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Fluvial fill terraces in intermontane basins are valuable geomorphic archives that can record tectonically
and/or climatically driven changes of the Earth-surface process system. However, often the preservation of
fill terrace sequences is incomplete and/or they may form far away from their source areas, complicating
the identification of causal links between forcing mechanisms and landscape response, especially over
multi-millennial timescales. The intermontane Toro Basin in the southern Central Andes exhibits at least
five generations of fluvial terraces that have been sculpted into several-hundred-meter-thick Quaternary
valley-fill conglomerates. New surface-exposure dating using nine cosmogenic '°Be depth profiles reveals
the successive abandonment of these terraces with a 100 kyr cyclicity between 75 + 7 and 487 + 34 ka.
Depositional ages of the conglomerates, determined by four 26A1/1°Be burial samples and U-Pb zircon
ages of three intercalated volcanic ash beds, range from 18 & 141 to 936 £ 170 ka, indicating that
there were multiple cut-and-fill episodes. Although the initial onset of aggradation at ~1 Ma and the
overall net incision since ca. 500 ka can be linked to tectonic processes at the narrow basin outlet, the
superimposed 100 kyr cycles of aggradation and incision are best explained by eccentricity-driven climate
change. Within these cycles, the onset of river incision can be correlated with global cold periods and
enhanced humid phases recorded in paleoclimate archives on the adjacent Bolivian Altiplano, whereas
deposition occurred mainly during more arid phases on the Altiplano and global interglacial periods. We
suggest that enhanced runoff during global cold phases - due to increased regional precipitation rates,
reduced evapotranspiration, or both - resulted in an increased sediment-transport capacity in the Toro
Basin, which outweighed any possible increases in upstream sediment supply and thus triggered incision.
Compared with two nearby basins that record precessional (21-kyr) and long-eccentricity (400-kyr)
forcing within sedimentary and geomorphic archives, the recorded cyclicity scales with the square of
the drainage basin length.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

most of our understanding of sediment source-to-sink dynam-
ics in the past is based on sedimentary archives that are often

Mountain belts are continually reshaped by Earth-surface pro-
cesses that erode, transiently store, and transport sediment to fore-
land regions and beyond (e.g., Allen, 2008). This sediment trans-
port system responds to perturbations in climate and tectonics,
and thus has varied significantly during the Cenozoic. However,
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located far from their source areas, such that temporal buffer-
ing of the sediment transport complicates a direct correlation
with a particular external forcing mechanism (Castelltort and Van
Den Driessche, 2003). Despite major advances in understanding the
timing of past climatic changes during the Quaternary, our knowl-
edge about how (often cyclic) changes in environmental conditions
are reflected and preserved in terrestrial landscapes is still lim-
ited (Braun et al., 2015; Castelltort and Van Den Driessche, 2003;
Godard et al., 2013).
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Fig. 1. Rainfall of the Central Andes and regional topography of NW Argentina. (a) Map of South America. White box shows outline of (b). (b) Rainfall map calculated from
TRMM2B31 product with a 5 km resolution (Bookhagen and Strecker, 2008). Stars mark Lake Titicaca - a paleo climate record site (Fritz et al., 2007) and Rio Diamante -
a site of dated fluvial fill terraces that cover several glacial-interglacial cycles (Baker et al., 2009). (c) Topography from SRTM dataset (~30 m resolution; data available from
the U.S. Geological Survey). Black lines delineate the catchments of the Toro Basin, Humahuaca Basin and Iruya valley.

Fluvial fill terraces offer potential insights into this problem, as
they record changes in sediment flux (Qs) and/or water discharge
(Qw) over time. As early as 1884, A. Penck correlated river terraces
in the European Alpine foreland with glacial advance and retreat
in the mountains (Penck, 1884). Based on multiple fluvial terrace
sequences in the arid interior of Central Asia, Huntington (1907)
suggested a close link between increased hillslope erosion, reduced
vegetation cover, and aggradation during arid conditions, followed
by incision during humid phases. Since then, studies from around
the globe have linked fluvial fill terrace formation in glaciated
catchments with variability in Qs and Q. over glacial-interglacial
cycles (e.g. Bridgland and Westaway, 2008; Huang et al.,, 2014;
Pan et al., 2003; Wegmann and Pazzaglia, 2009). Little is known,
however, about how variability in global climate may have affected
Earth-surface processes on multi-millennial timescales in regions
far from major glaciers and ice sheets, and how those changes
might be reflected in the landscape.

High-altitude moraines indicate the presence of past glaciers in
the Central Andes (Haselton et al., 2002; Zech et al., 2009). Even
in areas without extensive past ice cover, multiple levels of flu-
vial terraces in the Central Andes have been described (e.g., Baker
et al.,, 2009; Farabaugh and Rigsby, 2005; Schildgen et al., 2016;
Steffen et al, 2010; Tchilinguirian and Pereyra, 2001). Where
dated, the terraces mainly span the last glacial-interglacial cycle
(Farabaugh and Rigsby, 2005; Schildgen et al., 2016; Steffen et al.,
2010); terraces spanning timescales longer than 120 kyr have only
been reported in one study from the Andes - along the Rio Dia-
mante (Fig. 1b; Baker et al., 2009).

The Toro Basin in the Central Andes of NW Argentina (Fig. 1)
contains several hundred meters of sub-horizontal conglomerates
deposited after 0.98 Ma (Marrett et al., 1994) that have been in-
cised by the Rio Toro to create multiple terrace levels. These ter-
races are located high in the basin, proximal to the source area,
offering a rare opportunity to study the sediment routing system
before sediment storage and re-mobilization buffer the signal. To

better understand the dynamics of the sediment transport system
within this intermontane basin, we determined the onset of river-
incision phases by dating the exposure of the three most extensive
and best-preserved terrace surfaces (treads) with cosmogenic '°Be
depth profiles. The timing of depositional events is based on cos-
mogenic burial dating and U-Pb zircon dating of volcanic ashes
that are incorporated into the fill material. Based on the chronol-
ogy we derive from these data, we consider the potential impact
of autogenic forcing, tectonics, and climate variability on the evo-
lution of the valley fill.

2. Study area
2.1. Geological and geomorphic setting

The Central Andean Plateau is subdivided into a northern (Al-
tiplano) and a southern (Puna) sector (Fig. 1b). The Toro Basin at
~24.5°S is one of several intermontane basins located in transi-
tion between the high-elevation, arid Puna to the west and the
low-elevation, humid foreland to the east (Fig. 1c).

