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ABSTRACT

Here, we review an ensemble of observations that point
towards a global increase of erosion rates in regions of ele-
vated mountain belts, or otherwise high relief, since the
onset of Northern Hemisphere Glaciation about 2-3 Ma.
During that period of Earth’s history, atmospheric CO, con-
centrations may have dropped, and global climate cooled and
evolved towards high-amplitude oscillating conditions that
are associated with the waxing and waning of continental ice
sheets in the Northern Hemisphere. We argue for a correla-
tion between climate change and increased erosion rates and
relief production, which we attribute to some combination of

the observed cooling, onset of glaciation, and climatic oscilla-
tion at orbital timescales. In our view, glacial erosion played
a major role and is driven by the global cooling. Furthermore,
analyses of the sedimentary fluxes of many mountain belts
show peaks of erosion during the transitions between glacial
and inter-glacial periods, suggesting that the variable climatic
conditions have also played a role.
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Introduction

Understanding the linkages among
climate, erosion and tectonics has
been the subject of an active debate
over the past three decades, espe-
cially since Molnar and England
(1990) raised the possibility that cli-
mate change, erosion and isostatic
rebound might interact in a system
of positive feedbacks. One key aspect
of that system is that erosion could
promote removal of CO, from the
atmosphere, mainly through silicate
weathering of rocks and sequestra-
tion of terrestrial organic carbon, to
ultimately bring the Earth’s climate
into an icehouse world (Raymo and
Ruddiman, 1992) and, in turn, fur-
ther enhance erosion. Therefore, cen-
tral to that discussion has been to
establish whether the observed cool-
ing of the Earth’s climate during the
Late Cenozoic has led to enhanced
erosion of mountain belts (Molnar
and England, 1990; Zhang et al.,
2001; Molnar, 2004; Herman et al.,
2013) or not (Willenbring and von
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Blanckenburg, 2010). Here, we
review some of the recent arguments
suggesting that both climate and
mountain erosion have changed
globally during the Plio-Pleistocene
and discuss some of the causal impli-
cations of the observed temporal
connection between the observed
changes. Ultimately, we argue that
observations are consistent with the
hypothesized positive feedback mech-
anisms between climate and erosion.

Plio-Pleistocene climate change

Using oxygen isotopes, scientists have
highlighted a long-term progressive
global cooling over the past 50 Ma,
punctuated by phases of relatively
rapid changes since the Eocene (e.g.
Miller et al., 1987; Zachos et al.,
2001; Lisiecki and Raymo, 2005,
2007; Fig. 1d). Amongst them, the
best-documented change probably
corresponds to the onset of Northern
Hemisphere Glaciation during the
Plio-Pleistocene transition, i.e. since
about 3 Ma (Shackleton and Opdyke,
1977; Shackleton et al., 1984; Lisiecki
and Raymo, 2005, 2007). A wealth of
data now shows that the global cli-
mate was vastly different before and
after approximately 3 Ma and
included a wide array of changes.

There was only sparse glaciation in
the northern hemisphere and high-
altitude regions during the Pliocene,
which was followed by an icehouse
world since 2.7 Ma, with extensive
glaciation that increased towards the
present. This is attested by an increase
in the variance of the oxygen isotope
record (Fig. 1d; e.g. Lisiecki and
Raymo, 2005, 2007). Also, the domi-
nant periodicity of the glacial
response changed from 41 to 100 ka
at the Mid-Pleistocene Transition
(MPT), at about 0.9 Ma (Lisiecki and
Raymo, 2007). Finally, most recent
studies  (Fedorov et al., 2013;
Martinez-Boti et al., 2015) based on
various proxies report that this cli-
mate shift was maybe associated with
a permanent drop of 50-100 (£ 100)
p-p-m. of atmospheric CO, (Fig. Ic;
see Fedorov et al., 2013 for a review),
which may have played a primary role
in the development of large ice sheets
in the northern hemisphere (e.g.
Crowley and Hyde, 2008; Lunt et al.,
2008). It is, however, worth noting
that uncertainties associated with cur-
rent pCO, proxies are large and that
not all proxies agree, especially going
back further in time. For instance,
Beerling and Royer (2011) compiled
proxies over the entire Cenozoic. They
showed that some proxies, but not all,
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suggest atmospheric pCO, levels that
were comparable in the Miocene and
Pleistocene, with a warming event at
about 4-6 Ma (Fig. 1c).

