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Although Earth’s climate history is best known through marine
records, the corresponding continental climatic conditions drive
the evolution of terrestrial life. Continental conditions during the
latest Miocene are of particular interest because global faunal
turnover is roughly synchronous with a period of global glaciation
from ∼6.2–5.5 Ma and with the Messinian Salinity Crisis from
∼6.0–5.3 Ma. Despite the climatic and ecological significance of
this period, the continental climatic conditions associated with it
remain unclear. We address this question using erosion rates of
ancient watersheds to constrain Mio-Pliocene climatic conditions in
the south-central Andes near 30° S. Our results show two slow-
downs in erosion rate, one from ∼6.1–5.2 Ma and another from
3.6 to 3.3 Ma, which we attribute to periods of continental aridity.
This view is supported by synchrony with other regional proxies for
aridity and with the timing of glacial ‟cold” periods as recorded by
marine proxies, such as the M2 isotope excursion. We thus conclude
that aridity in the south-central Andes is associated with cold pe-
riods at high southern latitudes, perhaps due to a northward migra-
tion of the Southern Hemisphere westerlies, which disrupted the
South American Low Level Jet that delivers moisture to southeast-
ern South America. Colder glacial periods, and possibly associated
reductions in atmospheric CO2, thus seem to be an important driver
of Mio-Pliocene ecological transitions in the central Andes. Finally,
this study demonstrates that paleo-erosion rates can be a powerful
proxy for ancient continental climates that lie beyond the reach of
most lacustrine and glacial archives.

Messinian | Miocene | Pliocene | M2 | precipitation

Earth’s climate has played a fundamental role in the evolution
of terrestrial life (1, 2). Whereas marine-based climate re-

cords offer broad insights into ancient climates with high tem-
poral resolution (3), it is the associated changes in continental
climate that govern the evolution of terrestrial life. Past changes
in continental climate, however, are typically difficult to measure
and the effect of global climate events on terrestrial life is
commonly unclear. For example, how do changes in global
temperature translate to changes in the hydrologic cycle at spe-
cific locations on Earth? To what extent does averaging of signals
in the marine climatic record mask the severity of continental
climatic shifts and their impact on terrestrial fauna? Answers to
these questions remain particularly elusive for pre-Quaternary
climatic events, which are commonly beyond the reach of con-
tinental lacustrine or glacial climate proxies. Additional conti-
nental climate proxies for the Mio-Pliocene time can thus help
reveal the role of global climate excursions in driving well-known
faunal transitions.
Continental conditions during latest Miocene cooling are of

particular interest, because major faunal turnovers during this
time influenced the evolution of many species (4, 5). For example,
the late Miocene (∼7.0–5.5 Ma) saw expansion of plant species
that use a C4 photosynthetic pathway, which began to outcompete
existing C3 plants across subtropical regions of South America,

Africa, and Asia (6–8). However, the exact timing and continental
climatic conditions that drove this expansion have been the subject
of much discussion. C4 plants tend to thrive in warmer conditions,
as long as ample moisture is present during the growing season
(9). However, because they concentrate CO2 during photosyn-
thesis, they likely outcompete C3 plants under low-CO2 and low-
temperature conditions, such as during cold glacial periods. For
example, at an atmospheric CO2 concentration of 250 ppm
C4 plants would be favored at all growing season temperatures
above ∼18 °C (8). It is thus logical to speculate that the late
Miocene spread of C4 plants may have resulted from low-CO2
conditions. Although several studies have argued against reduced
global CO2 in the late Miocene (10, 11), recent work shows a
significant decrease beginning around 7 Ma (12, 13).
Although the timing of onset of C4 expansion varies by loca-

