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A B S T R A C T

How major shifts in climate over the Quaternary have affected topography is unclear, especially in tectonically 
active regions. This shortcoming is largely due to a lack of robust chronologies of landscape evolution over the 
last few million years. Here we document a rare case, where a fluvial landscape has been preserved well enough 
to record its responses to tectonic and climatic shifts throughout the Quaternary. Our results show that aggra
dation of sediment fill near the Huasco River mouth in the semi-arid Central Andes at the beginning of the 
Quaternary corresponds to an increased upstream erosion rate and we propose that this was due to glacial 
expansion. At 1.3 Ma, the river began to incise into these sediments, and at 1.0 Ma the rate of downcutting 
increased notably. The fluvial incision coincides with the Early-Middle Pleistocene Transition, when the peri
odicity of global climate cycles lengthened. We integrate these findings with marine terrace dating in the same 
region and find that, although fundamental changes of aggradation and incision were coeval with global climate 
change, the average rates of fluvial incision over million-year timescales are comparable to rates of uplift. Our 
findings imply that the Central Andean landscape has responded to major shifts in the frequency of orbitally- 
driven climatic cycles, impacting topography that is governed by tectonic uplift over longer timescales. As the 
supply of sediments offshore to subduction zones is considered to exert a control on uplift, our results have 
broader implications for feedbacks between climatic and tectonic processes.

1. Introduction

It has been suggested that episodes of landscape evolution are coeval 
with major climatic shifts underpinned by Earths orbital parameters (e. 
g. Bender et al., 2021; Fisher et al., 2023; Godard, et al., 2013). On the 
other hand, there are several examples where erosion rates have not 
varied through periods of major global climate change (e.g. Lenard 
et al., 2020; Oskin et al., 2017) and so the role that climate plays in 
shaping landscapes, especially those that are tectonically active, remains 
contentious. Central to this debate is the difficulty of obtaining reliably 
dated evidence for geomorphologically impactful events over the last 
several million years, particularly from terrestrial rather than marine 
settings (Fisher et al., 2023). Given the encompassing nature of global 
climate shifts, we might expect their influence on the landscape to be 
readily apparent. However, evolving topography erodes or buries the 

geomorphic record of its past and it is notoriously difficult to untangle a 
history of high-magnitude, low-frequency erosional events from secular 
processes averaged over the long-term (Kirchner et al., 2001). These 
difficulties are compounded at active plate margins by the need to 
extricate tectonic influences from any record of landscape change.

One way of addressing this problem is to date the preserved topo
graphic features that may be indicative of changing tectonic and cli
matic boundary conditions, such as marine and fluvial terraces. Fluvial 
terrace treads are planed remnants of earlier river levels and may form 
in alluvial deposits as fill, or fill-cut terraces (Bull, 1991; Merritts et al., 
1994). Dating the timing of both sediment aggradation and the fluvial 
abandonment of terraces cut into those sediments can provide insights 
into how rivers have responded to tectonic and climatic forcing. Marine 
terraces, on the other hand, are assumed to form during sea-level 
highstands (Lajoie, 1986). Relatively consistent Quaternary highstand 
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elevations (Berends et al., 2021) provide a datum from which the ages 
and elevations of marine terraces can be used to reconstruct vertical 
tectonic displacements.

In this study, we derive the timings of fluvial aggradation and inci
sion into those sediments in the semi-arid Andes and combine it with a 
record of tectonic uplift from marine terrace dating. Valley fill deposits 
near the Pacific mouth of the Huasco River in central Chile suggest that 
the fluvial system has adapted to a changing environment and we use 
cosmogenic nuclide isochron burial dating, surface exposure ages and 

depth profiles to constrain when the sediments were deposited, the 
Andean paleoerosion rates that produced them and the timing of sub
sequent incision. Dating of nearby marine terraces is combined with 
published, longer-term records to constrain the tectonic uplift history of 
the area and to compare it with the fluvial incision history of the Huasco 
River. Coupled with the Quaternary time-span of our ages, this robust 
chronology of fluvial and marine events allows us to identify the drivers 
of landscape evolution in relation to both global climatic change and the 
regional tectonic uplift history.

Fig. 1. (A) The Chilean coastline showing the Huasco River catchment and location of the marine terraces sampled at Caldera. The location of the Juan Fernandez 
Ridge (JFR) around 11.5 Ma is estimated from Le Roux et al. (2005a). (B) Swath profiles showing the elevations of the VFS (valley fill sediment) and T1 (highest 
fluvial terrace) above the modern bed of the Huasco River. (C) Fluvial terrace surfaces mapped at the mouth of the Huasco Valley, with cosmogenic nuclide dating 
sampling sites indicated on the valley fill sediment surface (VFS, PIT-1 and PIT-2), within the sediment fill (ISOCHRON), the highest fluvial fill-cut terrace (T1) and 
the modern sediment from the active channel (MC). (D) The marine terrace sample sites at Caldera are shown by blue circles with the elevations given in meters. The 
grey circles show sites sampled where age results were indeterminate. The yellow star is the location of the modern beach samples. Background topography and the 
swath profiles in (B) use ASTER, 1 ′ (approx. 30 m) resolution digital elevation model data accessed from the NASA Earthdata portal.
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2. Background

