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The Paleocene-Eocene Thermal Maximum (PETM; ~55.9 Ma) was a geologically rapid warming period associated
with carbon release, which caused a marked increase in the hydrological cycle. Here, we use lithium (Li) isotopes
to assess the global change in weathering regime, a critical carbon drawdown mechanism, across the PETM. We
find a negative Li isotope excursion of ~3%o in both global seawater (marine carbonates) and in local weathering
inputs (detrital shales). This is consistent with a very large delivery of clays to the oceans or a shift in the weathering
regime toward higher physical erosion rates and sediment fluxes. Our seawater records are best explained by in-
creases in global erosion rates of ~2x to 3x over 100 ka, combined with model-derived weathering increases of
50 to 60% compared to prewarming values. Such increases in weathering and erosion would have supported
enhanced carbon burial, as both carbonate and organic carbon, thereby stabilizing climate.

INTRODUCTION
The Paleocene-Eocene Thermal Maximum (PETM) was a geologi-
cally rapid hyperthermal event that occurred around 55.9 million years
(Ma) ago. It was associated with substantial release of carbon to the
atmosphere, which caused up to 8°C surface ocean warming in high
latitudes (1, 2). The environmental changes included rapid warm-
ing, ocean acidification, and perturbations to the hydrological cycle,
which resulted in a major biotic turnover in the surface ocean and
mass extinction in the deep ocean (I1-3). While the sequence of
temperature changes across the event is well studied, the mecha-
nisms leading to the climatic recovery have received less attention.
The ultimate cause and duration of the carbon release is still
debated, but the interpretation of several sedimentary records sug-
gests that the negative carbon isotope excursion (CIE) had a rapid
“onset phase” of around 1 to 5 ka, a “body phase” of around 70 to
100 ka characterized by stable but anomalously low §"°C values, and
a “recovery phase” of another 50 to 100 ka (4). The mechanisms
responsible for the recovery from this carbon release and warming
are poorly understood, but likely involved chemical weathering of
silicate rocks and/or burial of organic carbon. Chemical weathering
sequesters CO; by increasing the supply of dissolved cations (such
as Ca and Mg) and alkalinity to the oceans (3, 5-8). This change in
ocean chemistry, leading to marine carbonate precipitation and
burial, is described as a carbonate preservation overshoot (9). Higher
weathering inputs also increase the availability of dissolved nutri-
ents (Fe, P, Si, etc.) that trigger organic carbon production in the
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coastal oceans (10, 11). Although climate-forced changes in chemical
weathering have been proposed as a potential feedback mechanism
driving climatic recovery from the PETM (3), it is not clear whether
the rate of weathering and consequent carbonate precipitation was
rapid enough to explain the rate of recovery (12). Earth System
models of intermediate complexity (EMICs) have suggested that
chemical weathering can account for the entirety of carbon draw-
down, although not the associated carbon isotope ratios (3).
Increased weathering (13-16) and organic carbon burial may
have been driven not only by a warmer climate but also by increases
in erosion and sediment accumulation rates, which are documented
across the PETM (1, 4, 12). In addition to increased sedimentation
rates, several localities show spikes in kaolinite abundance in sedi-
ments at the PETM, which have been attributed to increased erosion
of terrestrial clays formed before the PETM, primarily by riverine
incision (1, 17-19). Increased erosion may drive higher chemical
weathering fluxes (and hence CO, drawdown), as documented in
modern river systems (20, 21). Furthermore, organic carbon burial
is also greatly enhanced by the presence of clay particles, which in-
hibit reoxidation of the organic matter and are created on the con-
tinents through chemical weathering and delivered to the coastal
oceans via physical erosion (10, 11). However, the links between an
intensified hydrological cycle, enhanced erosion fluxes, and CO,
drawdown at the PETM are not well understood. More generally,
while there are widespread local records of changes in sedimenta-
tion rate, globally integrated changes in erosion or sedimentation
rates across the PETM are lacking to date. New evidence is therefore
needed to test the hypothesis of a major global increase in erosion
rates during the PETM and its role in the carbon cycle recovery.
Here, we use Li isotope ratios to determine how silicate weathering
rates and weathering regimes (i.e., the balance of chemical weather-
ing to physical erosion) changed during this hyperthermal event.
Unlike many other geochemical signatures, Li isotopes provide a
global weathering proxy that is dominantly controlled by silicate
weathering processes. Although evaporite weathering can affect the
local composition of some surface waters, on a global scale these
sources appear to have relatively little impact on the seawater Li
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isotope compositions (22). In river water, Li isotopes are fractionated
according to the ratio of primary rock dissolution (which does not
fractionate Li isotopes, and hence drives riverine 8'Li to low values)
to clay formation (driving 8’Li to high values), which is known as
the weathering congruency (23, 24). This congruency can also be
interpreted in terms of silicate weathering intensity W/D, which is
the ratio of the chemical weathering (W) rate to the total [erosion
(E) + chemical weathering (W)] denudation rate (D) (25). Note
that, here, “erosion” represents the combination of erosion of bed-
rock, along with remobilization and net erosion of riverbank sedi-
ments, for example, in floodplains (8, 25). This is effectively the
riverine sediment flux, but given that the definition of erosion (e.g.,
by the Geological Society of London) includes the movement of both
rock and soil (20, 26), we use the term erosion throughout. Low-
intensity regimes are characterized by high primary rock dissolution
relative to clay formation, and hence low riverine 5’Li, but also high
dissolved Li fluxes. Moderate intensity regimes exhibit increased clay
formation (i.e., incongruent weathering), and hence high riverine
8’Li, but lower Li fluxes. In high-intensity regimes, there is little
primary rock dissolution, and instead secondary clays dissolve, leading
to a low 8’Li, but also a low Li flux (8, 25). Rivers make up ~60% of
the Li inputs to the modern oceans (where Li has a ~1-Ma residence
time), with the remainder from mid-ocean ridge hydrothermal solu-
tions (27), which also agrees with overall ridge water fluxes (28). In
this study, we analyzed Li isotope ratios from multiple global car-
bonate sections across the PETM (both bulk planktonic foraminifera
and bulk carbonates), as well as detrital shale records. By identifying
common trends across sections, as well as considering trace element
ratios, we minimize artifacts associated with diagenesis or other local
effects that may alter Li isotope ratios (29).