tion, the major shift in δ13C is commonly observed in the very
latest Miocene between ∼6–5.5 Ma (7, 14, 15). This timing is
remarkably similar to the timing of the Messinian Salinity Crisis
(MSC), in which the Mediterranean Sea shrank and ultimately
dried up from 5.96 to 5.33 Ma (16). The cause of the MSC has
also been the subject of much debate (17, 18), but recent work
argues it was triggered by glacio-eustatic sea-level fall in response
to expansion of Antarctic ice sheets at ∼6 Ma (19) and that the
period of maximum aridity (the “Messinian gap”) corresponds to
one or two glacial periods near 5.53 ± 0.06 Ma (16, 20). These
glacial periods are part of a long-recognized, but somewhat
enigmatic, sequence of latest Miocene glacials between ∼6.2 and
5.5 Ma, which included up to 18 glacial-interglacial cycles on a
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41,000-y obliquity-paced timescale (21, 22). Evidence of latest
Miocene ice accumulation in both the Northern (23) and
Southern Hemispheres (24) suggest these glacial periods were
global in nature and could have been associated with CO2 levels
low enough to favor C4 vegetation on a global scale.
Testing whether late Miocene faunal shifts were driven by CO2

forcing or temperature/ precipitation forcing is difficult given the
relative paucity of proxies for continental paleoclimate. Much of
our knowledge of latest Miocene terrestrial climate is derived
from plant fossils, hydrocarbon biomarkers, and the isotopic
composition of paleosoils and fossil teeth, features that are rare
or poorly preserved in most sedimentary sections (25, 26).
Likewise, most terrestrial sediments are deposited in association
with active mountain belts, creating the additional challenge of
deconvolving regional climatic signals from local tectonic–oro-
graphic signals. These issues are especially challenging in the
south-central Andes where a regionally extensive climate tran-
sition in the latest Miocene (14, 27, 28) appears synchronous
with significant tectonic uplift at this time (29–32). It thus re-
mains unclear whether the timing and extent of latest Miocene
landscape ecologic changes in the south-central Andes were
primarily controlled by tectonic–orographic effects or by global-
scale changes in climate (e.g., refs. 33–35).
This study addresses these questions by using erosion rates of

ancient watersheds as a proxy for Mio-Pliocene (∼7–2.8 Ma)
precipitation in the south-central Andes (∼30° S, 68° W). Be-
cause erosion rate in semiarid watersheds of the central Andes is
primarily correlated with precipitation (36), transient excursions

in erosion rate over <400,000-y timescales should be a robust
proxy for paleoprecipitation. Erosion rates are estimated by
measuring cosmogenic 10Be in ancient fluvial sediments de-
posited in foreland basin sequences, which record the erosion
rate in their source watersheds (37–39). This approach yields a
powerful proxy because it integrates landscape processes over a
large region (104–105 km2) and provides a continuous record that
can be precisely dated using magnetostratigraphy and teph-
rachronology. Our results show two decreases in erosion rate
that are synchronous with the latest Miocene glacial period de-
scribed above and with a second glacial period from roughly 3.6–
3.3 Ma. We attribute these slowdowns to enhanced continental
aridity during cold periods at high southern latitudes. Finally, we
suggest that both latest Miocene aridity and the coeval expansion
of C4 vegetation may have been driven by a latest Miocene
glacial period and an associated drop in global CO2.

Study Area and Methods
This section presents a summary of the study area and methods, with full
details provided in SI Appendix. We developed paleo-erosion-rate records on
the Huaco and Toro Negro sections, which were deposited in the central and
northern regions of the Bermejo Foreland Basin, respectively (Fig. 1). The
two sections were chosen because they are well exposed in deep road cuts, a
prerequisite for applying the paleocosmogenic technique. The sections are
composed of coarse fluvial sandstones and conglomerates shed from the
eastern slopes of the Andes over the last 15 My. A paleomagnetic chronol-
ogy was developed along the Huaco section, constraining the age of our
samples to ∼6.4 to ∼2.6 Ma (SI Appendix, Fig. S2). The Toro Negro section
lacks suitable deposits for paleomagnetic dating and has been previously
dated to ∼7–2.3 Ma by U-Pb zircon dating of tephra (40).