Finally, the global patterns of
winds and precipitation have changed

© 2015 John Wiley & Sons Ltd

through a progressive equatorward
migration of the southern Westerlies
and north Atlantic climate belts since
the late Pliocene (Cifelli and Glacon,
1979; Dowsett et al., 1996; Heusser
et al., 1996; Lamy et al., 1999;

Fig. 1 (a) Global carbonate-rich pelagic
sedimentation rate (modified from
Lisiecki and Raymo, 2005), which is
primarily a function of surface produc-
tion of microfossil remains, and hence
is controlled by the abundance of
nutrients as well as dissolved Ca and Si
(Raymo et al., 1988). The abundances
of these elements are set by the rate of
delivery of dissolved material to the
ocean (e.g. global chemical weathering
supply). (b) Global increase in moun-
tain erosion (modified from Herman
et al., 2013). Only regions were resolu-
tion in the thermochronometric data
enabled erosion rates to be constrained
over the last 8 Ma (Fig. 2a) are
included, i.e. where the temporal reso-
lution is higher than 0.25 (Herman
et al., 2013). The geometric mean and
standard deviation (grey area) are esti-
mated from the log-normal distribution
of erosion rates over each 2 Ma time
interval. (c) Compilation of atmo-
spheric pCO, measurements (modified
from Fedorov et al., 2013; and Beerling
and Royer, 2011). See Fedorov et al.
(2013) and Beerling and Royer (2011)
for the wvarious proxies. (d) Global
compilation of oxygen isotope data.
The blue line depicts the raw 3'%0 data
compilation (modified from Lisiecki
and Raymo, 2005); the red line is a
moving average. Black line indicates
the variance of the 5'%0 data over a
sliding window of 300 ka.

Lawrence et al., 2013). The migration
of westerly winds is still the subject
of discussion, particularly for the
northern hemisphere remains (Togg-
weiler et al., 2006), but if such latitu-
dinal changes in  storm-track
associated with the westerly winds
did occur, they should have played a
role in setting erosion rates since the
onset of Northern Hemisphere Gla-
ciation. Hulton er al. (1994) showed
that increased precipitation at about
44°S is necessary to explain the
observed ice extent at the Last Gla-
cial Maximum, at about 20 ka, and
the Great Patagonia Glaciation, at
about 1 Ma. A regional change in ice
flux through changes in precipitation
would lead to increased ice-sliding
velocity. Since glacial erosion is non-
linearly proportional to sliding veloc-
ity (e.g. Herman et al., 2015; Koppes
et al., 2015), glacial erosion will be
sensitive to large changes in precipita-
tion.
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Erosion from the sedimentary
record

The starting point of the observed
increase in erosion rates during
Cenozoic cooling, but also the main
subject of controversy, is based on
estimating the volume of sedimentary
sequences in oceanic and continental
basins. Molnar and England (1990)
initially propounded this hypothesis
using the results of Hay er al. (1988),
who showed that global terrigenous
sedimentation on the ocean floor
increased by a factor of three during
the last 5 Ma. Subsequently, Zhang
et al. (2001) and Molnar (2004) high-
lighted that, near continental margins
such as on the Mississippi delta and
its surroundings, in the North Sea,
and in several basins offshore south-
east Asia, Nova Scotia, and western
Scandinavia, sediment deposition
rates all show large increases at
about 2-4 Ma (Zhang et al., 2001 for
references). Similarly, accumulation
rates increased abruptly in late Ceno-
zoic times on continents within, and
adjacent to, most of central and
Southeast Asia, which represents a
significant fraction of Zhang and co-
authors’ analysis. They showed that
accumulation rates may  have
increased in basins surrounding the
Himalayas, Tibet, Tien Shan and
Pamir during the Quaternary. Else-
where, mass accumulation rates show
large increases between 0 and 4 Ma
in various places such as the Euro-
pean Alps (Guillaume and Guillaume
1982, Kuhlemann et al., 2002), the
Amazon Fan (Harris and Mix, 2002),
offshore New Zealand (Sutherland,
1996), in the Bay of Alaska (Rea and
Snoeckx, 1995), in the Zambezi delta
(Walford et al., 2005) and offshore
Norway (Anell et al., 2011).