RESULTS

Carbonate sections

We report Li isotope ratios from three marine carbonate sections
[bulk carbonate: Ocean Drilling Program (ODP) sites 865 and 1051;
bulk foraminifera: ODP 1210; Fig. 1; see also the Supplementary
Materials] and from two detrital shale sections (Svalbard and Fur,
Denmark). In all three carbonate ODP sites, Al/Ca and Rb/Ca values
indicate that insignificant amounts of leaching of silicate material
occurred (see the Supplementary Materials). An initial consider-
ation is whether the cores are affected by diagenesis. A recent de-
tailed study has examined the effects of diagenesis on carbonate Li
isotopes (29), proposing target elemental ratios that may indicate
diagenetic alteration of the Li system. Our bulk carbonate Li/
(Ca + Mg) values (12 to 40 pumol/mol) generally fit within the sug-
gested modern range for bulk carbonates of 20 to 40 pumol/mol, and
our few samples with lower Li/(Ca + Mg) values are not associated
with any difference in 8’Li values (fig. S5). Combined with Sr/Ca
values of <2.6 mmol/mol, these observations suggest that our sam-
ples have not been significantly diagenetically altered. We note that
there is typically a fractionation factor between bulk carbonate and
seawater A”Licarp-sw (8 Licarb — 8 Ligw) of 6.1 * 1.3%o (7), and we
apply this offset to our data.

The diagenetically unaltered range of Li/(Ca + Mg) suggested for
modern foraminifera is 12 to 16 pmol/mol (29). Our foraminifera
record exhibits values mainly between 2.5 and 23 umol/mol, but
also includes some higher values at the bottom of our sampling in-
terval for one core. However, as for the bulk carbonates, there is no
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trend between foraminiferal 8’Li and Li/(Ca + Mg) (fig. S5). The
suggested A Licarh.sw range for foraminifera is —4 to —0%o (29),
around 1 to 2%o offset from bulk carbonates. The possibility of Li
incorporation into Mn oxyhydroxides, which could bias the measured
&’Li, can be discounted by the absence of any relationship between
8’Li and Mn/Ca in any of the cores (fig. S3).