Fig. 1. (A) Shaded relief map of the study area derived from a 90-m digital elevation model showing the extent of modern watersheds and a compilation of
young volcanic ages (73, 74). (B) Satellite image of the Huaco study area showing the location of the sampling transect used in this and previous studies, as
well as key tectonic structures (75).
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Samples for measurement of cosmogenic 10Be were collected from
sandstones and conglomerates exposed at the base of 3.5- to 6-m-high road
cuts to minimize modern cosmogenic nuclide production that could skew
paleo-erosion rate estimates. Our approach to estimating paleo-erosion
rates in foreland sediments is similar to that originally described by Char-
reau et al. (37) and also applied in more recent studies (38, 39). Measured
10Be represents the sum of at least three components:

Cpaleo =Cmeasured −Cburial −Cexhumation. [1]

Cpaleo is the concentration of 10Be accumulated during exposure in the paleo
watershed and is the quantity used to estimate paleo-erosion rates. Cburial is
the amount of 10Be acquired during deposition of the sample and is esti-
mated using the sedimentation rate. Cexhumation is the amount of 10Be in the
sample acquired during recent exhumation. At Huaco it is estimated using
long-term exhumation rates derived from apatite U-Th/He dating (29). At
Toro Negro it is estimated from exhumation rates computed from the con-
centration of muogenic 36Cl in K-rich feldspars. The rationale for this ap-
proach is that because sandstone samples have depositional ages >5.15 Ma
and 36Cl has a half-life of ∼0.3 Ma, all cosmogenic 36Cl originally created
during paleoexposure or burial has decayed away. Likewise, because the
samples were collected from shielded depths, modern spallation production
is negligible and any measured 36Cl is derived from either radiogenic or
muogenic production.

Amajor assumption of our paleo-erosion approach is that the extent of the
watershed and the distribution of quartz-bearing lithologies have not
changed significantly over time. This assumption is tested by using U-Pb
dating of detrital zircons to establish sediment provenance. Detrital zircon
provenance of the Toro Negro section was previously summarized in Amidon
et al. (40), who inferred no major changes in provenance. At Huaco, 10 de-
trital zircon samples were analyzed from the Huaco section and compared
with four samples from modern rivers (SI Appendix, Figs. S3 and S4). Results
show that sedimentary provenance did not change significantly during the
period of interest and that sediments in the Huaco section were sourced
primarily from Precordillera units immediately to the east (Fig. 1).

Results and Discussion
Evidence for Latest Miocene Aridity. The Huaco record shows
generally stable erosion rates of ∼0.5 mm/y marked by two ∼70%
slowdowns from ∼6.1–5.2 Ma and ∼3.6–3.3 Ma (Fig. 2I). These
decreases occur rapidly over timescales of 200,000–400,000 y and
are followed by returns to the apparent “background” erosion
rate. The slowdowns seem to be robust (e.g., not artifacts of the
data), given that successive samples show monotonic increases
and decreases, and the data show generally good agreement with
the coarser resolution results of Val et al. (38). Likewise, because
the slowdowns show rapid recovery of erosion rates on 100,000-y
timescales, it seems unlikely they can be explained by changes in
the rate or pattern of tectonism, as previously suggested (38).
More detailed discussion of tectonic scenarios is presented in SI
Appendix, section S4. Given that erosion rates in semiarid
catchments of the central Andes have been shown to depend
primarily on precipitation (36), we equate transient slowdowns in
erosion rate to periods of enhanced aridity.
Observations from neighboring regions support the interpre-

tation of enhanced aridity. For example, a period of weak soil
development and few preserved paleosols in the Iglesia basin
(∼31.5° S) records enhanced aridity between 6.2–5.3 Ma (Fig.
2E) (41). Likewise, δD isotopic measurements in volcanic glass
suggest a period of aridity in the Angastaco basin (∼25.5° S) from
∼6.3–5.1 Ma (Fig. 2G) (28, 35). Inferred aridity is broadly syn-
chronous with carbon isotope excursions thought to record the0.2
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the Messinian Salinity Crisis (16) MG denotes the Messinian Gap when aridity
peaked in the Mediterranean (16). The timing of glaciation, extinction, and