Part of the controversy surrounding
the significance of sediment budgets
as a proxy for erosion arises from the
incompleteness of the record and pos-
sible remobilization of previously
deposited sediments (e.g. Sadler,
1981; Schumer and Jerolmack, 2009;
Sadler and Jerolmack, 2014). More
specifically, these authors argue that
the global increase may be an obser-
vation bias and that erosion rates may
have remained globally constant (Wil-
lenbring and von Blanckenburg,
2010). Although the existence of a
potential observation bias in the sedi-

mentary record is possible, we argue
here that it does not disprove the sug-
gestion that erosion rates increased
during Cenozoic cooling.

Erosion history from fission track
and (U-Th)/He data

Unlike sediment accumulation bud-
gets, thermochronometry provides a
first-order estimate of erosion of the
bedrock integrated at a Ma timescale.
Low-temperature (<300 °C) ther-
mochronometry is suitable for quan-
tifying the time-temperature history
of rock cooling within the uppermost
10 km of the Earth’s crust (e.g. Rein-
ers and Brandon, 2006). In practice,
it consists of measuring apparent ages
that represent the time since a rock
went through a closure temperature
window (Dodson, 1973). Given a
temperature field near the Earth’s
surface, a thermochronometric age
can then be converted into an erosion
rate integrated over the age time-span
(e.g. Braun, 2002; Reiners and Bran-
don, 2006; Herman et al., 2013; Fox
et al., 2014). This means that short-
term perturbations and peaks of ero-
sion tend to become smooth, but,
more importantly, it cannot lead to
an inferred change in erosion rates
that does not exist [see Herman et al.
(2013) for a discussion]. However,
potential biases in the interpretation
of thermochronometric data may
come from multiple sources, e.g.
uncertainties in the kinetic parame-
ters, near-surface geotherm, and
others, which are in part discussed in
Herman et al. (2013).

Herman et al. (2013) compiled
about 18 000 data across the globe
for four low-temperature ther-
mochronometric systems [i.e. apatite
(U-Th)/He, apatite fission track, zir-
con (U-Th)/He and zircon fission
track], which have closure tempera-
tures of ~70, 110, 180 and 230 °C,
respectively (Reiners and Brandon,
2006), and used a formal inversion
procedure (Fox et al., 2014) to quan-
tify temporal and spatial variations
in erosion rates. This inversion
method has the advantages that it
allows efficient treatment of a large
number of spatially distributed data
and it exploits the information con-
tained in both age-elevation profiles
and multi-thermochronometric = sys-
tems strategies.

Thermochronometry can resolve
changes in erosion rates only at the
time scale provided by the measured
age. Therefore, a robust signal of
changes in erosion can be inferred
only in regions where the ages span
the Late Miocene, Pliocene and
Pleistocene epochs. Even though the
available global dataset comprises
ages from a few hundred thousand
years to several hundred million
years, erosion rates can be extracted
only where the ages allow it, i.e.
between 8 Ma and today. These
mostly correspond to regions where
erosion rates are fast, i.e. about
0.35mm a ! and higher. These
inversion results revealed a robust
increase in erosion rates in mountain
ranges since ca. 6 Ma and most
rapidly since 2 Ma (Figs 1b and 2a).
The increase in erosion rates is espe-
cially well-resolved in the Coast
Mountains of British Columbia
(Shuster et al., 2005), the central
Greater Caucasus (Avdeev and
Niemi, 2011), Fiordland New Zeal-
and (Shuster et al., 2011), the west-
ern European Alps (Vernon et al.,
2008; Fox et al., 2015), northern
Patagonia (Thomson et al., 2010),
parts of the Himalayas (Thiede and
Ehlers, 2013) and the St Elias Range
of Alaska (Berger et al., 2008), which
is consistent with previous studies in
these areas (see Herman er al. (2013)
for a discussion). Most importantly,
all these regions have in common
that they have been extensively gla-
ciated during the last 2 Ma. This
result implies that glacial and peri-
glacial processes played a role.

