow with white shading and labeled with the prefix “g”. Western Andean catchments are shown in blue and correspond to Carretier et al. (2013). Depths to Wadati-Benioff
zone are shown (white contours) after Anderson et al. (2007). (b) 12-year average precipitation from Tropical Rainfall Measuring Mission (TRMM) after Bookhagen and
Strecker (2008). (c) interpolated 90th/50th percentile of daily rainfall using TRMM 3b42 (30 km resolution) from 1998 through 2014 (http://gcmd.gsfc.nasa.gov). Higher
values reflect heavy-tailed frequency distribution of rainfall rates. (d) Beach ball diagrams showing solutions of compiled and new focal mechanism data (red outline:
focal depth <20 km). An earthquake of My, 4.8 is labeled for scale (see Fig. S1 for solutions outside of map area). Background map: interpolated and filtered fluvial
steepness (ks;-normalized steepness index). Discrete ks, values were computed in batch using Stream Profiler (geomorphtools.org) for channels with drainage areas >50°
m?, normalized to a reference concavity index of 0.45, and filtered through a 50 km wide low-pass Gaussian moving-window chosen to capture broad, long-wavelength
patterns for a qualitative view. (e) Hillslope angles filtered as in d. Note the steepest hillslope and kg, areas between 32°S-34°S. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Elevation swath cross-sections (50 km wide) of the southern Central Andes
at 30°S and 34°S (centerlines in Fig. 1b). The shaded region shows the domain be-
tween elevation minima and maxima, and the black line shows the mean elevation.
The horizontal line shows the half-peak width of the orogen under the drainage
divide (vertical line). Note higher asymmetry near 34°S where orographic precipi-
tation is strong (see Fig. 1b).

an orographic rainfall gradient with a three-fold variation in pre-
cipitation exists across strike (Fig. 1a, b). This region is ideal
to test the predictions of orographic rainfall controls on erosion
rates and ultimately orogenic evolution for three main reasons:
(1) the mountain range is asymmetric where the orographic effect
is strongest (~34°S; Fig. 2); (2) the N-S gradients in curvature,
catchment hypsometry, slopes, drainage density, further suggest
a climatic influence on topographic form (Carretier et al., 2013;

Rehak et al,, 2010); (3) the range of precipitation (<0.25 m/a to
>0.75 m/a) and runoff (<0.1 m/a to >0.8 mm/a), are at the tran-
sition where landscapes are most sensitive to precipitation and
discharge amounts and variability (e.g. DiBiase and Whipple, 2011).
Thus, this setting provides a test of the orographic effect hypoth-
esis: erosion rates should be systematically higher in the west-
ern Andes south of ~33.5°S (i.e. asymmetric) where it rains 3 to
4 times more than the eastern Andes. In contrast, a tectonic control
should reveal symmetric patterns of erosion rates on both sides.
From here forward, we refer to the regions east and west of the
main drainage divide as eastern and western Andes, respectively
(Fig. 1).

In this study, we provide new erosion rate data from the east-
ern Andes and compile previously published data from both the
western and eastern flanks (Carretier et al., 2013; Pepin et al.,
2013; Walcek and Hoke, 2012). We pair these data with an as-
sessment of along-strike seismicity, catchment-average topographic
and fluvial relief, annual rainfall and runoff, and rainfall and river
discharge variability. Our results reveal relationships between ero-
sion rates and hillslope gradient, fluvial relief, and river runoff that
have important implications for understanding the evolution of
mountain ranges struck by orographic precipitation and rain shad-
ows.

2. The Andes between 28°S and 36°S

Between 28°S and 36°S, the width of the Andes narrows from
~400 km in the Puna plateau to ~250 km south of it, reaching
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<150 km south of 33°S (slab angle transition) while maintaining
a high mean elevation of ~4 km for at least 6° of latitude de-
spite steep gradients in climate and tectonic shortening (Strecker
et al., 2007; Fig. 1a). On the eastern flanks, total shortening, crustal
thickness, and Neogene foreland basin infill all decrease southward
(Giambiagi et al., 2012; Jordan et al., 2001, 1993), while the to-
tal surface uplift since 10 Ma increases (Hoke et al., 2014). The
eastern Andean foreland sustains active near-surface deformation
at 30°S in the Precordillera (e.g. Allmendinger and Judge, 2014). In
contrast, seismic-derived strain rates in the western Andes are the
lowest between 28°S and 33°S (Siame et al., 2005). Approximately
2 km of surface uplift occurred in the Pliocene near 34°S in the
western Andes (Farias et al., 2008) based on river profile analysis,
which agrees with inferences from the eastern Andes derived from
stable isotopes in pedogenic carbonates (Hoke et al., 2014). On the
western side, precipitation rates (Fig. 1b) and thicknesses of the
preserved trench infill both increase southward (Bangs and Cande,
1997).

The western flank of the Andes at these latitudes exhibit an
along-strike pattern of erosion rate that is better correlated with
hillslope angles than with its steep precipitation gradient (Fig. 1b;
Carretier et al, 2013). Nonetheless, Carretier et al. (2013) at-
tributed a partial control of erosion rate to discharge and rainfall
variability (Fig. 1c) and vegetation cover. However, this interpreta-
tion is complicated by N-S variations in crustal shortening, thick-
ness, and surface uplift (Giambiagi et al., 2012; Hoke et al.,, 2014).
More importantly, the few existing millennial erosion rate data in
the arid to semi-arid parts of the eastern Andes indicate that ero-
sion rates can be similar to, or higher than, those in the western
Andes (Nobile et al., 2016; Pepin et al., 2013; Siame et al., 2015;
Walcek and Hoke, 2012). This setting is, therefore, an ideal location
to investigate spatial patterns of erosion and its implications in the
context of a narrow orogenic wedge with variations in climate (e.g.
Whipple, 2009).