The basin is confined by reverse-fault bounded basement
ranges, namely the Cumbres de Zamanca and Sierra de Almagro
to the west and the Sierra de Pascha and the Sierra de Pascha Sur
to the east (Fig. 2a). The main basin-bounding faults are the west-
dipping Sola Fault to the west, the northwest-dipping San Bernardo
Fault to the north, and the east-dipping Goélgota Fault to the east
(Marrett and Strecker, 2000). The Sola Fault has been active at least
since the Pliocene, and deformation along the San Bernardo and
Gélgota faults extends from the Miocene until at least 0.98 Ma
(Marrett and Strecker, 2000), with potential re-activation of the
Gélgota Fault after 0.98 Ma (Hilley and Strecker, 2005). Exposed
basement rocks mainly comprise quartz-bearing meta-sediments
of the Late Proterozoic to Cambrian Puncoviscana Formation and
Paleozoic quartzites and shales of the Mesén group (Schwab and
Schéfer, 1976).
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Fig. 2. Detailed overview of the Toro Basin and the fill terraces. (a) Geological map of the Toro Basin and northern part of the Lerma Valley based on previous work by
Garcia et al. (2013) and Hilley and Strecker (2005). (b) Longitudinal profile of the Rio Toro with projected lithological and structural interpretations. Left insert: Slopes of
the modern river and of three out of six terraces. The terrace slopes were estimated based on differential GPS measurements and SRTM data. Right insert: Field photograph
showing modern sediment aggradation of the riverbed. Note the buried trees. (c) and (d) ArcGIS Basemap imagery including sample locations and mapped terrace levels.
Black arrows in (d) indicate direction of field photos shown in Fig. 3a and b. Abbreviations: Cgl. = Conglomerates, Fm. = Formation, Sa. = Sierra.

Whereas the morphology of the southern part of the basin is
dominated by a narrow bedrock gorge presently experiencing sed-
iment aggradation (Fig. 2b), the region upstream of the Goélgota
Fault is a low-relief landscape, where most of the late Cenozoic

sedimentary basin deposits are stored. The Toro Basin is drained by
the perennial, braided Rio Toro, which flows with a mean gradient
of ~1.6% between the upper end of the terrace deposits and the
lower end of the bedrock gorge. At the outlet of the gorge, a frac-
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Fig. 3. Field pictures of the Terrace Conglomerates. (a) Fluvial fill terraces at a confluence and (b) along the Rio Toro main-channel. The locations of the terrace field photos
are indicated by arrows in Fig. 2d. The pits for 1°Be depth profiles (c, e) were excavated on terrace surfaces far from the terrace margins and slopes of nearby terraces to
avoid erosion or potential overwash. Within the pits seven to eight samples for '°Be depth profile analysis were collected. Close-ups of the upper 40 cm of P4a (d) and
P2b (f). A fine sand to silt layer can be distinguished from underlying gravel - a feature commonly observed in desert pavements (McFadden et al., 1987); same as the layer
of closely packed, interlocking clast at the surface (g). The fine sand to silt layer in desert pavements is related to aeolian input and causes inflation of the surfaces over time.

tion of the sediment removed from the Toro Basin is re-deposited
on an alluvial fan in the Lerma Valley (Fig. 2a).

Hilley and Strecker (2005) suggested that the oscillatory char-
acter of the sediment deposition and excavation in the Toro Basin,
comprising at least two periods of filling and excavation since 8
Ma, is related to the interplay between rock uplift, rock type, and
climate. The eroded and tilted Alfarcito conglomerates document
an initial basin-filling stage. After 0.98 Ma, the Toro Basin was
excavated to a base level lower than today. It was subsequently re-
filled by a several-hundred-meter thick, sub-horizontal conglom-
eratic unit (“Terrace Conglomerates”) (Fig. 2a and b) (Hilley and
Strecker, 2005; Marrett and Strecker, 2000). Hilley and Strecker
(2005) suggested that this valley fill resulted from reactivated up-
lift of the Sierra de Pascha Sur after 0.98 Ma, a basement block
bounded to the west by the Goélgota Fault and to the east by a
less pronounced fault at the basin outlet. The mechanically strong
basement rock of the Sierra de Pascha Sur could not be incised

as quickly as it was uplifted, which led to aggradation upstream
of the Goblgota Fault and channel steepening within the gorge
(Fig. 2b). The resultant post-0.98 Ma Terrace Conglomerates over-
lie tectonically-deformed and eroded paleo-topography. This con-
glomerate was then incised, leaving behind a flight of at least
five to six paired terrace levels (one surface is only visible in
one location as small remnants) between 20 and 220 m above
the present-day river (Fig. 3a and b) (Hilley and Strecker, 2005;
Marrett and Strecker, 2000; Schwab and Schafer, 1976). The stratig-
raphy of the unlithified, sub-horizontal Terrace Conglomerates does
not reveal distinct units. Therefore, it is unclear whether the Ter-
race Conglomerates consist of one fill unit followed by stepwise
incision or if each terrace is related to one cut-and-fill cycle.

The Terrace Conglomerates are clast-supported, pebble to cob-
ble conglomerates that consist of well-rounded, often imbricated,
and partly sorted clasts, commonly up to several decimeters in di-
ameter, with rare boulders. The gently inclined terraces are capped
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by desert pavements (Fig. 3), characterized by closely packed, in-
terlocking clasts that overlie a layer of fine sand and silt (e.g.,
McFadden et al., 1987), which in turn covers the conglomerates.
The thickness of these fine sand/silt layers varies among the sur-
faces from 10 to 50 cm, with the higher terraces generally having
a greater thickness.

2.2. Climatic setting

The eastern flanks of the southern Central Andes of Argentina
(including the intermontane basins of the Eastern Cordillera) are
characterized by pronounced orographic rainfall gradients (Fig. 1b,
Bookhagen and Strecker, 2008). Water vapor transport from the At-
lantic Ocean and Amazon Basin is mainly governed by the South
American Summer Monsoon (SASM) system, in which the South
American low-level jet (SALL]) funnels air masses southward along
the Andes into (sub-)tropical South America (Castino et al., 2016;
Vera et al., 2006). The Toro Basin, situated at the southern end of
the SALL] conveyor, receives rainfall ranging from ~900 mm/yr at
the outlet to <200 mm/yr in the interior of the basin.