Some of the high rates are
observed in tectonically active places,
and some of the changes may locally
be attributed to a simultaneous
increase in the rate of crustal accre-
tion (e.g. parts of the Himalayas,
Taiwan, Caucasus, Northern Andes
or the west coast of the Southern
Alps of New Zealand) leading to fas-
ter erosion. Nevertheless, the impor-
tant observation is that the best
documented changes are in relatively
quiescent places like the Patagonian
Andes, western Alps, Coast Moun-
tains of British Columbia and Fiord-
land, New Zealand where glaciation
is a viable explanation for such an
important change in erosion.

Unfortunately, fission track and
(U-Th)/He thermochronometry do

© 2015 John Wiley & Sons Ltd
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Fig. 2 (a) Change in erosion rates between 0-2 and 4-6 Ma (modified from Herman ez al. (2013)). (b) Estimates of rates of
relief change from a global compilation of studies that focused on relief (modified from Champagnac et al. (2014)). Locations
and relief-change quantification for the different studies are found in Champagnac ez al. (2014). Note that most of the studies
that explicitly quantify relief change are located in North America and in Europe.
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not enable us to resolve changes in
rates in slowly eroding places such
as, for example, western Norway,
southern Patagonia, the Rockies or
Tien Shan, which has led to contro-
versy (see Molnar, 2004 for refer-
ences). Even if the increase has been
proportionally large in these areas,
rates of erosion are too low to
exhume rock from sufficiently deep
since the change occurred. So the
absence of evidence from the inver-
sion of thermochronometric data
does not necessarily signify an
absence of increase. Furthermore,
glaciers have left a distinctive imprint
on the morphologies of these land-
scapes. For example, the substantial
landscape modifications that formed
the spectacular glacial fjord systems
of Norway are thought to have
occurred within the Quaternary (e.g.
Sejrup et al., 1996; Dowdeswell
et al., 2010; Steer et al. 2012). Simi-
larly, Herman et al. (2013) did not
detect any change in erosion rates in
the Tien Shan mountain range,
although estimates of palaeo-erosion
rates from measurements of '’Be
concentration in magnetostratigraph-
ically dated continental sediments
(Charreau et al., 2011) suggest that
erosion rates peaked at about 2 Ma,
when the landscape evolved from a
fluvial to a glacial morphology at the
onset of glaciation. Consequently,
the magnitude of increase from the
inversion of the thermochronometric
data may be seen as a minimum esti-

mate integrated over 2 Ma time
intervals.

Erosion history from “He/*He
thermochronometry

Several recent studies have wused

“He/*He thermochronometry (Shus-
ter and Farley, 2004) to identify local
changes in erosion rates. Unlike (U-
Th)/He ages, which are calculated
from the total content of radiogenic
“He relative to uranium and thorium,
“He/*He has the advantage that it
enables the inference of the spatial
distribution of *He within an apatite
crystal. In turn, this spatial distribu-
tion can be inverted to constrain the
cooling history of rocks between
~80 °C and ~20 °C as they travel
towards the surface in response to
erosion. Its main advantage is that it

provides a higher temporal resolution
than (U-Th)/He and fission track
dating, though at the expense of con-
siderable experimental effort.

The first application of this
method by Shuster et al. (2005) in
the Coast Mountains of British
Columbia concluded that at least
2 km of valley incision has occurred
since 1.8 +£ 0.2 Ma, implying local
erosion rates of at least 5 mm a~'.
Subsequently, Shuster er al. (2011)
used the same approach in Fiord-
land, New Zealand and inferred that
the topography dramatically changed
during the last 2 Ma. They also
argued that erosion propagates from
the low terrain of the mountain belt
to its inner part as the landscape
switches from a fluvial- to a glacial-
dominated morphology, which is
consistent with modelling results
(Sternai et al., 2013; Pedersen et al.,
2014). Using the same method, Valla
et al. (2011, 2012) inferred an
increase in valley incision in the
Rhone Valley, Switzerland, that cor-
responds to a threefold increase in
erosion rates from 0.3-0.5 mm a~'
to 1-1.5 mm a~' since about 1 Ma.
These results are consistent with
other independent studies in other
places in the Alps, which were based
on cosmogenic burial dating (Hausel-
mann et al., 2007) and the strati-
graphic record in the Po plain
(Muttoni et al., 2003).