2.1. Geological setting and uplift history

The Huasco River catchment drains the western flank of the Central 
Andes Mountains (Fig. 1A). With the headwaters in the Frontal Cordil
lera, where peaks on the drainage divide exceed elevations of 6 km, the 
river flows through the more subdued topography of the ~ 1 km high 
Coastal Cordillera before reaching the Pacific Ocean. Uplift of the Cen
tral Andes including the coastal regions is driven by subduction of the 
Nazca plate beneath the South American plate (Gregory-Wodzicki, 
2000). Studies dating the formation age of marine terraces along the 
coast of central Chile have provided a record of uplift spanning the last 
several hundred thousand years and uplift rates between 100–400 
m/Myr are typical (Regard et al., 2010). Longer-term records of crustal 
uplift and subsidence come from 87Sr/86Sr macro/microfossil dating of 
coastal sections (LeRoux et al., 2005a, 2005b), which suggests that the 
southward migration of the subducting Juan Fernández Ridge explains a 
period of Middle Miocene uplift and subsidence, before the current 
period of uplift (Fig. 2). This more recent uplift seems to have occurred 
over the last few Myr, though scatter and some conflicting 87Sr/86Sr ages 
preclude more precise interpretation over Pliocene/Quaternary time
scales. Nonetheless, earlier periods of crustal uplift around 12 to 8 Ma 
followed by subsidence between around 7 to 3 Ma account for the prior 
deepening of the Huasco Valley, creating the accommodation space for 
valley fill sediments (VFS) (Fig. 2). The semi-continuous surface of this 
valley fill can be traced upstream from close to the Pacific mouth of the 
Huasco River for more than 40 km (Fig. 1C). Close to the coast, the 
km-wide planar surface of the deposit is perched around 140 m above 
the modern Huasco River, though the elevation difference between the 
active channel and the VFS tapers to around 100 m further upstream 
(Fig. 1B, Fig. 3A). The VFS have thicknesses of 100 - 200 m beneath the 
current channel (Cabrera et al., 2006; Salas et al., 2016). A similarly 
planed and elevated fluvial terrace surface, which grades into and is 

connected to proximal shore platforms, is found close to river mouths 
further to the south between − 30.5◦S and 32.5◦S (Rodríguez et al., 
2013) (Fig. 4A). Interfingering marine layers near to the Huasco river 
mouth indicate that the fluvial sediments were deposited close to 
sea-level (Riveros and Riquelme, 2009). Aside from these layers, the 
general lack of stratification apparent in the matrix supported, fluvially 
rounded and coarse-grained sediments suggests deposition in an ener
getic environment (Fig. 3B). The down-cutting of the Huasco River 
subsequent to the deposition of the valley fill is recorded by a sequence 
of at least four terraces carved into the sediment (Fig. 1C, Fig. 3A, 
Fig. S5).

2.2. Climate history

Precipitation along the central and southern Chilean coast is pre
dominantly associated with winter storm tracks of the Southern Hemi
sphere Westerlies (Garreaud et al., 2009). This source of moisture and 
the southern limits of Atacama Desert hyperaridity at around 27◦S, 
(Houston., 2006) result in the extreme precipitation gradient along the 
western side of the Central Andes (Garreaud et al., 2009) (Fig. 4A). 
Precipitation in the semi-arid zone, where the Huasco catchment lies, is 
thus sensitive to the northward migration, or intensification, of the 
Southern Hemisphere Westerlies, as shown by late Quaternary marine 
(e.g. Hebbeln et al., 2007; Lamy et al., 2001) and terrestrial records (e.g. 
Garcia et al., 2019; 2024; Heusser, 1990; Veit, 2015).

The high elevations of the semi-arid western Andean flank are 
currently cold enough to support permanent ice but do not because they 
lack sufficient rainfall (Ammann et al., 2001; Kull et al., 2002; Sagredo 
et al., 2014) (Fig. 4B). The migration or intensification of the Westerlies 
have brought past increases in precipitation to the Andean headwaters 
of the Huasco catchment, providing the moisture needed for glacial 
growth (Garcia et al., 2024; Grosjean et al., 1998; Lamy et al., 1998; 
2001; Zech et al., 2006). Modeling shows that increased precipitation, 
along with cooling during the late Pleistocene allowed the glacial 

Fig. 2. The uplift and subsidence history of the coast near Huasco since the middle Miocene. Adapted from Le Roux et al. (2005b), who fitted a 4th order polynomial 
to a chronology of reference surfaces from Carrizalillo (approx. 29◦S), dated using fossil assemblages and Sr dating of shells and corrected for variations in sea-level. A 
similar pattern is observed further south at Tongoy (approximately 30◦S) (Le Roux et al., 2005a). The uplift from ~12 Ma to ~8 Ma is interpreted to result from the 
subduction of the Juan Fernandez Ridge. Uplift, subsidence and then uplift can account for the creation of accommodation space and the subsequent fill of thick (100 
- 200 m) sediments beneath the current Huasco River channel (Cabrera et al., 2006; Cabré et al., 2017).
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equilibrium line altitude (ELA) to descend by over 1000 m to an 
elevation of 3900 m within the Huasco River catchment (Ammann et al., 
2001) (Fig. 4B). The record of this glaciation and of other, less extensive 
late Pleistocene and Holocene advances are evinced by lateral and ter
minal moraines (Aguilar et al., 2022; Carraha et al., 2024; Garcia et al., 
2024; Zech et al., 2006). These late Pleistocene and Holocene features lie 
within an even older and more extensively ice-molded Quaternary 
landscape (Caviedes and Paskoff, 1975).