Moisture supplied to the Central Andes has varied significantly
over the past several tens of thousands of years (see review by
Baker and Fritz, 2015). Variability in the intensity of SASM precip-
itation on precessional timescales (21 kyr) has been documented
by paleo-lake studies on the Puna Plateau of Argentina and Chile
(Bobst et al., 2001; Godfrey et al., 2003) and the Bolivian Altiplano
(Titicaca Basin: Fritz et al., 2010; Uyuni Basin: Fritz et al., 2004;
Placzek et al., 2006). During cold periods in the Northern Hemi-
sphere, the Atlantic portion of the intertropical convergence zone
(ITCZ) was displaced southward and caused corresponding shifts
of the moisture-bearing wind systems (Broccoli et al., 2006). The
enhancement of rainfall in the Central Andes during these cold
phases provided the necessary moisture for glacier growth and
higher lake levels (Haselton et al., 2002; Vizy and Cook, 2007). An
overall increase in moisture supply to the Altiplano during colder
phases also occurred on ~100 kyr (eccentricity) cycles. Near Lake
Titicaca (Fig. 1b), increased pollen abundance of aquatic species
and green algae (Gosling et al., 2008) as well as lake highstands
(Fritz et al., 2007) correlate with regional glacial advances and
global glacial stages.

At present, the high ranges surrounding the Toro Basin are not
glaciated. However, glacial landforms and multiple generations of
moraines above 3800 m elevation document previous glacial activ-
ity in the region, with an estimated cover of less than 5% of the
Toro Basin.

3. Methods

To determine the onset of incision phases of the Terrace Con-
glomerates, we applied cosmogenic radionuclide (CRN) exposure
dating to the terrace treads. The timing of aggradation was identi-
fied based on 26Al/1°Be burial dating and U-Pb zircon dating of
intercalated, Puna-derived volcanic ash deposits. Fluvial terraces
were mapped in the field with GPS and correlated using aerial and
satellite imagery based on their elevation above the modern chan-
nel.

3.1. Cosmogenic radionuclide dating

Exposure ages of the most prominent terrace treads were de-
rived from in situ cosmogenic '°Be depth profiles collected from
newly dug pits. The in situ production of '°Be is highest at the
Earth’s surface and decreases approximately exponentially with
depth (Lal, 1991). Hence, exponential curve fitting of a suite of
measured 9Be concentrations from a vertical profile can reveal the
most likely surface and inherited concentrations (Anderson et al.,

1996). The latter comprises '°Be accumulated prior to deposition
(during exhumation and transport), and is assumed to be uniform
with depth. After subtracting the inheritance from the surface con-
centration, the remaining '°Be concentration is used to calculate a
surface-exposure age.

Depth profiles P2a, P2b, P4a, P4b and P4c were sampled in
2014, whereas P2c, P4d, P6a and P6b were sampled in 2003. In
the profile names, “P” indicates a depth profile, numbers refer to
the corresponding terrace (T1 through T6 from low to high eleva-
tion), and the final letter distinguishes multiple profiles from the
same terrace (a-d). To ensure a minimal influence of terrace mod-
ification (erosion or burial) on calculated ages, the location of each
depth profile was chosen several tens of meters from the clos-
est terrace edge (Fig. 3g). Each depth profile from 2014 consists
of seven to eight samples collected over a depth range of 2 to
5 m below the surface, with each sample comprising material col-
lected over a ca. 10 to 20 cm depth interval (Table S1). Due to the
available material, samples from profiles P2b, P4a and P4c com-
prise 60-100 amalgamated pebbles (1-3 cm diameter), whereas
those from P2a and P4b comprise sand. The depth profiles from
2003 consist of five to seven samples each, collected over a depth
range of 2.5 m (Table S1). Each sample comprises 20 to 30 pebbles
(3-5 cm diameter) collected over a depth interval of up to 50 cm.

Additionally, we dated the timing of sediment burial based on
26A1/19Be ratios of sand samples (e.g., Granger and Muzikar, 2001)
collected in 2015 (Fig. 2d, Table S2). Because the decay constant of
26A1 (Ap=9.83 £0.25 x 10~7 yr~!) (Nishiizumi, 2004) is nearly
twice as high as that of 1°Be (Age =4.9940.043 x 10~7 yr~1) (e.g.,
Chmeleff et al., 2010), the initial surface nuclide ratio of 26Al/19Be
= 6.75 (Balco and Shuster, 2009) decreases with time after burial.
To minimize effects of post-burial CRN production, we collected
the four burial samples at locations that were shielded by at least
10 m of sediment cover (Fig. S1). This approach restricted us to
sampling only a few feasible sites.

All CRN samples collected in 2003 were processed at the Space
Science Laboratory (UC Berkley, USA), with AMS measurements
performed at Lawrence Livermore National Laboratory (USA). The
samples collected in 2014 and 2015 were processed both at the
University of Potsdam and GeoForschungsZentrum Potsdam (Ger-
many), with AMS measurements performed at the University of
Cologne (Germany). The sample preparation followed standard
procedures; a detailed description is provided in the supplemen-
tary material.

Terrace tread exposure ages were determined using a combi-
nation of a Monte Carlo simulator (Hidy et al, 2010) and the
CRONUS Earth online calculator v2.2 (Balco et al,, 2008). We ad-
justed the Monte Carlo simulator to allow for this combined ap-
proach (see supplementary material). All CRN calculations were
performed with the regional reference production rate from Blard
et al. (2013) (3.79 £ 0.23 atmg~'yr~—!) and the time-dependent
(“Lm™) (Balco et al., 2008) scaling scheme.