the mid-Pliocene warm period are depicted (49, 54, 76). The paleo-erosion
rates of Val et al. (38) were also developed on the Huaco section, but along a
different sampling transect (see Fig. 1). Larger uncertainties on their dataset
result from using surface samples that were not shielded from modern
cosmic-ray exposure. Such contrasting sampling strategies may explain
disagreement between the two datasets for older samples in which small
amounts of modern exposure (Cexhumation) could swamp the ancient (and
significantly decayed) 10Be signal (Cpaleo).
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expansion of C4 vegetation. For example, δ13C in paleosol car-
bonate from the Puerta Corral Quemado section (∼28° S) and the
Angastaco basin become significantly heavier beginning at ∼6 Ma
(Fig. 2F) (14, 27, 28). In the Puerta Corral Quemado section, δ13C
in fossil tooth enamel shows a well-defined, 3‰ excursion from
∼6–5.3 Ma, which is synchronous with our observed slowdown in
erosion rates, and with the δD excursion. The fossil tooth record is
less noisy than the paleosol record and provides strong evidence of
a transient shift toward C4 plants from ∼6–5.3 Ma (Fig. 2H).
The timing of latest Miocene aridity and δ13C shifts is broadly

synchronous with a global glacial period between 6.2 and 5.5 Ma,
inferred from a rapid sea-level drawdown (22, 42, 43), δ18O in
the marine sedimentary record (20, 21), and glacial advances in
Greenland (23) and South America (24). Recently, evidence
from marine records in the Southern Ocean has provided evi-
dence for major advances of the Antarctic ice sheet beginning
about 6 Ma (19). This latest Miocene glacial period created
particularly cold conditions at high southern latitudes. Alkenone
temperature records from marine cores at 40–50° S show ∼5 °C
drops in sea-surface temperature between about 7 and 5 Ma,
with minima at ∼5.5 Ma (Fig. 2D). Likewise, a Mio-Pliocene core
from Deep Sea Drilling Project (DSDP) site 284 (41° S, 167° E)
shows major cooling of bottom waters between ∼6.2 and 5.2 Ma,
as recorded by the relative proportions of Neogloboquadrina
pachyderma and Globigerina falconensis, which prefer colder and
warmer conditions, respectively (44, 45). Finally, the northward
limit of ice-rafted debris in Ross Sea sediments shows a major
advance in the latest Miocene, interpreted as a northward ad-
vance of cold conditions associated with a strengthening Ant-
arctic Polar Front (APF) (46).
The timing of the latest Miocene erosion-rate slowdown at

Huaco agrees well with nearby continental proxies (Fig. 2 E–H),
but the continental proxies are not perfectly synchronous with
the global benthic δ18O stack (Fig. 2C). Most notably, the re-
covery of erosion rate, δD, and δ13C beginning ∼5.3 Ma seems to
lag recovery of the δ18O record by ∼0.4 Ma. Taken at face value
this offset suggests that aridity and/or low CO2 in the south-
central Andes continued for about 0.4 My after global ice vol-
umes had diminished. However, the minima of Southern
Hemisphere sea-surface temperature also lags recovery of the
global benthic record by ∼0.3 Ma, suggesting that the Southern
Hemisphere may have stayed cold for longer or reached peak cold
∼0.3 Ma after the peak in Northern Hemisphere ice volume.

Evidence for Mid-Pliocene Aridity. The second slowdown in erosion
rates from 3.6–3.3 Ma also corresponds to a period of faunal
turnover and glaciation. The slowdown corresponds tightly
with the M2 isotope excursion, a 0.75‰ dip in the global benthic
δ18O stack from ∼3.5–3.2 Ma (Fig. 2C), which presumably re-
cords a glacial period (47). Evidence for Southern Hemisphere
glaciation comes from glacial till in the southern Andes (46° S)
dated to ∼3.6 Ma (48). Evidence for aridity comes from a major
extinction event observed in the Chapadmalal Cliffs of south-
eastern Argentina (∼38° S, 58° W), in which 53% of species go
extinct at ∼3.3 Ma (49). This extinction has been attributed to
the onset of aridity associated with abrupt changes in the global
ocean–atmosphere system (49) and alternatively to an impact
event at 3.3 Ma (50). Given sedimentary evidence for aridity in
the Chapadmalal Cliffs and the observation of roughly syn-
chronous extinctions in the Uquia Formation of northwestern
Argentina (51), we favor a climatic explanation.
Again, aridity and glaciation correspond to cold temperatures