3. Methods

3.1. Sample collection approach and processing

Cosmogenic nuclides can be used to date the ages of surfaces that are 
formed as landscapes evolve, as well as the ages of the sediments 
deposited within those landscapes. To constrain ages of landforms 
associated with the VFS in the Huasco Valley we used three cosmogenic 
10Be and 26Al dating methods, each of which relies on different sampling 
approaches. All sampling locations discussed below are shown on 

Fig. 3. A. Looking north from the southern bank across the Huasco River at the surface of the Valley Fill Sediment (VFS) and fluvial terraces. B Roadcut through the 
VFS on the southern side of the Huasco River. The depth of the section shown here is ~ 8 m, showing poorly stratified, fluvially rounded, cobble rich sediments. The 
opposing side of the roadcut was sampled for isochron burial dating, with the level indicated here (see Fig. 1B). C. PIT-1 depth profile showing the orange/brown 
upper layers and the cobble rich spoil to the side. In the distance is the surface sampled (VFS-2) for exposure age dating. D. The highest (211 m) marine terrace 
sample site at Caldera. The planar surface is mantled by a veneer of rounded pebbles. The approximate sample area is indicated by the white dashed line.
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Figs. 1C and 1D We note that for all 10Be and 26Al production rate scaling 
we apply the LSD scheme of Lifton et al. (2014). We prefer this scheme 
over others as it accounts for time-dependent magnetic field changes and 
because it is based on first principle particle flux physics, rather than 
empirical fits to proxy data sets (see supplementary data).

Firstly, we measured 10Be and 26Al from nine samples and used 
isochron burial dating to find the depositional age of the sediments of 

the VFS. For this, cobbles were collected from a roadcut in the VFS on 
the southern side of the Huasco river from a uniform 10 m depth below 
the surface (Fig. 3B). Stratification of the exposed section was poor and 
the coarse, matrix supported sediments were similarly rounded as the 
sediments in the depth profile pits (see below).

Secondly, we collected six samples from each of two ~1.8 m deep 
pits (PIT-1 and PIT-2, Fig. 1B and Fig. 3C) dug around 500 m apart into 

Fig. 4. (A) The limits of the LGM ice in southern South America (Hollin and Schilling, 1981) relative to the location of the dated deposits and surfaces at: A- valley fill 
of the Huasco River (this study) and B- elevated fluvial surface above the Choapa River (Rodriguiez et al., 2013). The coloured contours give modern mean annual 
precipitation with the arid diagonal crossing the Andes at around 25–26◦S, just to the north of the Huasco River and notable LGM ice extents. The numbers west of 
the Chilean coast correspond to the km depth of sediments in the trench (Bangs and Cande, 1997) and the current position of the Juan Fernandez Ridge is indicated. 
(B) The maximum topographic elevations along a latitudinal transition from semi-arid to arid climates are shown by the grey envelope, alongside the zero-degree 
isotherm and the modern snowline. Elevated portions of the Huasco River catchment lie in a zone of freezing where the current lack of moisture prevents significant 
glacier growth. The lowering of the ELA during late Pleistocene glacials is, for the most part, attributed to a northward-trending influence of the Southern Westerlies 
bringing increased precipitation and allowing glacier growth to reach the southern boundary of the Arid Diagonal.
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the VFS to construct 10Be depth profiles, from which we estimated the 
age of surface formation and inherited concentrations, as well as esti
mates of surface erosion. Both pits exhibited a grey-brown, less compact, 
uppermost layer around 20 cm thick. Beneath this was a more reddish- 
brown horizon, from around 20 to 30 cm, and underlying this until the 
bottom of the pit was a grey and well cemented layer (Fig. 3C). The 
coarse fractions of the sediments exposed in the pits were well rounded. 
Six depths were sampled from each pit. The difficulty in extracting 
material from the cemented sediments while keeping a narrow depth 
range meant that all extracted sediment size fractions, from sands to cm- 
sized pebbles were amalgamated and crushed together. Clasts larger 
than ~3 cm were avoided when sampling, though individual pebbles 
might still introduce bias in the concentrations. To consider this, in 
addition to the amalgamated sediments we measured four single pebbles 
from the 175 cm depth of PIT-2.

Thirdly, we determined surface exposure ages of individual clasts 
from the surface of the VFS (n = 26) from three separate sites (VFS-1, − 2 
and − 3), and from one site on T1 (n = 8), which is the highest fluvial 
terrace cut into the VFS at around 10 m lower than the surface (Figs. 1B, 
1C, 3A). Clear evidence of fluvial rounding, suggesting that minimal 
erosion of the clast surfaces has occurred since deposition, and no evi
dence for erosion of the surface that the clasts sat on were primary 
criteria used for sample selection. The samples from each site were 
collected from planar surfaces within approximately 10 m of each other. 
Appreciable distances were kept from the edges of the terrace risers, 
where buried samples are more likely to be exhumed, and from adjacent 
hillslopes or risers where there might have been localized colluvial in
puts. Site VFS-2 was adjacent to the PIT-1 and − 2 locations (Fig. 3C). 
The other fluvial terraces mapped in the area were not sampled due to 
concerns over human modification.

Surface exposure age dating was also applied to marine terraces at 
Caldera (~27◦S), from the active shoreline to 221 m elevation (Fig. 1D, 
Fig. S3 and S4). Sampling and methodological considerations are 
described in detail by Binnie et al. (2020), who reported the 10Be con
centrations of these samples but not the corresponding exposure ages, 
which we derive here from those results. To summarize the marine 
terrace sampling, quartz rich clasts were collected from planar portions 
of five terrace levels (Fig. 3D). Bedrock outcrops on two of these terrace 
levels were sampled with a hammer and chisel. Pebbles from the modern 
beach were also sampled.

In addition to dating the terraces and sediment fill, we measured the 
10Be concentration of the modern fluvial sediments of the Huasco River 
(MC on Fig. 1C). The aim of this sampling was to compare the active 
channel sediment 10Be concentrations and thus upstream erosion rates 
over relatively recent, millennial, timescales, with the inherited 10Be 
concentration derived from the depth profiles. The inherited component 
gives the 10Be concentration of the sediments when they were deposited, 
meaning it is characteristic of the upstream erosion rates that produced 
the valley fill sediments.