Altogether, these studies have
identified a significant increase in
erosion rates during the Plio-Pleisto-
cene. It is also worth stressing that
none of these studies actually sam-
pled the valley bottoms of the large
overdeepenings, now filled with sedi-
ment or water, in these mountain
ranges. It is likely that this part of
the landscape experienced even faster
glacial incision. For example, the
Rhone valley is currently filled with
up to 1 km of gravel (Preusser et al.,
2010), with a gravel-bedrock inter-
face far below the current and Last
Glacial Maximum sea level.

Latitudinal variations in erosion
rates

The analysis of thermochronometric
data also reveals that the increase in
erosion rates reaches a maximum at
mid-latitudes (Herman et al., 2013).

Champagnac et al. (2012, 2014) also
found that relief, changes in relief
and the rate of such changes were
maximized at mid-latitudes (Fig. 2b).
If this pattern is not due to a sam-
pling bias based on the distribution
of active collision belts, then latitudi-
nal variations in erosion may be
related to adjustments in glacial and
periglacial processes. It could be that
frost shattering may have played a
role because mid-latitudes corre-
spond to regions where temperatures
are within the ‘frost cracking win-
dow’ (i.e. between —8 °C and —3 °C,
Anderson, 1998; Hales and Roering,
2007; Walder and Hallet, 1985) for
the longest period of time. However,
documented rates of erosion due to
frost shattering vary between 0.1 and
<l mm a~' (e.g. Hales and Roering,
2009; Delunel et al., 2010) (which are
averaged over relatively large areas),
while local rates of glacial incision
can be much higher than 1 mm a !,
even when integrated over Ma time
scales.

Mid-latitude regions experienced
the largest changes between fluvial-
and glacial-dominated conditions
during the Quaternary. Zhang et al.
(2001) and Molnar (2004) argued
that changes in both the amplitude
and frequency of glacial/interglacial
cycles might have been responsible
for the increase in erosion rates
because geomorphic processes never
reach equilibrium with climate. Some
studies have shown that erosion rates
are often highest during the transi-
tion from glaciated to ice-free condi-

tions (e.g. Hinderer, 2001;
Schlunegger and Hinderer, 2003;
Koppes and Montgomery, 2009).

The reasons invoked are numerous,
including the mismatch or pre-condi-
tioning of landscapes formed by gla-
cial or fluvial processes
(Champagnac et al., 2009; Norton
et al., 2010; Pedersen and Egholm,
2013), the evacuation of glacial
deposits by rivers (Church and
Ryder, 1972), and the effects of peri-
glacial processes during glacial tran-
sitions and ice retreat (e.g. Church
and Ryder, 1972; Cossart et al.,
2008; Lebrouc et al., 2013). Deglacia-
tion and ice retreat can also lead to
an increase in landslide frequency
and magnitude (e.g. Holm er al.,
2004). Frost creep and gelifluxion are

© 2015 John Wiley & Sons Ltd
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also known to increase the mobility
of soil/regolith on hillslopes and are
most efficient at the transitions
between warm and cold conditions
(e.g. Anderson, 2002). In addition,
rates of glacial carving are largely
controlled by ice volume and ice flux
(e.g. Anderson et al., 2006; Pedersen
and Egholm, 2013; Sternai et al.,
2013) and are therefore ruled by
cooling and precipitation. This
implies that the long-term magnitude
of glacial erosion is primarily influ-
enced by changes in amplitude rather
than changes in frequency of glacial/
interglacial cycles. As a result, the
observed erosion increase is most
likely related to either, or both,
changes in frequency or amplification
of glaciations.

Third, it has been shown that relief
is higher in glaciated regions, imply-
ing that glaciation has led to an
increase in local relief since the onset
of glaciation. This effect may have
contributed to the global increase in
erosion in response to climate change
(see Champagnac et al., 2012, 2014
for a complete discussion).