at high southern latitudes. A cooling event at ∼3.5 Ma is
recorded by relative variations of diatoms, silicoflagellates, and
radiolarian species in the Southern Ocean, which have varying
tolerances for warm vs. cold water (45, 52, 53). For example,
changes in faunal abundance reveal a major northward advance
of the APF between ∼3.7 and 3.2 Ma, suggesting colder conditions

over Antarctica during this time. Because the APF exists where
the cold waters of the Antarctic displace warmer waters north-
ward, its location is a proxy for Antarctic surface temperature:
When Antarctica is colder the APF shifts northward then re-
cedes southward as Antarctica warms (Fig. 3C). Ocean Drilling
Program (ODP) holes 748–751 in the southernmost Indian Ocean
(∼58° S, 78° E) record a major northward shift of the APF from
3.6 to 3.2 with a maximum of cold conditions from 3.35 to 3.2 Ma
(Fig. 2A) (54). Nearby DSDP site 266 (∼56° S, 110° E) shows peak
“Antarctic” cool conditions between 3.7–3.2 Ma (55). In the
southwest Atlantic, ODP hole 514 (∼46° S, 27° W) records
stratigraphic evidence for intensification of Antarctic bottom wa-
ter flow (e.g., cooling) from ∼3.8–3.2 Ma (Fig. 2B) (56).
The correlation between high-latitude temperature and ero-

sion rate continues into the mid-Pliocene warm period, when
erosion rates rebounded between ∼3.3–2.9 Ma as global tem-
peratures warmed (Fig. 2I). The APF migrated ∼6° southward
during this warm period, and sea-surface temperatures were
roughly 3–4° warmer than present (57). In the southwest At-
lantic, DSDP hole 514 shows a pronounced shift toward warmer
species from roughly 3.15–2.95 Ma (56). In the southern Indian
Ocean, ODP holes 748–751 also show a swing back to warmer
temperatures from roughly 3.15–3.0 Ma (54). It thus seems that
as high southern latitudes temporarily warmed during the mid-
Pliocene warm period erosion rates at Huaco rebounded, adding
further support for a close link between high-latitude colder
temperature and aridity in east-central Argentina.

Global-to-Regional Climate Linkages. When combined with conti-
nental and marine proxies, our data suggest that when high
southern latitudes were colder conditions in the south-central
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Andes (25–31° S) were drier. We propose that this aridity repre-
sents a breakdown of the atmospheric circulation patterns that
bring moisture to the region today. The modern Huaco region
receives ∼90% of its moisture in the Austral summer (November–
March), primarily from wind patterns associated with the South
American Low Level Jet (SALLJ) and associated convective
recycling (58, 59). The SALLJ is a southward flow of high-velocity
winds originating in the Amazon basin (Fig. 3), following trajec-
tories ranging from due south along the flank of the Andes to
southeasterly toward Buenos Aires and eastern Argentina (60).
Moisture delivered by the SALLJ is subsequently recycled during
intense convective storms as warm air rises upward through colder
westerly air masses flowing down off high Andean topography
(59, 61). Here we use the term “Chaco Jet” interchangeably with
SALLJ, considering it to be a particularly strong episode of the
SALLJ with deeper southward penetration (62).
The SALLJ is primarily caused by a trough of low pressure

that forms on the eastern side of the Andes in response to the
setup of baroclinic wave trains over high topography (63–65).
Baroclinic waves are changes in upper atmosphere air pressure
(<500 hPa) that emanate from the south Pacific and are mag-
nified as the westerlies interact with the orographic barrier of the
Andes (64, 66, 67). The intensity and orientation of the SALLJ
are thus sensitive to the strength and latitude of the westerly flow
and the height and width of Andean topography where the
westerlies cross the Andes (Fig. 3C). For example, Wang and Fu
(66) showed that the intensity of the SALLJ is predicted by the
intensity of westerly flow across the Andes at 700 hPa. Likewise,
models suggest that as westerlies shift southward over the lower
topography of the southernmost Andes the trajectory of the
SALLJ becomes more southerly (64).
Given that SALLJ circulation is responsible for most modern