The samples were prepared as AMS (Accelerator Mass Spectrometry) 
targets at the University of Cologne using the methods detailed in Binnie 
et al. (2015). All targets were measured on CologneAMS, with 10Be/9Be 
and 26Al/27Al normalized to the standards of Nishiizumi et al. (2007)
and Nishiizumi et al. (2004), respectively. The 10Be and 26Al concen
trations derived from the AMS results were blank corrected by sub
tracting the atoms in the blank from those in the samples following 
Binnie et al. (2019). Data tables and sample preparation details are 
provided in the supplementary information.

3.2. Age, uplift, erosion and incision rate derivations

Burial dating compares the expected surface ratio of a cosmogenic 
nuclide pair (most often 10Be and 26Al) with the measured ratios from 
depths sufficient to curtail production, solving for the intervening period 
of differential decay. The ‘horizontal’ isochron approach we use here 
relies on multiple samples from the same depth having variable 

preburial concentrations, allowing outliers to be identified and minor 
postburial production to be accounted for. We follow the approach given 
by Granger et al. (2022), assuming half-lives of 10Be and 26Al of 1.387 ±
0.012 Myr and 708 ± 56 kyr and solving for the burial time and the 
post-burial 10Be concentration. The 26Al/10Be ratio that samples were 
buried with is estimated based on the LSD scaling model of Lifton et al. 
(2014), using an arbitrary preburial exposure time of 100 kyr (e.g. Zhao 
et al., 2016) and mean elevation and centroid coordinates extracted 
from a 1 arcsecond ASTER digital elevation model of the Huasco basin. 
Following Granger et al. (2022), uncertainties in the age and post burial 
component are derived by Monte Carlo simulation (n = 10 000). As a 
check of consistency, we calculate postburial 10Be production at our 
location using LSD and the muogenic scaling provided by Lifton et al. 
(2014), with surficial, sea level high latitude spallogenic production 
values taken from Borchers et al. (2016). We assume a density of 2.1 
(g/cm3) is appropriate for the overlying, indurated, cobble rich sedi
ments (Fig. 3) and use a spallogenic attenuation length of 160 g/cm2.

Cosmogenic nuclide samples taken at different depths can be 
compared to depth profiles of modelled concentrations to solve for both 
surface age and erosion, as well as bulk density and the inherited 10Be 
concentration of the sediments (Anderson et al., 1996). We apply a 
linear least-squares fit of the equation given in Granger and Smith 
(2000) for spallogenic and muogenic production with depth, solving for 
age, erosion, inheritance and density. We use Monte Carlo simulation (n 
= 10 000) to estimate uncertainties.

Version 3.0 of the online cosmogenic nuclide age calculator of Balco 
et al. (2008) was used to derive the individual clast surface exposure 
ages at Huasco and Caldera, applying the default global production rate 
(Borchers et al., 2016). We assume zero erosion of our clasts due to their 
preserved fluvially, or wave abraded, rounded form. To approximate the 
effect of uplift on exposure ages we use an elevation for production rates 
that is mid-way between the terrace surface and sea-level, or modern 
river (see supplementary data). The uncertainties of the mean surface 
exposure ages are the standard deviations of the mean, propagated 
together with the uncertainty in the global 10Be production rate (7.9 %, 
Phillips et al., 2016) to give the equivalent of ‘external’ uncertainties (e. 
g. Balco et al., 2008). We use version 3.0 of the online calculator of Balco 
et al. (2008) to approximate the catchment-wide erosion rate and report 
this with external uncertainties.

Sediments filling the tributary channels that drain into the Huasco 
River near the coast, plus the sedimentary fill in the broad trunk stream 
channel, imply it is currently aggrading. Borehole data along the 
channel bed support this and show the depth of modern sediments is 
between 40 and 60 m (Cabrera et al., 2006). To account for this in our 
incision rate estimates we assume an additional 50 ± 10 m elevation 
difference between the dated surfaces and the Huasco River when it is 
incising. Incision rates from the VFS, or T1, to the present are then 
calculated as the quotient of the above derived elevation difference and 
the average ages of the dated surfaces. The incision rate for the period 
between the VFS and T1 is the quotient of the elevation difference be
tween VFS-2 and T1 and the age difference of these locations. Uplift 
rates from the marine terraces are calculated as the elevation difference 
between sample sites, or to modern sea level, over the age difference 
between the sites. All uncertainties in the ages and elevations are 
propagated to estimate the uncertainties of the fluvial incision and uplift 
rates.

4. Results

For all 10Be and 26Al measurements, blank subtractions amounted to 
respective reductions of the measured concentrations of < 2 % and in
dividual sample concentrations are given in the supplementary data.

4.1. Timing of VFS aggradation and incision

The results of our isochron dating show that the sediments in the 
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Huasco Valley were emplaced at 2.59 ± 0.36 Ma (Fig. 5A). Two samples 
plot below the isochron line, suggesting a previous history of burial prior 
to emplacement in the VFS and these are not included in the fit. The 
postburial produced 10Be concentration derived from the intercept of 
the isochron fit and postburial production line (Fig. 5A) is 5.67 ± 0.62 ×
104 at/g (1σ), in agreement with the concentration of 6.19 × 104 at/g 
that we calculate over this period of burial based on production at 10 m 
depth. The MSWD for the isochron fit is 0.34, which might indicate 

uncertainties are overestimated. Given the thick layers of poorly strati
fied sediments visible in roadcuts, it seems reasonable to assume that 
this age represents the timing of deposition to a greater depth than our 
10 m deep sampling location. However, marine layers evident in the VFS 
suggest intervening transgressions and as such the 2.59 Ma age might 
represent the cessation of a longer period of aggradation.