3.2. U-Pb zircon geochronology

We dated three intercalated volcanic ashes to support cosmo-
genic burial dating constrains on the timing of conglomerate de-
position. Zircon grains were extracted using standard magnetic and
heavy liquid methods, handpicked, mounted in epoxy, and polished
for U, Th, and Pb isotope analysis using a Laser Ablation Multi-
Collector Inductively Coupled Plasma Mass Spectrometer (LA-MC-
ICPMS) at the University of California, Santa Barbara. Due to signif-
icant pre-eruption residence times and/or post-eruptive reworking,
analyzed samples show a wide distribution of 296Pb/238U zircon
ages. Therefore, we systematically excluded the oldest ages from
our calculations of an average zircon crystallization age until near-
unity values for the mean square of weighted deviates (MSWD <
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Fig. 4. Distribution of '°Be concentration with depth for the nine profiles and sedimentary logs of the sampled pit walls. Areas shaded in light brown indicate the silt/fine
sand layer observed at the top of each profile. Within each profile we either sampled exclusively sand or pebbles. Each sample was collected over a vertical depth range
indicated by the vertical error bar. The horizontal error bar represent the 1o analytical uncertainty. Samples marked in blue were included for the Stable-surface approach
and the Inflation-corrected approach (Fig. S2), while red samples were excluded. The red surface samples were used for the Surface-pebbles approach instead. For P2a the top
and lower part were considered as two individual profiles. For the lower profile we corrected the concentration for the time of burial by the top unit (transparent circles).
We used the Monte Carlo simulator (Hidy et al., 2010) to fit 50,000 curves to each profile (grey), resulting in a most-probable fit (black dashed curve).

2) were achieved. Where no coherent population was found, we
selected the youngest 296Pb/238U zircon ages to represent a max-
imum depositional age. All analytical results and further method-
ological information can be found in the supplementary material.

4. Results
4.1. Terrace tread exposure dating

Out of six observed terrace levels in the Toro Basin (T1-T6), we
determined exposure ages of the three most extensive and best-
preserved treads (T2, T4 and T6). On each selected terrace, we
sampled between two and four depth profiles for cosmogenic '°Be
analyses (Fig. 2c¢ and d, Table S1).

In general, '9Be concentrations from the depth profiles decrease
exponentially with depth, except for P2c, which does not show any
correlation with depth, and P2a, which appears to have two ex-

ponential trends separated by a thin paleosol at ~45 cm depth
(Fig. 4). In several cases (P2a, P2b, P4a, P4b, P4c and P6a), the
surface samples have a '°Be concentration that falls below the ex-
pected exponential pattern (red circles in Fig. 4); this is also the
case for the shallow subsurface sample in P4b. These samples all
fall within the layer of fine sand/silt (see section 2.1 and Fig. 3).
Although these samples may be outliers, another explanation is
dilution of the originally deposited material with aeolian fine sand
and silt. During desert pavement formation, aeolian material accu-
mulates beneath and inflates the upper clast layer (e.g., McFadden
et al,, 1987). To account for potential inflation of desert-pavement
surfaces, we pursued three different approaches for each depth
profile to calculate the terrace-surface exposure ages. We term
these (1) the Stable-surface approach, (2) the Inflation-corrected ap-
proach, and (3) the Surface-pebbles approach (for a summary see
Fig. S2).
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Table 1

Summary of terrace surface exposure ages based on the three different approaches. The standard deviation (10°)
for the depth profiles includes the uncertainty in the surface concentration (outcome of Monte Carlo fits), the
uncertainties of the local production rate and of the '°Be decay constant. The standard deviation for the surface
pebbles samples is the external uncertainty given by the CRONUS calculator. The CRONUS input included the
analytical uncertainty of the surface sample as well we the uncertainty of the predicted inheritance. Ages in bold
we consider as most reliable and are plotted in Fig. 6d as light blue lines.

Sample name Terrace (1)
(Inflation in cm) level

Stable-surface

(2) (3)

Inflation-corrected Surface-pebbles

(ka+10) (ka+10) (ka+10)
P2a (40-45) T2 153114/ 45 133+12/_,;
P2a (top only) T2 754/ _,
P2b (20-22) T2 104110/ 4 9319/ 4 108+9
P2c T2 - - 85+8
P4a (20-25) T4 319123/ 5, 282120/ 5, 269 + 20
P4b (30-40) T4 32725/ 266120/ _»
P4c (30-50) T4 411132/ 3, 307128/ 5, 284+ 26
P4d (45-50) T4 164112/ 47 12111 gy 190 4+ 14/263 £ 18
P6a (18-22) T6 7323/ 56 64418/ _49 487 +34
P6b (22-24) T6 406126/ _»g 358+21/ 5 453 +33

In the Stable-surface and Inflation-corrected approaches, we re-
moved the uppermost low-concentration samples from the pro-
files (red circles in Fig. 4) and performed exposure-age calculations
based on curve-fitting to the remaining samples. The Stable-surface
approach assumes no inflation of the terrace surface over time (al-
though total erosion is allowed to vary between +1 cm), whereas
in the Inflation-corrected approach, we simulated the accumulation
of the fine sand/silt layer in the upper part of the profiles over
time. In the Surface-pebbles approach, we subtracted the most-
probable inherited 1°Be concentration derived from the depth pro-
files from the surface samples (the ones that were excluded from
the first two approaches; red circles in Fig. 4) and then calculated
exposure ages from the remaining '°Be concentration.

Ages derived from the Stable-surface and Inflation-corrected ap-
proaches range from 7574/_7 and 732133 /_sg ka and are reported
with 1o uncertainty (Table 1; details in Table S5 and Fig. S3).
When comparing the two sets of results, the Inflation-corrected
ages are younger by 11% (P2b) to 26% (P4d).

The Surface-pebbles approach was only applied to the pebble
profiles. Because the 1°Be concentration in the surface-pebble sam-
ple is insensitive to dilution by aeolian material, it allows us to test
the inflation hypothesis. The resulting ages range from 85 + 8 ka
to 487 £ 34 ka (Table 1, details in Table S7).

A sub-set of the profiles required modifications in our ap-
proaches. When applying the Stable-surface and Inflation-corrected
approaches to profile P2a, we infer that the two exponential trends
define two depositional events separated by a period of expo-
sure as indicated by the formation of a paleosol. For the upper
fill, we calculated a surface-exposure age of 757%/_7 ka. To calcu-
late the exposure age for the lower fill, we first subtracted the
amount of 1°Be produced in the samples of the lower fill unit
since the deposition of the upper fill unit. Based on the remaining
10Be concentration (Fig. 4, transparent circles in P2a), we calcu-
lated a surface exposure duration for the lower unit. The expo-
sure duration is 78112/_;5 ka for the Stable-surface approach or
58+11/_g ka for the Inflation-corrected approach. Thus, the addi-
tion of the exposure duration of the lower surface to the exposure
age of the upper surface implies that the lower surface was ex-
posed at either 153714/_;7 ka (Stable-surface) or at 133112/_;; ka
(Inflation-corrected).