3. Methods
3.1. Cosmogenic radionuclide and river-gauge erosion rate calculations

We collected nine samples from active, modern river channels
in and adjacent to the eastern Andes. Six of these catchments drain
the high Andes (Frontal Cordillera and Principal Cordillera) and
three drain the Precordillera (Fig. 1; Table 1). Quartz samples were
purified at Syracuse University, from which °Be was extracted at
the University of Pennsylvania following standard methods (von
Blanckenburg et al., 1996). 1°Be/°Be was measured at the Purdue
Rare Isotope Measurement Laboratory and yielded ratios ranging
from 16 to 775 x 10~1° with a procedural blank of 1.78 + 0.27
x 10~13 relative to standards in Nishiizumi et al. (2007) (supple-
mentary data).

10Be erosion rates were calculated using CRONUS assuming a
mean density of 2.7 g/cm? and scaled for the mean catchment
elevation of quartz-contributing lithologies and centroid latitude
using the Stone-scaling while accounting for topographic shielding
(Balco et al., 2008; Dunne et al., 1999; Schwanghart and Scherler,
2014; Stone, 2000; a table for input in the CRONUS online cal-
culator is provided in the supplementary material). We used the
revised sea level high latitude reference 1°Be production rate of 4.1
+ 0.35 at/gyr (Borchers et al., 2016). We selected previously pub-
lished CRN data from the eastern Andes restricted to the studied
transect draining the high Andes and the Precordillera (Pepin et al.,
2013; Walcek and Hoke, 2012). Since these studies also used the
CRONUS calculator, Stone-scaling routine, and same topographic
shielding calculation method, we simply apply a correction fac-
tor of 0.91 to the reported erosion rates due to the different sea
level high latitude reference production rate used in those studies

Table 1

10Be results.

Apparent

Erosion rate

10Be (at/g) x103
(mm/a)

90th/50th

Precip.?
(mm/a)

EVI®

ksn®
(

Hillslope
gradient”
m

Elev.? Hypso.

Lat Lon Drainage Granitoid
area (m)
)

Catchment

Sample
ID

age
(ka)

(+)

Mean 10 (%)

lo

mean

integral?

(°W) area
(km?)

°s)

10Be-data
PV-14-30
PV-14-24
PV-14-23

17

0.04
0.11
0.12
0.03
0.07
0.06
0.23
0.28
0.10

15.6
73

6.7

769.9
873

55

0.04

0.11

260
233
314
446
358
505
418
485
348

0.23
0.22
0.22
0.39
0.30
0.41
0.40
0.44
0.32

0.46

3980
2070
2460

17954
471

—69.37
—68.72
—69.01
—69.67
—69.04
—69.88
—69.95
—69.67
—69.72

—29.02
—29.91
—30.34
—30.29
—31.20
—31.35
—32.24
—33.80
—34.47

Jachal

13
14

155
142
57

0.33
0.48
0.50
0.47
0.52

0.8

Huaco
Tranca

10

103.5

0.04
0.05
0.07
0.05
0.04
0.05
0.05

0.0

144

24

20.1
5.1

1030.8
164.6
4273

3930

47.0
0.0
2.6

1023
171

Agua Negra

*PV-14-11
PV-14-15

10
11
11

258
68

2320
3700
3610

Prec. San Juan
Calingasta

Los Patos
Tunuyan

11

10.0

1410
3653

*PV-14-16
A13-07

17

15

15.0
35
6.5

98.7

144
175
232

0.36

30.5

85.7

10
11

0.46

3580
2890

34.0
9.1

2541
2882

PV-14-14
A13-05

163.5

0.43

Diamante

*Concentrations might be affected by the contribution of long-lived alluvial fan sediments and were excluded from our analyses.

2 Average computed over the catchment area.
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(4.5 at/gyr versus 4.1 at/gyr). The eastern Andean dataset contains
catchments that vary in size between 1 to 3000 km?2, with one
reaching 17000 km?.

Decadal erosion rates for six eastern Andean catchments were
computed from freely available river-gauge data (BDHI, 2017). First,
we fit a power-law to sediment and fluvial discharge data which,
in most cases, consists of 1-4 observations per month over at least
40 years. We then apply this power-law fit to the complete record
of daily discharge to infer the daily sediment load over the full pe-
riod of observation. The total sediment load divided by the period
of observation and catchment area upstream of the gauge station
provides the decadal erosion rate. The reported uncertainties cor-
respond to the 1o of the power-law fit.

3.2. Focal mechanisms

We present 25 compiled (Alvarado et al., 2009, 2005; Alvarado
and Beck, 2006; Assumpc¢do and Araujo, 1993; Chiaramonte et
al., 2000; Chinn and Isacks, 1983; Ekstrom et al., 2012) and 99
new focal mechanism solutions for earthquakes in the period of
1944-2014. New data were obtained from the SIEMBRA network,
which is composed of 40 broadband seismic stations in the Pam-
pean flat slab (Gans et al., 2011). Focal mechanisms were calcu-
lated from least squared error solutions using seismic moment ten-
sor inversion. Earthquake locations were calculated using Hypocen-
ter (Lienert and Havskov, 1995). The analyzed earthquakes range
from depths of 46.1 km to 3 km with an average of 27 km (sup-
plementary data). Average magnitude M,, is 3.1 and ranges from
1.3 to 7 (supplementary data).