The two depth profiles dug in the surface of the VFS (Figs. 5B and 5C) 
give ages of 1.26 ± 0.07 Ma and 1.32 ± 0.05 Ma (1σ). The depth profile 
estimated for PIT-1 shows a good fit with a MSWD of 1.24. Depth profile 
solutions suggest surface erosion to be negligible, which is substantiated 
by the lack of topographic relief on the VFS (see also Fig. S6). We obtain 
a value of 1.53 g/cm3 for density, although the assumption of uniform 
density with depth is likely an oversimplification. PIT-2 gives a less well 
resolved fit, however, given inheritance would not be expected to vary 
between our sites and because of the robust fit obtained by PIT-1 we 
constrain inheritance in PIT-2 to be the same as determined for PIT-1, at 
1.479 × 104 at/g, obtaining an MSWD of 6.2. Using this constraint on 
inheritance does not significantly impact the quality of the fit, our age 
and other results, with negligible erosion and a density estimate of 1.50 
g/cm3. The lower density derived from the profiles as compared to that 
used for the isochron reflects the soil formation and relatively fewer 
cobbles close to the VFS surface (see Section 3.1). The clasts from 175 cm 
depth on PIT-2 scatter around a mean value that is in good agreement 
with the concentration in the amalgamated sample (Fig. 5C) and while 
the overall fit to PIT-2 is poorer than that of PIT-1 it gives similar results.

The average we obtain for the VFS surface from exposure age dating 
is 1.28 ± 0.26 Ma (1σ, n = 25) (Fig. 5D). We omit a single sample from 
this average as it gives a much older age of 2.70 ± 0.38 Ma, though the 
similarity to the isochron age could point to the survival of this clast at 
the surface from the time of sediment emplacement. Average ages from 
the three surface sites of the VFS (VFS-1, − 2 and − 3) agree within un
certainties, showing this is indeed a single continuous surface (see also 
Fig. S2). The exposure ages from VFS and T1 display amounts of scatter 
in excess of their analytical uncertainties, suggesting the potential for 
surface disturbance. However, 26Al determinations on a subset of the 
exposure age samples from the VFS sites show no evidence for complex 
exposure histories (Fig. 6), suggesting they have remained at, or near, 
the surface throughout their exposure, at least within uncertainties of 
around 100 kyr. Some scatter in the 10Be concentrations might have 
originated from samples being brought to the surface shortly after it 
formed, by deflation or turbation (Binnie et al., 2020). The depth pro
files do not suggest notable surface erosion of the VFS but are less sen
sitive to such processes if they occurred early in the history of the 
surface. Given that the PIT-2 10Be concentrations of individual clasts at 
depth also show a degree of dispersion around the amalgamated sample, 
variable amounts of pre-exposure seem reasonable to explain excess 
concentrations and the scatter towards older ages. Because of the good 
agreement between the average surface exposure age and the ages from 
the two depth profiles we use an arithmetic mean of the three estimates 
for the timing of VFS surface abandonment, giving 1.28 ± 0.11 Ma (1 σ). 
The uncertainty on this age includes the standard deviation of these 
three measurements (2.9 %) propagated together with the uncertainty in 
the 10Be production rate (7.9 %, Phillips et al., 2016). The arithmetic 
mean of the results from T1, the highest fluvial terrace below the surface 
of the VFS, suggests an age of 973 ± 123 ka (1σ, n = 8) (Fig. 5E).

4.2. Modern versus paleoerosion rates

The 10Be concentration measured in the modern channel sediments 
is 2.20 ± 0.10 × 105 at/g and the basin averaged erosion rate using this 
concentration is 65 ± 5 m/Myr. The inherited 10Be concentration from 
PIT-1 is corrected for decay over the 1.28 Myr age of VFS to get a 10Be 
concentration of 2.80 × 104 at/g. The almost order of magnitude lower 
10Be concentration suggests upstream erosion was significantly more 
rapid at the beginning of the Quaternary, when the uppermost VFS were 
deposited.

Fig. 5. Ages derived in this study. (A) Isochron of VFS sediments, the grey 
shaded area around the line is the 1 σ uncertainty. Purple error ellipses are 1 σ 
and the unfilled ellipses are not included in the fit. The dashed line is the ex
pected postburial 26Al/10Be production ratio at the sampling depth. The ratio 
(8.29) is derived from the Matlab code of Lifton et al. (2014). (B and C) 10Be 
concentrations with depth from PIT-1 (B) and PIT-2 (C). Boxes indicate depth 
range sampled and 1 σ 10Be concentrations. Orange symbols on PIT-2 at 175 cm 
depth are individual clasts with 1σ uncertainties. Note inheritance (Inh.) at 
PIT-1 is used to constrain PIT-2. Best fit erosion rates derived for both profiles 
are close to zero (Fig S6). (D and E) Kernel density estimates overlain on his
tograms of the exposure ages of the VFS (D) and T1 (E). (F) Age-elevation plot 
of the marine terraces sampled at Caldera, including recast ages of Quezada 
et al. (2010). Uncertainties are 1σand levels with no clear age due to scatter 
shown in grey.
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Our 10Be concentrations in channel sand are comparable to the re
sults of Aguilar et al. (2014), who collected Huasco River sediments ~30 
km upstream of our sites. They also found 10Be concentrations are higher 
in sand than in cobbles. This may mean our results from sands are 
overestimating the overall channel sediment 10Be concentration, but 
this effect is not significant enough to account for the difference we find 
between modern channel sediments 10Be concentrations and those in 
VFS at the time of deposition.