For three profiles (P6a, P2c and P4d) we needed to adjust the
Surface-pebbles approach due to insufficiently constrained °Be in-
heritance concentrations. For P6a, the depth-profile fits suggested
no inheritance, and for P2c, we could not find any depth profile
fits. Therefore, for both profiles, we assumed that the inheritance is
equal to the concentration of the lowermost sample in the profile,
and thus we obtained ages of 487 &+ 34 ka and 85 + 8 ka, respec-

tively. We performed two calculations using the Surface-pebbles
approach for P4d: one with the calculated inheritance from P4d
(P4d_surf_4d in Table S7) and one with the calculated inheritance
from P4a (P4d_surf_4a), which is located on the same terrace level
and received material from the same catchment. The two resulting
exposure ages are 190 & 14 ka and 263 £ 18 ka, respectively.

4.2. Depositional ages

To clarify whether the conglomeratic fill of the Toro Basin was
emplaced during a single depositional episode and was later in-
crementally incised, or if it records multiple cut-and-fill cycles,
we determined four CRN burial ages (Fig. 2d, Table S2). Buriall
was sampled from the fill unit below T3. Burial2 and Burial4 were
sampled from material below T2, with Burial2 containing sands
derived from the Toro main stem, whereas Burial4 sands were
transported by the Carachi tributary river (Fig. 2d and 3a). Burial3
was located below T4, but sampled at the exposed base of the fill
unit. 26A1/1%Be ratios of 6.69 + 0.07, 5.82 & 0.06, 4.29 + 0.08 and
5.77 £0.06 yield burial ages of 18 £+ 141 ka (Buriall), 306 + 125 ka
(Burial2), 936 + 170 ka (Burial3) and 325 4 130 ka (Burial4) (Ta-
ble 2; ages given with 10 uncertainty).

In addition to the burial ages, we obtained three U-Pb zircon
ages from intercalated volcanic ash layers in the Terrace Conglom-
erates (Fig. 2d, Table S8). Ash1 is from a several dm thick, fluvially
reworked ash layer that was sampled a few centimeters below
the surface of T4 and yielded a maximum depositional age of
269 £ 30 ka (n =2/49; 20 uncertainty). Ash2 from within P4b on
T4 is also reworked, but much less pronounced than Ash1. It was
deposited around fluvially transported clasts (Fig. 3e) and yielded a
maximum depositional age of 417 +38 ka (n = 2/60). Finally, Ash3
was collected from a prominent ash layer in fill material north
of the El Mollar tributary. Although terrace surfaces are not well
preserved in this location, the elevation above the current river
suggests that the ash-bearing material belongs to the fill mate-
rial below T3. This sample yielded a consistent age population of
218 4+ 14 ka (MSWD = 1.48; n = 14/60).

5. Discussion
5.1. Reliability and interpretation of terrace exposure ages

A comparison of the three different approaches to calculate
terrace-surface exposure ages (Table 1) reveals that (a) the expo-
sure ages vary significantly depending on the chosen approach (e.g.
including inflation or not) and (b) ages from the Surface-pebbles ap-
proach generally agree better with the Inflation-corrected ages than
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Table 2

Burial ages based on paired '°Be and 26Al measurements. For the calculations we assumed a constant surface production ratio of 26Al/1°Be = 6.75, an 26Al decay constant
of a1 =9.38 % 1077 (Nishiizumi, 2004) and a '°Be decay constant of Age = 4.987 x 107 (e.g., Chmeleff et al., 2010). Burial age uncertainties include measurement and
decay-constant uncertainties. Ages in bold we consider as most reliable and are plotted in Fig. 6e as solid red lines.

Sample name Calculated °Be concentration Calculated 26Al concentration 26A1/10Be ratio Burial age
(1°Be atmg~! + 10) (%6Al atmg~! + 10) (ka+10)
Burial 1 7.21E405+ 3.86E+04 4.82E4-06+ 2.04E+05 6.69 +0.07 18 + 141
Burial 2 8.05E+05+ 2.57E+04 4.69E4-06+ 2.37E+05 5.82+0.06 306 £+ 125
Burial 3 1.71E4-05+ 6.56E+03 7.34E+05+ 5.07E+04 4.29 +£0.08 936 +£170
Burial 4 2.91E+05+ 1.02E+-04 1.68E4-06+ 8.72E+04 5.77 £0.06 325+130
T6~450-490ka = ~220m P6b
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Fig. 5. Simplified overview of the spatial sample distribution and the temporal evolution of the fill terraces. (a) Schematic block diagram across the Toro Basin illustrating the
relative locations of Pleistocene fluvial terraces and our samples. Ages on the dashed lines in the back indicate terrace age ranges based on the depth profiles (black) and
predicted ages for undated terraces (grey). Height numbers give the approximate elevation of the terrace treads above the modern channel. (b) Temporal evolution of the
Toro Basin and relative locations of our samples. Solid red and blue lines indicates better constrained aggradation and incision phases, while dashed lines indicate inferred
phases of river elevation change. The equivalent fill units are numbered in accordance and distinguished between better constrained (black) and inferred (grey). 0.98 Ma

volcanic ash in the upper Alfarcito conglomerate from Marrett et al. (1994).

with the Stable-surface ages. Because the age distribution suggests
that inflation has raised the terrace surfaces by several 10s of cm
with respect to the underlying material, with a consequent large
influence on exposure-age calculations, we consider the ages de-
rived from the Surface-pebbles approach (which is insensitive to
surface inflation) to be more reliable. For P4d, two ages with dif-
ferent inheritance concentrations were generated (190 + 14 ka and
263 £ 18 ka). Because P4d is located on the same terrace level as
P4a and P4c with calculated ages of 269 =+ 20 ka and 284 =+ 26 ka,
we consider the calculated age for P4d of 263 + 18 ka (based on
P4a inheritance concentrations) to be more reliable.

For the two sand profiles (P2a, P4b), the age determination is
limited to the depth-profile calculations, since we cannot apply the
Surface-pebbles approach. Because the Inflation-corrected approach
ages of the pebble profiles correlate better with the Surface-pebbles

ages, we prefer the Inflation-corrected age for P4b. For the upper
surface of P2a, we could only calculate an age using the Stable-
surface approach, because no obvious sand/silt layer is visible. Fol-
lowing these choices (bold ages in Table 1), we obtain preferred
exposure ages of ca. 75 to 110 ka for the lowermost dated terrace
surface (T2), ca. 260 to 285 ka for T4, and ca. 450 to 490 ka for T6
(Fig. 5a).