3.3. Discharge and rainfall variability

River discharge in semi-arid landscapes is more sensitive
to temporal variations in rainfall and high-magnitude events
are likely necessary to surpass the threshold for geomorphic
work (DiBiase and Whipple, 2011; Lague et al., 2005; Molnar
et al, 2006). We estimated climatic variability using two dif-
ferent datasets: daily discharge data (BDHI, 2017) and remotely
sensed rainfall data (http://gcmd.gsfc.nasa.gov). First, we analyzed
the variability of discharge in the study area using decadal gauge
data when available. Most of the gauge records span at least 40
years (Table 2). A first-order estimation of discharge variability
is the cumulative distribution of daily discharge (Qgaily) normal-
ized by the long-term mean daily discharge (Qmean), referred to
as the dimensionless discharge (Q*; DiBiase and Whipple, 2011;
Lague et al, 2005). For Q* > 1 (i.e. Qdaily > Qmean), the slope
of the power-law relationship reveals how variable higher-than-
average discharge events are (e.g. Lague et al., 2005). The shallower
the slope of the distribution over Q* > 1, the more variable. We
use a maximum likelihood estimator (MLE) to calculate the slope
of this part of the distribution (Clauset et al., 2009) as a proxy
for discharge variability in seven catchments along strike between
31°S and 37°S. We calculate the MLE-slope over the range of Q*
that is best described by a power-law, not necessarily all Q* > 1.
In this case, the MLE uses a Kolmogorov-Smirnov test to estimate
the minimum Q* and slope that yield the best goodness-of-fit
of the power-law (Clauset et al., 2009). It is important to allow
the minimum Q* to vary since it is reflective of the critical dis-
charge to be exceeded for sediment transport and bedrock incision
(e.g. Lague et al., 2005), although here it is purely a statistical
description of the power-law behavior (Clauset et al., 2009). The
commonly reported variability parameter “k” in probability density
functions of daily discharge is the MLE-slope minus 1.

Second, we analyze rainfall variability using the 90th/50th per-
centile (i.e. storminess) from 1998 to 2014 using TRMM 3b42 data

Table 2

River-gauge results.

Period MLE

Erosion rate
(mm/a)

Runoff Qdaily

(m/a)

Mean

90th/50th

Precip.?

4 EVI®

ksn

Hillslope

Elev.? Hypso.

m)

Drainage
area

Lon

Lat

Station

of obs. Slope-1

(m3/s)

Mean

(mm/a)

gradient® (m)

(m/m)

integral

(°W)

(°s)

lo
(%)

30

Mean

(km?)

23+ 01

1971-2016
1957-2016
1956-2016
1954-2016

0.04

53.05
419

0.77

10
11

71

0.05
0.04
0.04
0.04
0.05
0.04
0.07

317
418

0.31
0.40
0.41
0.45
0.34
032
0.29

0.38

3187
3610

13604°
3653

—69.75
—69.66
—69.63
—69.67
—69.73
—69.92
—70.22

—3149
-31.85
—32.75
—33.80
—34.47

—34.82
—36.49

San Juan (g-1)

San Juan

14 £ 0.0
31 +£05
41 £ 01

0.23¢
0.19
0.30
0.17
0.09
0.03

0.362

144
120
175
232
322

0.36

Los Patos (07)

La Plateada

Guido

30
30
30
29
28

451

0.200
0.360
0.380
0.511

10
10
11

396
485
348
283

0.38

3536
3649
3120
2955

7105
2454

Mendoza (g-2)

279

0.46

Tunuyan (g-3)

Tunuyan
La Jaula

43 £ 13

1971-2016
1972-2016
1961-2016

33.2

0.43

2756
2370

Diamante (g-4)
Atuél (g-5)

52 + 1.6
59+ 1.8

384

10

037
0.36

Sosneado
Barrancas

35.7

0.330

290

2328

3419

Barrancas (g-6)

2 Average computed over the catchment area.

b After removing the intermontane-valley, catchment #16, and the Precordillera areas.

¢ CRN-derived erosion rate (sediment load data not available).
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Fig. 3. Erosion rate data from this study and from the literature (Carretier et al., 2013; Pepin et al., 2013; Walcek and Hoke, 2012). Data are separated in catchments draining
the high Andes (a) and the Precordillera (b) and in western (blue) and eastern flanks (red). The high Andes data is shown in gray in panel b. Samples #11 and #16 are
potentially affected by high-CRN, old alluvial fan deposits. Labels next to the eastern side data correspond to the respective catchments in Fig. 1a. The gray envelope depicts
total surface uplift since 10 Ma after Hoke et al. (2014) and is limited by the reported upper and lower 1o standard deviations. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

interpolated over the study area, which serves as a proxy for dis-
charge variability in the absence of river-gauge data. The original
dataset has 30 km resolution (http://gcmd.gsfc.nasa.gov). While
this coarser dataset misses important features such as orographic
precipitation (e.g. Castino et al., 2016), it provides a high temporal
resolution that accurately captures rainfall variability (Boers et al.,
2016).