4.3. Uplift and incision rate histories

The modern shoreline samples at Caldera show 10Be concentrations 
that are on average 2 % of the oldest terrace concentrations. The highest 
marine terrace at 211 m suggests a bimodal distribution of 10Be ages, 
with two pairs of similar ages (Fig. 5F). We use the oldest age from each 
pair to be compatible with the lower marine terraces, obtaining ages of 
1.52 Ma and 1.05 Ma. These results are further supported by previously 
reported 21Ne data of Quezada et al. (2010) from the same terraces, 
which we recalculate here to be consistent with our scaling methods 
(Fig. 5F). Quezada et al. suggested that an inherited 21Ne component 
explains this age difference, however, given the modern beach samples 
imply inheritance is only a minor fraction of the total 10Be concentra
tions at higher elevations, we instead propose that the older pair of 10Be 
ages represent the most likely formation age for the terrace. The younger 
ages could result from a later period of reoccupation, whereby the ma
rine terrace was not sufficiently elevated above the surf zone during a 
subsequent highstand to prevent reworking of terrace deposits (e.g. 
Malatesta et al., 2022). Or, they represent a period of surface modifi
cation, such as an episode of deflation (e.g. Binnie et al., 2020). The 
slightly older 21Ne ages, as compared to 10Be, might reflect the pro
pensity for stable 21Ne to include prior exposure histories over long 
timescales. Two of the marine terrace levels (194 m and 21 m) give 
scattered results that are inconclusive (Fig. 5F). We include them here 
for completeness but they are excluded from the uplift rate derivations.

The height of the VFS above the modern Huasco River decreases 
from around 140 m at site VFS-1 to 106 m at site VFS-3. Averaged fluvial 
incision rates since the abandonment of the VFS to the present day 

reduce from 148 ± 15 m/Myr closest to the coast, to 122 ± 14 m/Myr 20 
km further upstream. The fluvial incision between the locations of VFS-2 
and T1 was 32 ± 10 m/Myr from 1.28 Ma until 973 ka, whereupon the 
average increased to 171 ± 21 m/Myr (Fig. 7). Our marine terrace ages 
give a relatively constant rate of uplift that averages 211 ± 21 m/Myr 
between 1.0 Ma to the present and suggests very little uplift occurred 
between 1.5 Ma and 1.0 Ma ago. Averaging the uplift rates over the 1.5 
Ma age of the oldest marine terrace gives 151 ± 14 m/Myr, in good 
agreement with the rate of fluvial incision into the VFS in proximity to 
the coast over a similar timescale.

5. Discussion

5.1. Causes and implications of increased Quaternary erosion

At 2.59 ± 0.36 Ma, when the VFS was deposited, erosion rates in the 
Huasco River catchment were higher. While the increased erosion may 
appear to be approximately coeval with the shift from subsidence to 
uplift (Fig. 2) there are three main obstacles to the argument that more 
rapid erosion, and consequently deposition of the VFS, is linked to this 
shift. Firstly, the resolution of the ages provided by the 87Sr/86Sr data on 
which the longer-term, Miocene uplift history is based (LeRoux et al., 
2005a) is too coarse to pinpoint tectonic change over the last few million 
years. The fourth order polynomial that LeRoux et al. fit to this data 
shows the longer-term trend over the Miocene, but it smooths shorter 
timescale deviations. Secondly, base-level changes are not communi
cated upstream rapidly in semi-arid Andean rivers. At locations between 
33◦S and 35◦S, Farias et al. (2008) estimate a long-term knickpoint 
retreat rate between ~6 – 19 km/Myr, leading them to propose a 5 - 10 
Myr lag time between regional uplift and the resulting erosional pulse 
from knickpoint retreat into the Andean Frontal Cordillera. For our 
study area, this suggests it would take millions of years after the onset of 
uplift near the coast before there was an erosional response in the Andes, 
several tens of kilometers upstream. Thirdly, while the conditions for 
preservation of the sediments might have been dictated by subsidence 
and uplift, the erosion and deposition of large amounts of sediment 
transported from the Andes to the coast, and presumably offshore, 

Fig. 6. A two-isotope diagram of 10Be, 26Al pairs to investigate whether samples have undergone appreciable post-exposure burial. Samples are plotted as green 
ellipses representing two standard deviations. The two dark lines describe constant exposure with no erosion (upper line) and steady-state erosion (lower line), 
assuming the production rate scaling of Lifton et al. (2014). Samples plotting between these two lines, as seen here, show no indications of lengthy post-depositional 
burial. Differential decay of 26Al and 10Be mean that samples which have experienced periods of reduced production due to exposure and then cover would plot in the 
lower region, where red lines denote durations that assume rapid and deep burial.
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requires increased discharge, as well as a supply of sediments (Bull, 
1991). Consequently, a period of subsidence followed by uplift can 
explain both why the VFS are located near the coast and their preser
vation over the long-term, but tectonic mechanisms are unlikely to be 
responsible for the origin of the sediments themselves.