We assume that the exposure ages of the terrace treads are
equivalent to the time of terrace abandonment associated with the
onset of incision. The three dated terraces (T2, T4, and T6) are sep-
arated by ca. 200 kyr and the presence of two terraces of unknown
age in between (T3 and T5) suggests the formation of one terrace
every ~100 kyr. Consequently, we infer an abandonment age of
ca. 170 ka for T3 and ca. 370 ka for T5.
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5.2. Cut-and-fill cycles within the Toro Basin

Sometime after 0.98 Ma, the Toro Basin experienced incision to
a base-level similar to today, followed by a major phase of aggra-
dation related to basement block uplift in the lower part of the
Basin (see section 2.1 and Fig. 2b, Hilley and Strecker, 2005). The
age constraint is based on a 0.98 Ma ash (Marrett et al., 1994) that
is incorporated into the deformed uppermost Alfarcito conglomer-
ate, which is unconformably overlain by the undeformed Terrace
Conglomerates (Fig. 5b). Although Hilley and Strecker (2005) sug-
gested that this aggradation was followed by episodic incision with
no intervening filling phases to create the terraces, the position of
our samples in the stratigraphy and our 26Al/1°Be burial and U-Pb
zircon ages (ranging from 18 4 141 ka to 936 £ 170 ka) preclude
the possibility of a single fill unit that was episodically incised. In-
stead, our results imply several cut-and-fill events. We do not have
age constraints for the fill beneath each terrace tread. Fill units
are named according to the terrace tread that lies above it (e.g.,
Fill6 lies beneath T6) and based on their ages, we assign each CRN
burial and ash sample to one fill unit.

The oldest fill unit (Fill6) is defined by the age of Burial3
(9364170 ka), which was collected from an undeformed conglom-
erate ~15 m above the current main channel (Fig. 5b). Hence, at
around 940 Kka, the elevation of the upper reaches of the Rio Toro
was locally almost as deep as today, and more than 200 m of net
aggradation occurred before the formation of the highest dated ter-
race (T6) at ca. 450 to 490 ka. We have no time constraints on the
abandonment of T5 (although we predict it to be around 370 ka),
nor do we know if a separate fill unit (Fill5) underlies it.

The next aggradation phase (Fill4) is dated by the CRN burial
samples Burial2 (306 = 125 ka) and Burial4 (325 % 130 ka), which
were collected ~15 to 20 m above the current river level, imply-
ing that the river elevation at ~300 ka, between the abandonment
of T5 and aggradation to T4, was at least as low as it is today.
These sites were recently exposed due to undercutting by the Rio
Toro, and thus time for post-depositional CRN production has been
short. Similarities in elevation and age imply that both conglomer-
ates belong to a single aggradation phase shortly before the aban-
donment of T4 (260-285 ka).

The ash layer Ash1 (269 & 15 ka), sampled from Fill4 30 cm be-
low the T4 tread, corresponds closely to the surface-abandonment
age of T4 (ca. 260-285 ka), indicating that the ash was de-
posited on the floodplain shortly before the river system switched
from aggradation to incision. Ash2 was sampled within P4b at
~50-60 cm below the T4 tread and yielded an age of 417 +
38 ka, which is considerably older than the terrace tread above
it (260-285 ka) and also older than Ash1, which was deposited at
a similar stratigraphic level. Because we interpret Ash2 to be re-
worked and less pronounced than Ashl, its age only provides an
upper limit to the depositional age of Fill4.

The next aggradation phase (Fill3) is constrained by Ash3 (218 &+
14 ka), which we correlate with the fill deposit below T3 based on
its elevation. This ash limits the abandonment age of terrace T3 to
<218 ka (undated, but inferred to be ~170 ka). Stratigraphically,
Buriall, which yielded an age of 18 &+ 141 ka, belongs to the same
fill unit as Ash2 and should therefore be older than the surface-
abandonment age of the T3 terrace (estimated to be ca. 170 ka).
Buriall was collected from a vertical wall (Fig. S1) 60 m above the
current channel. As such, some post-depositional nuclide produc-
tion may have occurred since the river first exposed the outcrop,
which would reduce the burial age and may explain why it over-
laps with the present day within uncertainty. Although the 20 age
uncertainty also overlaps with the inferred abandonment age of T3,
to avoid confusion, we omit this sample from further discussion.

We find no younger depositional ages documenting another fill
unit (a hypothetical Fill2). However, an additional incision phase

is marked by the abandonment of terrace T2 between ca. 75 and
110 ka based on the depth profiles P2a, P2b and P2c (bold ages in
Table 1).

Together, the CRN burial ages, the volcanic-ash ages, and the
terrace-abandonment ages suggest that the terraces formed as a
result of multiple cut-and-fill cycles. Based on the limited number
of burial and ash ages obtained, we suggest a minimum of three
principal phases of aggradation (solid red arrows in Fig. 5b); how-
ever, more filling phases - potentially one related to each terrace
- are possible. Currently, we cannot determine whether there was
(a) an overall reduction of the cut-and-fill amplitude (Fig. 5b), or
if (b) younger incision events have cut deeper below the present
river level. Nevertheless, we observe net incision at a rate of about
0.4 mm/yr based on the decreasing tread heights since the forma-
tion of the T6 surface (Fig. 5b and Fig. S4).

5.3. Potential causes of terrace formation

The formation of fluvial terraces associated with ~100 kyr cut-
and-fill cycles indicates significant changes in sediment supply
and/or runoff within the Toro Basin. Below, we discuss the poten-
tial roles of (a) autogenic forcing, (b) tectonics, and (c) climate as
potential drivers of sediment filling and excavation within the Toro
Basin.