3.4. Catchment-wide parameters

The average erosion rates are commonly compared to other
catchment-average parameters to tease out individual contribu-
tions that may be linked to climate or tectonics. In this study,
we computed catchment-averages of hillslope gradient, normal-
ized fluvial steepness index (ks;), hypsometric integral, elevation,
precipitation, storminess, and enhanced vegetation index (EVI). To-
pographic parameters were computed from the 90 m resolution
Shuttle Radar Topographic Mission digital elevation model (Farr
et al., 2007). Local hillslope gradient was computed for a nine
cell neighborhood and averaged over the entire catchment area.
ksn, which is the local fluvial slope normalized by the contribut-
ing drainage area raised to a reference concavity index (in this
case, —0.5), was computed for individual stream segments with a
minimum contributing upstream area of 8 km? using TopoToolbox
and averaged over the catchment area (Schwanghart and Scherler,
2014). EVI was obtained from the MODIS MOD13Q1 dataset for the
period of 2000-2016 (Ipdaac.usgs.gov).

We use the 5 km-resolution Tropical Rainfall Measurement Mis-
sion (TRMM) 2b31 precipitation dataset to compute the 12-year
mean catchment precipitation rates (Bookhagen and Strecker,
2008). While this dataset only integrates from 1998 to 2009, its
annual precipitation amounts and spatial patterns, including the
southern Central Andes rain shadow, agree (i.e. RMSE < 0.03)
with the gridded rain-gauge data from the Global Precipitation
Climatology Centre, which integrates over 50 years (1951-2000)
with a resolution of ~30 km (Bookhagen and Strecker, 2008;
Schneider et al.,, 2017). Twelve years is obviously short compared
to the integration times of 1°Be erosion rates from this study.
However, while precipitation amounts may have varied over mil-
lennial timescales, the overall spatial precipitation patterns are
likely the same since the Pleistocene based on equilibrium line
altitude observations and marine core records (Clapperton, 1994;

Haselton et al., 2002; Lamy et al., 2001). Furthermore, arid condi-
tions in the eastern flanks of the southern Central Andes were in
place at least since the late Miocene (Strecker et al., 2007). For the
reasons outlined, we assume the spatial patterns of precipitation
used in this study are representative of longer timescales, but the
absolute precipitation rates probably varied.

3.5. Nonlinear hillslope erosion model

We follow the routine described in Ouimet et al. (2009) and
fit a nonlinear hillslope-erosion model (Roering et al., 2001) to the
erosion rate and hillslope data. According to this model, which as-
sumes steady state (dz/dt = 0), the 1-D form of a hillslope is:

_ Sg /12 2
z(x) = Zﬂs[ K4+ (2B8¢/S¢)
2 )2
Kln(x/K + (2B8¢/S¢) ~|—K>}

2B¢/Sc

where z is elevation (L), x distance (L), S the critical hillslope
(L/L), B the ratio of rock to sediment densities (assumed ~1.3),
¢ the erosion rate (L/T), and K a transport efficiency coefficient
(L?/T). The mean equilibrium gradient (S w) over the characteristic
hillslope length (Ly), that is, from the hilltop to the hillslope-
channel transition; is therefore:

_z(0) —z(Ln)
R

Given these two equations, we seek the combination of K and S,
for a given Ly that best describes the observed dataset of S and e.
Our inspection of satellite images and river profile data shows that
a plausible range of Ly is between 200 and 800 m. We report K
and S. values for Ly between 200 and 500 m.

(1)

Su (2)

4. Results
4.1. Erosion rates

The new '°Be erosion rates range from ~0.04 to ~0.27 mm/a
and, assuming steady state, integrate between 25 ka and 2 Kka, re-
spectively. 19Be erosion rates in the high eastern Andes range from
low values of 0.04-0.07 mm/a in the northern basins (29°S) to the
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Southern Central Andean basins

Western Eastern All

Drainage Area -0.30 0.08 0.07

Elevation -0.01 0.04 -0.05

Hypsometric Integral -0.11 -0.11 -0.10

Hillslope Gradient 0.70 0 0.76

Norm. Steepness index (k_) 0.28 0.66

Enhanced Vegetation Index -0.23 0.23 0.20

Precipitation 0.66 -0.10 0.32

Runoff | 0.44 0.27 0.28

Q-Variability parameter 0.54 -0.40 0.43

90"/50" Percentile -0.33 -0.36 -0.40
Correlation with erosion rate (R): -11 w1

Fig. 4. Correlation coefficients (R) between basin-average '°Be-erosion rate and
other parameters separated by western (Carretier et al., 2013) and eastern (this
study; Walcek and Hoke, 2012; Pepin et al., 2013) basins and the complete dataset.
Erosion rates were regressed as log-transforms (except for runoff and Q-variability).
R values for hillslope angle and kg, correspond to the nonlinear fits from Fig. 3
calculated for each dataset separately.

highest observed from 0.15 to 0.27 mm/a between 32°S and 34°S
(Fig. 3a). Catchments draining the tectonically active Precordillera
erode between 0.08 and 0.13 mmy/a, similar to those observed by
Walcek and Hoke (2012) (Fig. 3b). Decadal erosion rates in the
eastern Andes vary between 0.02 and 0.3 mm/a and follow the
same latitudinal pattern as the '°Be erosion rates (Tables 1, 2;
Fig. 3). One outlier in this pattern is the San Juan catchment (g-1
in Fig. 1a). Here, the decadal erosion rate is 0.03 mm/a while other
subcatchments within it show '°Be erosion rates of 0.07 mmj/a
(Precordillera thrust-top) and 0.23 mm/a (Los Patos catchment -
07 in Fig. 3; see Table 1).