Several studies have argued that increased erosion in the eastern (e. 
g. Amidon et al., 2017; Fisher et al., 2023; Tofelde et al., 2017) and 
western (e.g. Carretier et al., 2013) semi-arid Andes can be explained by 
wetter conditions and increased discharge. Modelling by Fisher et al. 
(2023) suggests moderate increases of precipitation rate on the order of 
20 % are sufficient to drive order of magnitude higher erosion rates in 
the eastern Central Andes, as compared to the present day. Precipitation 
in the western Andes is associated with storm tracks of the Southern 
Westerlies (Garreaud et al., 2009), which have migrated, or intensified 
northwards and resulted in glaciation in the Central Andes during 

periods of cooler global climate (see Section 2.2). Incipient glaciations in 
the Central Andes at the start of the Quaternary would provide a supply 
of sediments as ice expanded into previously fluvially conditioned, 
V-shaped topography (Kaplan et al. 2009). Deposits of transport limited, 
frost-shattered talus produced by periglacial processes, as are presently 
found in abundance on upper catchment slopes throughout the 
semi-arid Andes (e.g. Carraha et al., 2024; Caviedes and Paskoff, 1975), 
would have constituted a further source of readily available sediments. 
This is analogous, though on a more massive scale, to the ongoing par
aglacial response to late Pleistocene glaciation documented in the upper 
portions of the Huasco River catchment (Cabré et al., 2017). Valley fills 
are commonly linked to glaciofluvial outwash deposits (Church and 
Ryder, 1972) and we suggest the correspondence of the rapidly eroded 
sediments that form the VFS in a catchment whose headwaters would be 
glaciated under cooler, wetter, conditions implicate a glaciofluvial 

Fig. 7. Late Pliocene/Quaternary variations in climate (Lisiecki and Raymo, 2005) and sea-level (Berends et al., 2021) compared with rates of uplift from marine 
terrace dating at Caldera (green line) and fluvial incision rates of the Huasco River (red line). NHS is Northern Hemisphere glaciation. VFS aggradation at the onset of 
the Quaternary corresponds to more rapid upstream erosion. A period of relative stability appears to exist until the onset of the EMPT around 1.3 Ma ago, whereby 
the Huasco River begins to incise, and at 1 Ma this incision accelerates.
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origin for the sediments. A basin experiencing glacial erosion would 
violate some of the assumptions needed to derive accurate paleoerosion 
rates from cosmogenic nuclide concentrations, and so while the signif
icantly lower concentrations of inherited 10Be in the VFS revealed by the 
depth profiles show upstream erosion must have been substantially 
greater when the VFS was deposited, we refrain from giving empirical 
paleoerosion estimates.

In the eastern Andes, at the same latitude as the Huasco River 
catchment, a study by Amidon et al. (2017) finds an increase in erosion 
between 3.3 – 2.9 Myr, peaking at 2.9 Ma. They attribute this to the 
southern position of the Southern Westerlies during a warm global 
climate, allowing the South American Low-Level Jet to bring moist air 
from the Amazon basin into the eastern Central Andes (Garreaud et al., 
2009). During a cooler global climate, as the influence of the Southern 
Westerlies propagates northwards, the eastern Andes become more arid 
and erosion rates are reduced (Amidon et al., 2017). Thus, the increased 
erosion that we observe on the western flank, in response to a northward 
Westerlies influence, is part of an asymmetric pattern of Andean erosion 
whereby rate increases on the eastern and western flanks are responding 
to global warming and cooling, respectively. Interestingly, this pattern 
does not appear in comparisons of eastern and western semi-arid An
dean flank erosion rates that average over more recent, mostly Holocene 
timescales (Val et al., 2018), suggesting asymmetrical erosion occurs 
only as a response to major climatic change.

5.2. Fluvial responses to climate and tectonics

The general agreement between the highest marine terrace ages at 
Caldera with the respective ages of the VFS and T1 terrace at Huasco 
implies a mutual underlying control of terrace formation at both the 
fluvial and coastal locations. The fluvial and marine terrace ages appear 
approximately consistent with the initiation and subsequent intensifi
cation of the Early-Middle Pleistocene Transition (EMPT) (Fig. 7) (Head 
and Gibbard., 2015; Mudelsee and Statteger, 1997). This change in the 
periodicity of global climatic cycles from 41 to 100 kyr began around 
1.25 Ma, with the 100 kyr cycles well established by 700 ka (Clark et al., 
2006). The time span covered by the transition and the structure within 
it is still a topic of investigation but the so-called 0.9 Ma ‘event’ is 
highlighted in records as corresponding to the first major build-up of 
northern hemisphere ice (Head and Gibbard, 2015). The character of the 
EMPT is clear in the benthic δ18O record (Lisiecki and Raymo, 2005) but 
robustly dated terrestrial examples showing the topographic impact of 
the transition are rare. There are episodes of Yukon River incision 
(Bender et al., 2020) at the EMPT, while in the European Alps there is 
evidence for glacial trough deepening (Hauselmann et al., 2007; Valla 
et al., 2011). In addition are less well dated but notable examples of 
major river incision resulting from the longer and more pronounced 
climate cycles that emerged during the EMPT (Gibbard and Lewin, 2009; 
Bridgeland and Westaway, 2008), while increased catchment erosion 
since around 1 Ma has been proposed for the Brazilian highlands 
(Godard et al., 2024). The EMPT marks marine transgressions and re
gressions that became less frequent but had greater range, as increased 
ice-sheet growth consumed an equivalent of 50 m in eustatic sea level 
(Clark et al., 2006). The longer and more pronounced sea-level fluctu
ations could form more prominent marine terraces and allow sufficient 
tectonic uplift to preserve them from the subsequent highstand. More 
eustatic variability could produce more impactful fluvial base-level 
changes, with sufficient time between cycles to preserve terraces 
(Merritts et al., 1994). The rate of fluvial incision of the Huasco River 
close to the coast is in good agreement with the rate of coastal uplift 
from the proximal marine terraces at Caldera (Fig. 7). The age offset of 
few 100 ka between coastal uplift and fluvial incision apparent in Fig. 7
might reflect the time taken to communicate base-level change up
stream. Thus, while pivotal climatic changes have left their mark on the 
Huasco fluvial landscape in the form of eustatically controlled terraces, 
when averaged over timescales on the order of a million years, a 

long-term regional uplift rate sets the pace of incision of the Huasco 
River. This finding agrees with the modeling of Sharma et al. (2021), 
who propose that erosional responses to global climate cycles are 
superimposed on longer-term patterns of uplift in settings similar to 
ours. However, it is also worth noting that the survival of minimally 
eroded valley fill and terrace surfaces suggests aridity has persisted near 
the coast for at least the last 1.28 ± 0.11 Ma and so any increased 
discharge in the Huasco River came from moisture sources upstream of 
the VFS.