5.3.1. Autogenic forcing

External perturbation of a fluvial system does not necessarily
result in the formation of a single terrace, but rather can lead
to autogenic terrace formation, in which several waves of bed-
elevation change form a flight of terraces (e.g., Schumm and Parker,
1973). In this case, the highest terrace is created by the initial
perturbation, while subsequent feedback mechanisms between the
main channel and tributaries induce alternations between aggrada-
tion and incision and thus generate additional, lower fill terraces.
In the field, we did not find any evidence for such major pertur-
bations related to river capture or landslides voluminous enough
to explain hundreds of meters of aggradation over timescales of
10 to 10° years. However, a perturbation at the outlet of the Rio
Toro could have been possible. After exiting the basin, the Rio Toro
crosses the alluvial fan in the Lerma Valley and today drains into
the Cabra Corral reservoir (~1030 m asl) at the southeastern bor-
der of the basin (Fig. 2a). Lacustrine deposits in the Lerma Valley
indicate the existence of the Pleistocene ‘Lake Lerma’ (most likely
between 0.78-0.1 Ma) with a highstand <170 m above the current
Cabra Corral level (Malamud et al., 1996). However, a single major
lake-level drop of 170 m can still not explain multiple fill thick-
nesses of at least 220 m in the upper sectors of the Toro Basin.

5.3.2. Tectonic forcing

Hilley and Strecker (2005) related the onset of deposition of
the Terrace Conglomerates within the Toro Basin (<0.98 Ma) to
the reactivated uplift of the Sierra de Pascha Sur, which would
have caused steepening of the river channel within the gorge and
deposition upstream of the Golgota Fault (Fig. 2b). Since the for-
mation of T6 (ca. 450 to 490 ka), we observe net fluvial incision of
the Terrace Conglomerates with multiple superimposed cut-and-
fill cycles. A purely local tectonic explanation for this landscape
would require a cyclically changing uplift rate of the Sierra de
Pascha Sur. Although such changes are difficult to envisage, the
terrace region could also be influenced by changes in base-level in
the Lerma Valley, assuming that these signals can propagate up-
stream. There is evidence for tectonically induced long-term rock
uplift as well as base-level rise in the region (Garcia et al., 2013;
Hilley and Strecker, 2005) both of which should affect river inci-
sion and aggradation.
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Fig. 6. Comparison of aggradation and incision phases in the Toro Basin with regional and global climate proxies. CaCO3 concentrations (a) and saline diatom abundance (b)
in a Lake Titicaca sediment core (Fritz et al., 2007). High values of both indicate arid phases, which are marked by the grey bars. (c) Average benthic isotope records for the
Atlantic (black) and Pacific (grey) oceans (Lisiecki and Raymo, 2009). Numbers indicate Marine Isotope Stages (MIS). (d) Probability density functions (PDF) of the nine terrace
surface abandonment ages (light blue) based on the 1°Be depth profiles as indicated in bold in Table 1 and a stacked PDF to show the overall trend of onset of incision (dark
blue). Dashed line represents the lower, buried unit of P2a and is not included in the stacked PDF. Based on its location close to a confluence, we consider this lower unit
as a period of no deposition and later re-occupation rather than the onset of a major incision phase. Additionally, the PDF of Ash1, which was deposited on the floodplain
shortly before incision must have started, is plotted in orange. (e) PDFs of the CRN burial (red) and volcanic ash (orange) ages that represent times of deposition. Note the
different y-axis for the CRN burial and volcanic ash ages for better visibility. The shaded areas in (d) and (e) represent the 1o uncertainty ranges. (f) Approximate evolution

of river elevation (same as Fig. 5b).

Uplift of the Mojotoro range, which bounds the Lerma Valley
to the east (Fig. 2a), started at 10 to 5 Ma, and contributed to sev-
eral hundred meters of surface uplift during the Quaternary (Garcia
et al., 2013; Hain et al,, 2011). This enhancement of orographic
shielding likely reduced precipitation and fluvial-transport capac-
ity within the hinterland basins (Hain et al., 2011). Although no
evidence was found for sustained internal drainage of the Lerma
Valley on longer timescales (Hain et al.,, 2011), the reduced flu-
vial connectivity to the foreland and associated transient sediment
storage is expressed in a 300 m elevation difference between the
Lerma Valley and the lower, adjacent basin to the east (Hain et al.,
2011). Thus, the overall rise in base-level elevation in the Lerma
Valley could also have promoted sediment aggradation in the Toro
Basin, but its timing is poorly constrained.

We cannot differentiate whether the onset of net incision of
the Terrace Conglomerates at ca. 500 ka was related to changes
in tectonic uplift rates or a decrease in the Qs/Q ratio in the
Toro Basin. The net incision rate of ~0.4 mm/yr in the terrace re-
gion (Fig. 5b and Fig. S4) correlates well with reported long-term
uplift rates of the eastern bounding and adjacent ranges, which
range from 0.4 to 0.6 mm/yr (Sierra de Pascha, Hilley and Strecker,
2005) and from 0.3 to 1.0 mm/yr (Cordon de Lesser, Garcia et al.,
2013). This correspondence could mean that the region of the river
terraces has experienced a similar uplift rate, and that net river in-
cision is keeping pace with that uplift. Alternatively, a slowing of
the uplift rate of the Sierra de Pascha Sur could have driven net in-
cision in the terrace region, but at a rate that is difficult to predict.
Through either mechanism, the tectonic activity of the region could
explain the net incision of the Toro Basin since at least ca. 500 ka.
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However, the cyclical alternations between aggradation and inci-
sion on ~100 kyr timescales likely requires an additional driver.