precipitation near Huaco and that the SALLJ is itself dependent
on the location and strength of the westerlies, we speculate that
the ultimate cause of aridity at Huaco was a change in the westerly
circulation and/or associated baroclinic waves during periods of
high-latitude cold. Geologic evidence shows that the westerlies
shifted equatorward during the Last Glacial Maximum (Fig. 3C)
and would likely have done the same during periods of late
Miocene and Pliocene cold (68, 69). If so, the baroclinic pressure
trough should shift northward, changing the geometry and/or in-
tensity of the SALLJ and potentially increasing aridity over the
eastern Andes from 25 to 31° S.
Colder temperatures may also have directly diminished some

of the processes that give rise to the SALLJ and convective
recycling of precipitation. For example, colder temperatures in
the troposphere during glacial periods are interpreted to have
reduced baroclinicity, which would have made it harder to
achieve ideal conditions to set up the SALLJ (70, 71). Likewise,
colder temperatures in the austral summer may have reduced the
vigor of mesoscale convective processes near the downstream
end of the SALLJ, which currently strengthens low-level flow of
the SALLJ and enhances moisture delivery (72).

Conclusions
Based on 10Be concentrations in foreland basin sediment, we
generate a record of paleo-erosion rates in the south-central
Andes of Argentina near 30° S. The Huaco record shows two
slowdowns in erosion rates: the latest Miocene (6.1–5.3 Ma) and
the middle Pliocene (3.6–3.3 Ma). Both slowdowns are followed
by rapid returns to a “background” erosion rate, suggesting they
are not driven by tectonic reorganization. Given that erosion
rates in semiarid watersheds of the central Andes are governed
by precipitation (36), we attribute the periods of slower erosion
to periods of enhanced aridity.
Both slowdowns are synchronous with cold temperatures at

high southern latitudes, as evidenced from glacial deposits, sea-
surface temperatures, faunal assemblages, and benthic δ18O re-
cords. We thus suggest that periods of aridity are associated with
global glacial periods. The arid glacial periods proposed here are
also synchronous with major faunal changes in South America: a
shift from C3 to C4 vegetation in the latest Miocene (27) and a
small-mammal extinction event in the middle Pliocene (49).
Given that C4 plants can only outcompete C3 plants if aridity is
also associated with lower atmospheric CO2 levels, we suggest
that the expansion of C4 vegetation may have been driven by low
CO2 rather than a shift toward warmer and wetter growing
seasons. Regardless of the exact cause, it is clear that global
climate is a first-order control on aridity and ecology in the
south-central Andes and that large parts of the region experi-
enced synchronous changes over time.
We speculate that aridity during glacial periods was caused by

circulation changes in the SALLJ, which is responsible for de-
livering much of the modern moisture to the study area. Because
the SALLJ depends on a baroclinic trough generated by in-
teraction of westerly air masses with Andean topography, we
hypothesize that a northward shift of the westerlies during glacial
periods changed the location of this trough, thereby altering the
geometry and/or intensity of the SALLJ.
Finally, our data show that paleo-erosion rates can be a

powerful proxy for ancient continental climate, especially when
10Be and 36Cl are combined to reduce uncertainties associated
with modern exposure. The inherent spatial and temporal av-
eraging of sediment in a watershed yields a robust spatially av-
eraged signal that can place tight temporal constraints on periods
of continental aridity. When combined with appropriate global
and regional climate proxies paleo-erosion rates may thus pro-
vide more precise information about the timing and amplitude of
extreme climatic events that might otherwise be averaged out by
marine-based proxies. In this case, our data pinpoint the timing
of peak aridity to ∼5.4 and 3.3 Ma, events that likely had a
profound impact on the faunal evolution of the south-central
Andes and neighboring regions.
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