Finally, shifts in peak precipitation
associated with Westerlies in the
southern hemisphere played a role in
setting glacial erosion patterns (Her-
man and Brandon, 2015). At least in
the Andes, the position of maximum
erosion coincides with the location of
maximum precipitation, which fol-
lows the southern  hemisphere
Westerlies during glacial maxima
(e.g. Heusser et al., 1996; Lamy
et al., 1999; Moreno and Ledn, 2003;
Denton et al. 2010). The increased
precipitation rates at about 44°S
during glacial maxima led to
enhanced ice flux, increased ice slid-
ing velocity and, in turn, higher gla-
cial erosion rates (Herman and
Brandon, 2015). One may speculate
that this effect has been operating at
a larger scale.

Positive feedback between
erosion and climate

The increase in mountain erosion
rates implies an increase in sediment
fluxes at a global scale, because the
relative contribution of mountains to
the global production of sediments is
about 50% (Milliman and Syvitski,
1992; Larsen et al., 2014; Willenbring
et al., 2014), despite covering only

© 2015 John Wiley & Sons Ltd

about 10% of the emerged land.
Furthermore, this glacial erosion
may have stimulated a positive feed-
back in which increased erosion
would promote removal of CO, from
the atmosphere and, in turn, cause
further cooling (Molnar and England
1990, Raymo and Ruddiman, 1992).
Several mechanisms have been pro-
posed. Most popular is the idea that
mechanical erosion in mountains
would increase the surface area of
fresh mineral, enhance weathering of
silicate rocks (e.g. Molnar and Eng-
land, 1990; Edmond, 1992; Raymo
and Ruddiman, 1992) and, in turn,
increase pelagic sedimentation rates
through the supply of Ca and Si
nutrients to the ocean (Raymo er al.,
1988; Fig. 1a). Second, some studies
have demonstrated that terrestrial
organic carbon burial can be very
efficient at sequestrating carbon in
the ocean, a mechanism that is posi-
tively correlated with physical ero-
sion (e.g. France-Lanord and Derry,
1997). In fact, this mechanism has
been shown to be far more efficient
at withdrawing CO, from the atmo-
sphere than silicate weathering, in
the Himalayas (Galy et al., 2007),
Taiwan (Kao et al., 2014) and glob-
ally (Galy et al., 2015).

The case study of the Patagonian
Andes potentially raises a new inter-
esting possibility because erosion in
this part of the world plays a major
role in the production of sediment
and dust transported to the Southern
ocean. This is the region where varia-
tions in iron availability from dust
can have the largest effect on Earth’s
carbon cycle through its fertilizing
effect on marine ecosystems (e.g.
Martin, 1990; Martin et al., 1990;
Martinez-Garcia et al., 2011, 2014),
in turn promoting the feedbacks
between global climate and erosion.
Martinez-Garcia et al. (2014) showed
that changes in dust flux to the
Southern Atlantic Ocean could
explain a third of the observed draw-
down of atmospheric CO, at glacial/
interglacial timescales. The produc-
tion, transport and deposition of
fine-grained sediments (dust and/or
loess) during glacial periods are doc-
umented globally (e.g. Smalley, 1966;
Pye, 1995; lJickells et al., 2005).
Therefore, a large fraction of these
aeolian silts would have been depos-
ited offshore, hence contributing to

the global carbon cycle (see Bullard,
2013 for a review).

To sum up, there exist several
known possible mechanisms by
which erosion can promote a draw-
down of atmospheric CO,. Most
research has been invested on the
effects of silicate weathering. We
realize it may be difficult to isolate
and quantify the respective contribu-
tion of each component of this sys-
tem of positive feedbacks, but
observations are consistent with the
idea that it may have been operating.
(Note that if such positive feedbacks
have been operating, negative feed-
backs are still required to maintain
the Earth in a state of equilibrium.)
The advent of higher-resolution CO,
proxies and a continuously increasing
number of thermochronometric data
and methods (e.g. Herman ef al.,
2010; Guralnik ez al., 2013, 2015)
may shed light in the future.

Conclusions

Our current state-of-knowledge sug-
gests that climate progressively
cooled, glaciation was further ampli-
fied, atmospheric CO, levels may
have potentially dropped and west-
erly winds migrated towards the
equator since about 3 Ma as a result
of Northern Hemisphere Glaciation.
The interpretation of the geological,
thermochronological and geomor-
phological data suggests that moun-
tain erosion rates increased over the
same time span, with a maximum at
mid-latitude, putting further indepen-
dent constraints on the published
sediment accumulation curves and
the associated literature.
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