The most important observation is that the along strike pat-
tern and magnitude of erosion rates are similar in the eastern and
western flanks despite contrasts in precipitation (Fig. 3). South of
34°S, both millennial and decadal erosion rates in the eastern and
western flanks decrease (Fig. 3). However, contrary to the areas
north of 34°S, the southward decrease in erosion rates is less pro-
nounced in the western flank. North of 34°S, catchments draining
the eastern Andes have either similar or higher erosion rates than
those in the western side (Carretier et al., 2013) (Fig. 3). These
rates are at the lower end of the observed long-term average for
the Central Precordillera, which is >0.2 mm/a based on (U-Th-
Sm)/He thermochronology (Fosdick et al., 2015). Correlations with
catchment-average topographic and climatic parameters are sum-
marized in Fig. 4 and described separately below.

4.2. Hillslope gradient, fluvial steepness, and erosion rates

We observe a positive correlation between erosion rates, flu-
vial steepness and hillslope gradient (Fig. 5). Erosion rates in-
crease nonlinearly with hillslope gradient and are well described
by the 1-D hillslope erosion/transport model (R* = 0.8; Roering et
al.,, 2001). The correlation reveals a low critical hillslope gradient
(Sc) of 0.46 m/m (~25° hillslope angle) and a transport coeffi-
cient (K) of 0.008-0.02 m?/a (for Ly between 200 and 500 m) in
the eastern flanks, compared to 0.53 m/m (~28° hillslope angle)
and K of 0.004-0.02 m?/a (recalculated here) in the western flanks
(Carretier et al.,, 2013). This relationship remains significant after
including other semi-arid mountainous catchments in the flanks
of the Altiplano-Puna plateaus to the NE (R = 0.77, not shown;
Bookhagen and Strecker, 2012). The millennial erosion rates are
also well correlated with the catchment average normalized fluvial
steepness index (ks;) by a power law (R? = 0.84, Fig. 5).

4.3. Runoff and decadal erosion rates

The bulk of the observations described below come from the
dataset in the western Andes (Carretier et al, 2013). The ero-
sion rate observations from the eastern Andes fall within the same
runoff-erosion rate trends observed by Carretier et al. (2013) in the
western Andes (Fig. 6). Runoff in the western side can be twice as
high as the eastern side over the same latitudes (e.g. 33.8°S and
~35°S) and increase southward to ~2.5 m/a (Fig. 6a; Carretier et
al.,, 2013). This 1.5 to 2-fold increase in runoff across strike is not
translated into an increase in erosion rates (Fig. 6a, b-e). This is
because the highest observed erosion rates correspond to runoff
rates of 0.4 m/a (Fig. 6b). Since erosion rates vary the most for
hillslopes steeper than 0.3 m/m (Fig. 5), we separated the erosion
rate-runoff data into three broadly defined hillslope gradient bins:
<0.3, 0.3-0.4, and >0.4 m/m (Fig. Gb-e). Where hillslope gradi-
ents exceed 0.4 m/m, erosion rates (decadal and millennial) reach
maximum values of ~0.3 mm/a on both sides of the Andes at a
runoff of 0.37 m/a, after which erosion rates are insensitive to
runoff (Fig. 6¢). Similarly, decadal erosion rates range from 0.05
to ~0.17 mm/a between 36°S and 34°S for hillslope gradients be-
tween 0.3 and 0.4 m/m while runoff varies between 0.3 m/a in
the eastern side and >1.2 m/a in the western side (Figs. 5, 6) and,
again, are highest near a runoff rate of ~0.38 m/a (Fig. 6d). Lastly,
for slopes shallower than 0.3 m/m, decadal erosion rates continue
to rise with increasing runoff up to 2.2 m/a (Fig. 5e). Thus, for the
steepest catchments (mean gradients > 0.3 m/m), erosional effi-
ciency seems to occur at 0.38 m/a runoff. When mean catchment
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Fig. 5. (a) Nonlinear relationship between '°Be erosion rates and mean hillslope gradient fit by the 1-D hillslope model (Roering et al., 2001) for the eastern Andes using
data from this study and the literature (Pepin et al., 2013; Walcek and Hoke, 2012). Data points follow the notation used in Fig. 3. Samples #11 and #16 are clear outliers
potentially due to contribution from high-CRN alluvial surfaces and were not used in the regression; (b) Positive correlation between catchment-average ks, and '°Be erosion

rates. Data for this plot are provided in Tables 1 and S1.
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Fig. 6. Latitudinal changes and relationships between runoff and decadal erosion rates. (a) Along-strike variations in runoff separated by basins in the western (squares,
Carretier et al., 2013) and eastern Andes (circles, this study) and colored by erosion rate; (b) Trade-offs between erosion rate and runoff separated in western (blue squares)
and eastern (red circles) as labeled in panel “a”; (c-e) Same as panel “b” but separated in three hillslope gradient groups (>0.4, 0.3-0.4, and <0.3 m/m). Note the change in

the y-axis’ interval in panel “e”.

slopes are <0.3 m/m, erosional efficiency is potentially highest at
runoff rates greater than 1 m/a.

Because of the relationships described above, erosion rates end
up having an overall weak dependency on runoff over both flanks
of the mountain range (R = 0.28; Fig. 4). However, until the high-
est erosional efficiency is reached, they do in fact correlate posi-
tively (Carretier et al.,, 2013). Also, because precipitation increases
southward in the wester flanks, the relationship with erosion rates
is similar (R = 0.66; Fig. 4). Since the range in precipitation rates
is small in the eastern flanks, the correlation with erosion rates is
poor (R = —0.1; Fig. 4). Taken together, erosion rates in the Central
Andes between 28°S and 36°S only weakly correlate with precipi-
tation (R = 0.32; Fig. 4).