5.3.3. Climate forcing

Another mechanism to trigger fluvial incision or aggradation is
by changing the incoming Qs/Q., ratio (Parker, 1998). Because
the Toro Basin has a virtually unlimited supply of sediment in
the form of unlithified fluvial conglomerate, the influence of cli-
mate on terrace formation and fluvial long-profile evolution may
be primarily associated with past variability in Q. Unfortunately,
there is no paleoclimate record from the nearby Puna that is suffi-
ciently old to compare with our terrace sequence. However, there
is one terrestrial paleo-climate record from the Altiplano based
on a drill core from Lake Titicaca (Fig. 1b), whose CaCO3 con-
tent (Fig. 6a) and diatoms with saline affinity (Fig. 6b) show a
dominant 100 kyr cyclicity in humidity (Fritz et al., 2007). A com-
parison of our terrace exposure, 26Al/1%Be burial, and volcanic
ash ages to temporal trends in the Lake Titicaca records shows
that the onsets of the three dated incision phases (i.e., terrace-
abandonment ages; Fig. 6d) correlate with wetter phases in the
Lake Titicaca region. We plotted Ashl together with the terrace
surface abandonment ages (Fig. 6d) because that sample was col-
lected a few cm below the surface of T4, and must have been
deposited on the floodplain shortly before incision started. Con-
versely, the episodes of deposition (Fig. 6e) occur during arid
phases (~218 ka, ~306-325 ka, and ~417 ka). Aggradation of
the Rio Toro today, during the present arid interglacial, corrobo-
rates this pattern (Fig. 2b). Furthermore, a comparison with global
benthic oxygen isotope records (Fig. 6¢, Lisiecki and Raymo, 2009)
implies that the onset of terrace abandonment phases correlates
with transitions into global glacial stages. Wetter conditions in
the Central Andes due to increased precipitation and/or reduced
evapotranspiration during glacial times have commonly been in-
ferred from field studies (Baker and Fritz, 2015; Fritz et al., 2007,
Haselton et al., 2002) and modeling studies (Vizy and Cook, 2007).
As a result, the fluvial transport capacity in the Toro Basin may
have increased during glacial phases more than the sediment flux
did. In contrast, during the warm, arid phases, the transport ca-
pacity would have been reduced, resulting in an increase in the
Qs/Q, ratio and aggradation (e.g., Hanson et al., 2006). Overall,
we suggest that while post-500-ka net incision of the Toro Basin
is likely controlled by regional tectonic activity, the superimposed
100 kyr aggradation-incision cycles are climate-driven and have
been caused by changes in the Qs/Q ratio.

5.4. Impacts of global climate change on sedimentary systems

Although fluvial terraces in the Central Andes have commonly
been linked to moisture fluctuations within the past ~100 kyr (e.g.
Farabaugh and Rigsby, 2005; Schildgen et al., 2016; Steffen et al.,
2010; Tchilinguirian and Pereyra, 2001), the only other record of
Andean fluvial terraces that span multiple 100 kyr glacial cycles
is from the southernmost Central Andes (Rio Diamante, Fig. 1b),
where Baker et al. (2009) correlated the deposition of fluvial fill
units with glacial advances. Globally, the formation of fluvial ter-
races related to 100 kyr glacial-interglacial cycles has also been
shown in the Tian Shan (Huang et al., 2014), on the NE Tibetan
Plateau (Pan et al., 2003), in the Apennines (Wegmann and Pazza-
glia, 2009), and in several locations within Europe (Bridgland and
Westaway, 2008).

But why have 100 kyr cycles in terrace formation only been
reported in one other location in the Andes (Rio Diamante), de-
spite the large number of existing terrace studies? Our knowl-
edge of how periodic forcing signals are preserved in sedimen-
tary records is limited and mainly based on numerical models
(e.g. Braun et al., 2015; Castelltort and Van Den Driessche, 2003;
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Fig. 7. Correlation of recorded climate cyclicity and river length. Three sedimentary
records from the eastern flank of the southern Central Andes (Fisher et al., 2016;
Schildgen et al., 2016; this study) preserve paleoclimate cycle periodicities that
are proportional to the square of river length upstream of their depositional area,
consistent with the linear-diffusional model of Castelltort and Van Den Driessche
(2003).

Godard et al., 2013). It has been suggested that if the response
time of the alluvial long profile is longer than the periodicity of the
forcing, changes in sediment export efficiency will be buffered and
will not lead to a morphological response (Allen, 2008). Castelltort
and Van Den Driessche (2003) proposed that diffusive waves of
sediments in alluvial systems lead to a perturbation response time
that is proportional to a representative transport distance squared,
following the linear diffusive model of Paola et al. (1992). This
result contrasts with the length scale-independent response to cli-
mate change described by Braun et al. (2015), whose landscape
evolution model includes stream power based channel erosion and
hillslope diffusion, but does not explicitly model sediment trans-
port through the river system.

Although we cannot explain with certainty why the geomor-
phic record in Toro Basin is dominated by 100 kyr climate cyclic-
ity, a correlation between catchment length scales and recorded
climate periodicity exists throughout the southern Central An-
des. For example, late Quaternary fluvial deposits in tributary val-
leys within the Humahuaca Basin (Fig. 1c) record changes associ-
ated with precessional (21 kyr) cyclicity from catchments ranging
in length from 10 to 100 km (Schildgen et al., 2016), whereas
Pliocene to late Pleistocene deposits in the ~140-160 km long Rio
Iruya (Fig. 1c) record long-eccentricity (400 kyr) cyclicity (Fisher et
al., 2016). For comparison, the river length upstream from the ter-
races in the Toro Basin is ~60-80 km. A simple curve-fit, albeit
with only three river systems (Fig. 7), provides empirical support
for the length-scale-dependent fluvial response time in alluvial
rivers (e.g. Castelltort and Van Den Driessche, 2003). Hence, al-
though river length is likely not the only factor affecting fluvial
response times, these three drainage systems in NW Argentina of-
fer compelling evidence of how different periodicities of climate
forcing can be preserved in geomorphic archives at differing dis-
tances from their source areas.

6. Conclusions

Three terrace abandonment ages in the Toro Basin of NW Ar-
gentina calculated from nine in situ 1°Be depth profiles range from
75+ 7 to 487 + 34 ka and reveal an apparent 100 kyr cyclicity
in the formation of six terraces. Additional dating of sediment de-
position, based on cosmogenic burial samples and volcanic ashes,
suggest the terraces result from multiple cut-and-fill cycles. The
initial filling of the extensive Terrace Conglomerate within the Toro
Basin is most likely linked to basement uplift near the catchment
outlet, beginning at ~1 Ma. Either (1) changes in uplift rate of this
basement block or (2) regional rock uplift could explain the net
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incision of the Rio Toro since ca. 500 ka. However, the superim-
posed 100 kyr aggradation and incision cycles are best explained
by climate forcing. Preservation of these cycles likely results from
a fortuitous combination of enhanced preservation potential in
a region of long-term net incision together with river response
times (potentially linked to channel length) that are appropriate
for recording 100 kyr cyclic forcing. The times of river incision
onset correlate with wetter phases recorded in a Lake Titicaca sedi-
ment core, whereas depositional phases mainly fall within arid pe-
riods. Increased moisture availability in the southern Central Andes
has been previously shown to coincide with global glacial cycles.
We suggest that enhanced precipitation and/or reduced evapotran-
spiration during global cold phases resulted in increased water
discharge and sediment transport capacity in the Rio Toro and its
tributaries, which outweighed any increases in sediment flux in
this transport-limited system and thus triggered river incision.
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