While there is general agreement that there is no temperature
effect on Li isotope fractionation in calcite (6, 7, 30, 31), a negative
relationship between pH and calcite 8'Li has been reported for some
epibenthic foraminifera (30) and inorganic calcite (32). However,
other studies directly contradict this (31), leaving an uncertainty in
the potential influence of pH on 8’Li. No such effect has been doc-
umented for planktonic foraminifera or coccoliths (7, 24, 27, 29).
Different planktonic foraminifera species have been reported to ex-
hibit offsets in Li isotopic fractionation factors (27), although this is
also disputed (33), and there is no covariation between 8’ Liforam and
species diversity (see the Supplementary Materials). However, even
if the reported pH effect on epibenthic foraminifera did affect bulk
carbonates, we would anticipate a pH-associated positive 8'Li ex-
cursion (LIE) of ~0.9%o for the PETM pH decrease (3, 30), which is
opposite to the changes observed here, implying that the actual ex-
cursion in seawater would, if anything, have been larger than seen
in our records.

Because three different carbonate sections from different loca-
tions reproduce similar values and temporal patterns (Fig. 2), based
on both bulk carbonates (~95% coccoliths in these cores, where
modern core-top studies also show no difference in 8’Li or Li/Ca in
cores with different fractions of coccoliths versus foraminifera; fig.
S6) (7) and separated foraminifera, we are confident that these re-
cords are reliably recording paleo-seawater 8'Li values. When com-
pared to the two ODP bulk carbonate sections, the slightly higher
absolute &8'Li values recorded by the foraminifera at site 1210 are
consistent with a slightly lower isotopic fractionation factor in
foraminifera compared to bulk carbonate (29). Therefore, identical
seawater values are reconstructed from all sites, with 8 Liseawater ~
26.4t026.8%o before the PETM, which agrees with the fractionation-
corrected Cenozoic foraminiferal record (24). All sections indicate
a ~3 to 4%o negative LIE in seawater during the PETM (Fig. 2).
While the long-term Cenozoic Li isotope record (24) is sparse near
the PETM (average resolution of one data point every 1.5 Ma), it
does include ~60-ka resolution between 59.9 and 62 Ma, with a
variability of +1.2%o. Notably, the PETM &’Li perturbation of 3 to
4%o stands out from relatively uniform data during the preceding
several million years.

Shale sections

Shale sections, especially those with a high detrital content such as
those analyzed here, should record more local Li isotope composi-
tions, i.e., the signal originating from weathering of the continents
(34, 35). The Fur shale section was deposited in an epicontinental
sea, with heavily restricted access to the open ocean (Fig. 1). The
Svalbard section was deposited in more open water, but this area of
the Arctic was still limited to exchange with other oceans at this
time. Detrital clays are associated with weathering processes at the
scale of individual river basins that delivered the detrital material to
continental shelves. Absolute 8’Li values are subject to a secondary
mineral fractionation factor, with a global average A’Li of ~15%o,
although precise mineralogy-specific fractionation factors are not
yet well known (27, 36, 37). Detrital clays have been used as a local
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Fig. 1. Sample location map on a paleomap from the PETM. Sites 865, 1051, and 1210 refer to Ocean Drilling Program sites, from which we analyze carbonates. Svalbard
and Fur are detrital shale sample sites. See the Supplementary Materials for sample details.

ODP 865C ODP 1051 ODP 1210
Bulk carb Bulk carb Bulk forams Fur, Denmark Svalbard
513cDrg 613corg
0 1
98 t t 510 t
100
102 1
E
£ 104
Q
(]
)
106
108
110 } } +—1 5135 + + + 207.7 ' ' -30 —+—+ 560 t
15 17 19 21 15 17 19 21 15 17 19 21 -6 -4 -2 0 2 -3 -1 1
87Licarb 67Licarb 67Licarb 67I-idetrital 67Lidetrita|

Fig. 2. Lithium and carbon isotope records from the studied carbonate and shale sections. Sites 865, 1051, and 1210 represent marine carbonates, while the Fur and
Svalbard sections are shales (analyzed in bulk for Li isotopes). The dashed lines represent the onset and termination of the PETM. For the site 1051 and Fur sections, the
green band is the duration of the reported enhanced organic matter burial (79, 80). For the Fur section, the yellow lines represent ash layers (80). The error bars on the Li
isotope data represent the 2 SD precision on each analysis. External precision was +0.4%o.

Li archive in several different paleo-settings (34, 35, 38), although
the caveat is that the local Li signal recorded in clay minerals is like-
ly to be diluted by previously formed clay minerals eroded from the
continents. This means that any signal recorded in shales is likely to
represent a minimum excursion. Nonetheless, the shale sections
studied here also show a negative 2 to 3.5%o LIE, similar to that seen
in the carbonates in this study. In all shale and carbonate sections,
the LIEs appear to start at the onset of the CIE (Fig. 2), and at Fur
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also contemporaneously with the PETM sea-surface temperature
increase (fig. S16) (39).