4.4. Discharge and rainfall variability

The cumulative distributions of discharge in eastern Andean
catchments between 31°S and 37°S are remarkably similar for
Q* < 2.5 in all seven catchments (Fig. 7a). For Q* > 2.5, there
is a northward increase in variability as indicated by progressively
shallower slopes of the cumulative distributions (Fig. 7; Table 2).
As implicit in the distributions for Q* < 2.5, average daily dis-
charge does not vary dramatically over the eastern catchments
(Figs. 6-7; Table 2), nor does runoff (Fig. 6a). Furthermore, the av-
erage discharge on the eastern flanks is not offset by discharge
variability and the latter is very weakly correlated with erosion
rates (Fig. 4). In contrast, the range of discharge variability is much
greater in the western flanks (Fig. 7b; Carretier et al., 2013). There,
discharge variability is also weakly, but positively correlated with
erosion rates (Fig. 4). Combined, the correlation between discharge
variability and erosion rates on both sides of the mountain range
is weak (Fig. 4).

The 90th/50th percentile of rainfall rates implies a stormier na-
ture north of 32°S (Fig. 1c), consistent with the discharge data on
the western (Carretier et al., 2013) and eastern sides. We also ob-
serve higher rainfall variability along the western Andes between
28°S and 32°S (Fig. 1c¢), consistent with the greater discharge vari-
ability there (Carretier et al., 2013). Over the eastern Andes, we
observe a narrow band of higher rainfall variability along the high
Andes between 30°S and 33°S and along some parts of the West-
ern and Central Precordillera at 30°S (Fig. 1¢), which potentially
contributes to the discharge variability observed in the gauge data
(Fig. 7). However, the 90th/50th percentile data do not reveal the

Note the anti-correlation between runoff and erosion rates in the western Andes (Carretier et al., 2013). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

systematically stormier nature from 37°S to 31°S that is evident in
the discharge data.

4.5. Earthquake depth, magnitude, and distribution

North of 33°S, earthquakes are concentrated along the west-
ern and eastern Precordillera ranges with an average depth of
26.45 km and M,, magnitudes ranging from 1.3 to 7 (Fig. 1d;
supplementary data). South of 33°S, earthquakes retreat to the
high Andes, are mostly of magnitude M,, 5 or higher and aver-
age ~16 km depth (Fig. 1d; supplementary data). The changes in
earthquake focal depth, mechanism, and hypocenter coincide with
changes in the long-wavelength hillslope gradient, fluvial steepness
index, and catchment-average erosion rate (Figs. 1d, 3). They also
coincide with changes in the angle of the subducting Nazca plate
from flat to normal between 32°S and 33.5°S (Fig. 1a).

5. Discussion
5.1. Minor climatic control of catchment-average erosion rates

In general, for a given average catchment hillslope gradient, co-
variations in erosion rates and runoff are potentially controlled
by the relationship between discharge variability and runoff (i.e.
DiBiase and Whipple, 2011). Our study demonstrates that, over this
segment of the Andes (excluding the Precordillera), neither rainfall
amount, storminess, or discharge variability exert a primary influ-
ence on the average discharge nor 1°Be or decadal erosion rates
(Fig. 4). More importantly, we show that discharge variability ex-
erts a stronger control over erosion in catchments with shallower
slopes due to the higher critical discharge necessary to initiate sed-
iment transport and bedrock incision (e.g. DiBiase and Whipple,
2011; Lague, 2014; Lague et al., 2005). Since decadal erosion rates
in the study area are insensitive to runoff > ~0.4 m/a for hillslope
gradients steeper than 0.3 m/m, most erosional work is done at av-
erage flow conditions in the eastern side and below average flow
conditions in the western side south of ~31°S (Fig. 5a). Given that
decadal and millennial erosion rates are similar and the correla-
tions with runoff also hold for the millennial rates (e.g. Carretier et
al., 2013), it is likely that the millennial erosion rates in the eastern
side follow the same relationship with average runoff. Thus, where
hillslopes are steeper than 0.3 m/m, low-frequency high-discharge
events such as those caused by southern climatic oscillations are
less important and erosion rates (millennial and decadal) appear to
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Fig. 7. (a) Daily discharge (Quajly) variability for seven catchments in Argentina
shown as a cumulative distribution function of Qgajy normalized by the average
daily discharge over the entire period (Qmean). Most catchments contain at least
44 years of daily averages. The number of observations vary between 13103 (San
Juan River, g-1 in Fig. 1a) and 22700 (Tunuyan River, g-3 in Fig. 1a). Note that the
catchments analyzed here have a similar cumulative distribution of daily discharge
for Q* < 2.5; (b) Maximum likelihood estimation (MLE) of the variability parameter
(MLE-slope - 1) of the power-law distributions shown in panel “a” calculated over
best-fit minimum Q * values determined via KS test (panel c). For reference, equiv-
alent variability values from the western Andes are shown in blue (Carretier et al.,
2013); (¢) Minimum Q* constrained by the MLE routine. Daily discharge data are
provided as supplementary material. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

be well-approximated by the stream power assumptions (DiBiase
and Whipple, 2011; Lague et al., 2005). This is consistent with the
observation that average flow conditions are not offset by climatic
variability given that the slopes of the cumulative distributions
only differ for Q* > 2.5 along-strike in the eastern side (Fig. 7a;
see also Molnar et al., 2006).