There is an apparent hiatus following the end of sediment aggrada
tion at 2.59 Ma until the VFS surface formation at 1.28 Ma. It is feasible 
that the 2.59 Ma age does not date the end of deposition and that the 
formation of the planar VFS at 1.28 Ma was instead the end of a period of 
lateral channel erosion that has removed interstitial sedimentary evi
dence, including any landforms pertaining to intervening climate cycles. 
However, a fluvial process able to plane such a broad, km-wide, low 
relief surface that extends into tributary valleys, without leaving sub
stantive traces of sediment abandoned at higher elevations along the 
valley sides seems unlikely. A more feasible explanation is that the 
sediments were deposited close to sea-level and the surface reworked 
until 1.28 Ma, whereupon it was abandoned as the Huasco River began 
to incise. This interpretation is in keeping with the interfingering marine 
layers near the Huasco River mouth and by the estuarine conditions at 
1.0 ± 0.4 Ma that have been recorded at Carrizalillo, ~70 km to the 
south (Le Roux et al., 2005b).

From 30.5◦S to 32.5◦S there are near-coast fluvial terraces on several 
drainages that are similarly elevated above their modern channels as the 
VFS surface is above the Huasco River, and these are linked to the local 
highest marine terraces (Rodríguez et al., 2013). The sediments under
lying these fluvial terraces correspond to the Confluencia Formation, 
whose age is poorly constrained to between the Miocene and Pleisto
cene. The timing of the highest fluvial terrace formation based on a 
tentative age, which we recast here to be consistent with LSD scaling, is 
1.39 ± 0.13 Ma. It thus seems reasonable to extrapolate the chronology 
we determine for the VFS at Huasco and suggest our ages refer to a more 
regional event that left its mark close to the coast from 28.5◦S to 32.5◦S.

5.3. Sediment transport offshore as a linkage between climate and 
tectonics

The presence of the near-coast VFS that were deposited while up
stream erosion rates were significantly higher, as compared with more 
recent rates, implies that there was a spike in the sediment flux offshore 
around the onset of the Quaternary, we propose in response to glacia
tion. Marine core records spanning the LGM from the continental shelf 
off northern Chile find an input of sediments during glacials, which 
declines in concert with decreased humidity during deglacials (e.g. 
Bernhardt et al., 2017; Hebbeln et al., 2007). Variations in the sediment 
flux offshore to the subduction zone due to Plio-Pleistocene glacial 
erosion have been associated with Andean subduction dynamics that are 
particularly relevant for N-S sediment transport processes of trench fill 
deposits (Bangs and Cande, 1997; Kukowski and Onken, 2006; Melnick 
and Echtler, 2006). The sediments in the trench are prevented from 
further northward transport by the bathymetric heights of the Juan 
Fernandez Ridge, creating a barrier that leads to a much thinner fill 
north of the ridge (Fig. 4). The persistence of long-term hyperaridity 
north of the arid-diagonal at ~ 27◦ make the Huasco River the 
approximate latitudinal limit of glacially derived sediment from the 
southern Andes. Between 0.6 to 1 Myr is the estimated time span needed 
for sediments to be transported from the coast to the trench (Völker 
et al., 2013) and a further 0.5 Myr for the sediments to be subducted 
(Bangs and Cande, 1997). Other estimates suggest 2 Myr for the sedi
ments to be entrenched in the subduction zone and to affect behavior of 
the seismogenic interface (Kukowski and Onken, 2006). An increased 
sediment supply at the start of the Quaternary would have been 
entrenched and subducted to seismogenic depths, at the earliest, around 
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1.5 Ma. Though there are large uncertainties inherent in such estimates, 
this supply to the trench could have influenced the subduction geo
dynamics and thus the uplift that we observe after 1.5 Ma.

6. Conclusions

Three key changes in the fluvial history of the Huasco River of 
Central Chile are the end of aggradation of valley fill following a period 
of increased upstream erosion, the onset of fluvial downcutting into that 
massive fill and the subsequent acceleration of the incision rate. These 
correspond to episodes of major global climatic changes, namely, the 
cooling associated with the start of the Quaternary, the beginning of the 
EMPT and the establishment of 100 kyr climate cycles, respectively. 
Erosion rates were higher at the start of the Quaternary than they have 
been over the late Pleistocene and we propose this corresponds to the 
expansion of moisture sensitive glaciers into pre-Quaternary sediment 
rich high Andean valleys. Compared to other studies, our findings imply 
an out of phase erosional response between the eastern and western 
Central Andes, linked to migration of the Southern Westerlies into lower 
latitudes.

While the timings of major fluvial adjustments appear to have been 
governed by climate, and in particular by glacio-eustatic sea-level 
fluctuations, the pace of fluvial incision averaged over the last 1.28 Myr 
is comparable to rates of uplift over the same timescale. Thus, both shifts 
in the periodicity of climate cycles and tectonic uplift have been 
responsible for shaping the active orogenic topography in the Central 
Andes. The supply of sediment to the subduction zone trench at the start 
of the Quaternary may be part of a feedback between onshore erosion 
and subduction processes that include uplift of the coast.
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