Interestingly, the little influence of climatic variability on dis-
charge in this region is potentially a function of discharge being
buffered by glacial meltwater, which in turn is only weakly af-
fected by southern climatic oscillations (Masiokas et al., 2006).
Nonetheless, climatic oscillations clearly influence high discharge
events, which is consistent with observations from other regions
in northwest Argentina (e.g. Castino et al.,, 2016). Again, because
erosion is efficient at average runoff, the infrequent extremes are
less important when it comes to erosion.

Since peak erosional efficiency seems to depend on the aver-
age catchment hillslope gradients along strike (Fig. 6b-e), erosion
rates will be similar on both sides as long as the average catch-
ment hillslope gradients are equivalent across-strike and average

annual runoff near or above the threshold for sediment transport
and bedrock incision. Thus, the 1.5 to 2-fold increase in runoff and
the minimum 3-fold increase in precipitation across strike (oro-
graphic effect) is unlikely to contribute to mass flux out of the
mountain range where hillslope gradients are > 0.3 m/m, which
encompasses the region between 28°S and 36°S. This interpreta-
tion is reinforced by the similar pattern of erosion rates on both
sides of the mountain range revealed in this study (Fig. 3). Other
southward trends, such as increasing frequency of glaciers and
decreasing equilibrium line altitude (e.g. Rehak et al., 2010), and
increasing vegetation cover (Carretier et al., 2013) are inconsistent
with the simultaneous southward decrease in erosion rates on both
sides.

Because of low hillslope gradients, the low erosion rates (~0.02
4+ 0.01 mm/a) south of 36°S in the eastern Andes are possibly
influenced by the rain shadow. That erosion rates continue to in-
crease from runoffs of 0.3 m/a (east) to ~1 mj/a (west) suggests
that the average runoff in the eastern Andes is below that re-
quired for peak erosional efficiency (Fig. 6e), although the num-
ber of basins falling in this category is small. This suggests that
the wetter climate in the western Andes may drive more erosion
compared to the eastern Andes in the same latitude. Nonethe-
less, erosion rates for these shallower hillslope gradients in the
western side suggest that 0.04 mm/a is the maximum over these
latitudes. Thus, even at peak erosional efficiency, climatic oscilla-
tions nor rainfall could cause the general southward decrease in
erosion rates observed on both sides.

The consistency of '°Be erosion rates between 0.06 and
0.12 mm/a in the unglaciated Precordillera (30°S-32.5°S) demon-
strates that rivers maintain their erosive power despite aridity. This
is intriguing because, unlike the high Andes catchments, runoff
rates strongly depend on rainfall because discharge is not main-
tained by glacial meltwater. Interestingly, °Be erosion rates are
mostly <0.05 mm/a in the western Andes (Carretier et al., 2013)
over similarly dry regions but less seismically active in the upper
crust (Fig. 1d; Siame et al., 2005; Alvarado et al., 2007). This ob-
servation suggests that seismic activity modulates erosion rates in
this region (see also Siame et al., 2015). The weaker dependence
of erosion rates on fluvial steepness in the western flanks can be
partly attributed to two catchments in the northern arid areas with
high rock strength granitoids that promote steeper hillslope gradi-
ents but lower erosion rates (see Carretier et al., 2013).

Lastly, if CRN concentrations reflected glacial contribution of
low 1%Be sediments or were biased by glacial shielding of bedrock,
the relationship of mean catchment hillslope gradient, fluvial
steepness, and erosion rates would be weak or non-existent. More-
over, the southward decrease in ELA would promote greater shield-
ing in the southern regions and bias '°Be concentrations towards
low values, which is opposite to what we observe. This would be
especially visible on the western Andes where last glacial max-
imum equilibrium line altitudes were hundreds of meters lower
than in the eastern Andes (Clapperton, 1994), but this is not likely
the case in the western flanks either (e.g. Carretier et al., 2013).

5.2. Pronounced orogenic influence

The observed patterns of erosion, seismicity, and crustal short-
ening vary consistently with changes in the angle of the subduct-
ing Nazca plate from north to south (Fig. 1a). At first, their general
spatial coincidence suggests they are linked during mountain range
evolution. However, the growth of topography in the high Andes is
diachronous along strike and likely independent of the slab angle
(Giambiagi et al., 2012; Hoke et al.,, 2014).

The observed erosion rates observed in the southern Central
Andes more likely reflect the history of mountain building and
orogenesis; most specifically, its tectonic activity (seismicity), sur-
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face and rock uplift, shortening, and crustal thickness. North of
32°S, crustal shortening is mostly accommodated in the Argentine
Precordillera from the middle Miocene to present (Allmendinger
and Judge, 2014; Jordan et al., 2001; Levina et al., 2014) where
crustal seismicity is high and erosion rates are >0.08 mm/a de-
spite arid conditions (Fig. 1d). Moreover, the retro-arc Precordillera
and Sierras Pampeanas mountain ranges (east of the high An-
des) between 29°S and 32°S experience erosion rates in excess of
0.1 mm/a at least since the late Miocene (Amidon et al., 2017;
Fosdick et al., 2015; Jordan et al., 2001; Siame et al., 2015;
Val et al, 2016; Walcek and Hoke, 2012), which is evidence
of much greater mass removal compared to the western forearc
flanks (Carretier et al., 2013). In contrast, seismicity is low and
erosion rates are <0.05 mm/a in the high Andes over these same
latitudes (Figs. 1d, 3a). Here, little surface uplift has occurred near
the high Andes since the late Miocene (Hoke et al., 2014). To
the south (>33°S), the coincidence of higher surface uplift in the
Pliocene (Farias et al., 2008; Hoke et al., 2014) is consistent with
focused seismicity under the high Andes as well as high erosion
rates (>0.2 mm/a) on both sides of the range (Fig. 1d-f). Here,
movement along strike-slip and reverse faults at shallow depths
not only indicate the potential for base level perturbation, but
might also lead to increased slope instability and mass wasting
events (e.g. Antinao and Gosse, 2009). Overall, the strong N-S gra-
dient in surface uplift and loci of recorded earthquakes coincide
with the observed higher erosion rates in the eastern Andes north
of 32°S and the similarity between millennial erosion rates on both
sides south of 32°S (Fig. 3). Taken together, these observations re-
veal that active rock uplift exerts a first order control on erosion
rates via the combined effects of base level change, steepened hill-
slopes, both of which contribute to obscuring the effects of the rain
shadow.

Since erosion rates on both sides of the high Andes mimic
the north to south increase in surface uplift until 34°S (Fig. 3),
it seems plausible to assume a southward decrease in surface up-
lift south of 34°S that is similar to the erosion rate pattern. This
is consistent with inferences of structural uplift data, which are
highest near 34°S and steadily decrease until 34.7°S, albeit with
high uncertainties (Giambiagi et al., 2012). However, erosion rates
on the western flanks decrease less abruptly than in the eastern
flanks (Fig. 2). For example, from 33.8°S to 34.4°S they decrease
from 0.24 mmy/a to between 0.15-0.19 mmy/a on the western flanks
(~—0.08 to —0.15 mm/a per latitudinal degree) versus 0.27 mm/a
to 0.1 mm/a on the eastern flanks (~—0.28 mm/a per latitudinal
degree). Perhaps this is related to higher precipitation and runoff
on the western flanks sustaining higher erosion rates compared to
the eastern flanks. Yet, the average hillslope gradient also follows
a similar pattern with an abrupt step south of 34°S on the east-
ern flanks compared to a gradual decrease on the western flanks
(Fig. 1e). Thus, as the hillslope gradients may influence erosional
efficiency (Fig. 6), the discrepancy in erosion rates over these lat-
itudes is likely a function of hillslope gradient and secondarily a
function of the lower runoff rates on the eastern sides.

5.3. Implications for orogenic wedge evolution

Surface uplift near 34°S started some time since 5 Ma (Hoke et
al., 2014; Farias et al., 2008), implying a minimum surface uplift
rate of 0.4 mm/a, which is slightly higher than the millennial-scale
erosion rates in this area. That these rates are similar suggests
that the pattern of erosion observed here partly corresponds to an
ongoing and/or delayed erosional response to this earlier change
in fluvial relief (e.g. Val et al., 2016). This suggests that the pat-
terns we observe in this study may reflect long-term processes
over timescales relevant to orogenic wedge evolution as discussed
below.

In theory, symmetrical or asymmetrical mass-flux through an
orogenic wedge depends on subduction-driven accretion and the
spatial distribution of erosional efficiency on the surface, which
can be regulated by climate (e.g. Willett, 1999). Given the ob-
served spatial distribution of precipitation, numerical models of
orogenic-wedges would predict higher exhumation on the west-
ern side of the Andes south of 33°S (Whipple, 2009; Willett, 1999).
The Central Andes between 28 and 36°S clearly do not follow these
predictions (Fig. 3). Instead, the similar along-strike pattern and
magnitude of decadal and millennial erosion rates on both sides
between 33°S and 36°S suggests that mass flux out of the oro-
gen, specifically the high Andes, has been symmetric about the
divide and, in some cases, higher in the dry side (i.e. Precordillera),
over the 2-6 ka integration time of 1°Be erosion rates (Table 1).
Our results imply that once fluvial relief and hillslope gradients
are enhanced by tectonic uplift, the effects of orographic precip-
itation, rain shadows, and climate variability become less impor-
tant if the average runoff is enough for high erosional efficiency.
This is the case in the study area due to a combination of steep
hillslope gradients, river steepness, and peak erosional efficiency
near average runoff rates, which are sustained by glacial melt-
water from the high Andes. Even without glacial meltwater, high
erosion rates could still be maintained as is the case in the non-
glaciated Precordillera fold-and-thrust belt. Thus, our results imply
that compressional orogens with rain shadows not necessarily de-
velop asymmetric exhumation and the erosional response is most
sensitive to perturbations to base level.

6. Conclusions

We presented new millennial and decadal erosion rates on the
eastern flanks of the Central Andes between 28°S and 36°S, which
we compared with other published millennial rates from the west-
ern flanks. The observed decadal and millennial erosion rates on
both sides of the Andes are similar along strike despite variations
in precipitation and runoff (Fig. 1b, Fig. 3). The runoff rate respon-
sible for maximum erosional efficiency seems to depend on av-
erage hillslope gradient and is attained around the average runoff
rate for most of the catchments in the eastern flanks, which in turn
reduces the importance of discharge variability. Erosion rates cor-
relate well with topographic parameters, which are best explained
by the timing and gradient of along-strike surface uplift and with
the spatial pattern of crustal seismicity. These results suggest that
the spatial patterns of erosion need not correlate with the prevail-
ing wind direction in orogens affected by orographic precipitation.
The average mass flux out of the orogenic wedge may still be sym-
metric about the divide despite the presence of a rain shadow.
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