The &’Li variability in shale sections could represent a change in
river basin-scale water composition due to changes in weathering
congruency or an indirect effect of a changing weathering regime or
primary lithology via changing clay mineralogy (8, 19, 34, 35, 37, 38).
In both sections, there is a PETM peak in kaolinite abundance that
is interpreted to indicate enhanced erosion rates, transporting
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previously formed clays from the continents to the oceans (fig. S16)
(14, 17-19). However, there is no statistically significant correlation
(P > 0.05, Spearman rank) between 8’Li and clay abundances (fig.
S15) or between 8’Li and the chemical index of alteration (fig. S16)
(19, 40). Therefore, the LIE was not simply caused by a change in
clay mineralogy. Detrital osmium isotope ratios in the Svalbard section
(40) also exhibit a different temporal pattern from the Li isotopes
(fig. S17), which argues against a change in provenance as a cause of the
&’Li trend. These observations therefore suggest that the decrease in
shale 8"Li at least partly represents a decrease in river catchment—
scale water 8’Li compositions, indicating more congruent weathering.

Excursion timing

Our longest duration record is from site 865, which extends both
~450 ka before and ~600 ka after the CIE initiation (41). In the car-
bonate sections, the LIE appears to last considerably longer than the
CIE, which reflects the long ocean residence time of Li. Two of the
carbonate sections do not span a sufficient amount of time to show
an LIE recovery. In contrast, at site 865, pre-excursion 5'Li values
are reached again in the final two measured samples, ~500 to 600 ka
after the PETM initiation. This time scale is slightly shorter than the
modern oceanic Li residence time for Li of ~1 Ma. We note, however,
that the Li residence time in seawater may have been shorter in the
past, as suggested for both Li and Sr during Oceanic Anoxic Event 2
at ~94 Ma (42), and discussed further below.

In contrast, in the shale sections, the LIE is shorter than the CIE,
which provides a better indication for the duration of the weather-
ing change, because Li isotope changes in detrital material are not
buffered by the long oceanic Li residence time. Floodplain sediment
transit could buffer the transmission of detrital weathering signals
to sedimentary depocenters, although even for large floodplains in
the present day, the transit time for fine-grained material is thought
to be ~10 years to <100 ka (43), so a detrital LIE response that is
shorter than the 120- to 200-ka CIE is not surprising.

DISCUSSION

Our carbonate records suggest a pre-PETM seawater &’Li value of
~26.6 £ 1.3%o [where the uncertainty stems from uncertainty in the
fractionation factor into carbonate (7)], in agreement with the long-
term fractionation-corrected Cenozoic Li isotope record (24, 29),
and a peak LIE 8’Li value of 23 to 24%o during the PETM. While
there is no known temperature effect on Li isotope fractionation
during bulk calcite mineralization (6, 7, 30-32), there is a tempera-
ture effect on the fractionation factor imposed during Li uptake into
secondary minerals (36). This fractionation would affect river water
&Li (ie., higher temperatures will cause river water 8"Li to be lower),
as well as seawater 8’Li (i.e., during reverse weathering, higher tem-
peratures will cause lower seawater 8'Li), independently from any
change in chemical weathering. Combined, fractionation during
weathering and reverse weathering give a temperature dependence
of —0.25%0/K for seawater Li (36). Thus, an overall 4° to 8°C conti-
nental warming (2) during the PETM would cause rivers to become
0.6 to 1.4%o (average, ~0.9%o) lighter and decrease the 8’Li of the
overall ocean input by 0.5 to 1.2%o (average, ~0.8%o). Bottom ocean
warming of 4° to 5°C (2, 44) would result in a muted fractionation
between seawater and the clay Li sink, but this effect would be buffered
by the ocean residence time. Overall, the warming would be expected
to cause a &Li decrease of ~1 to 1.5%o instantaneously in marine
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carbonates (due to the riverine source composition) and 1.5 to 2%o
in marine carbonates overall. In detrital shales, the temperature effects
from continental weathering and from the authigenic formation of
secondary clays would approximately balance out. Therefore, the
excursion exhibited by the shales is interpreted as a 2 to 3.5%o de-
crease in 8'Li of the local catchment-scale solutions around Denmark
and Svalbard. In contrast, of the ~3%o LIE recorded in the marine
carbonates, only ~1 to 1.5%o likely represent an actual change in
seawater 8'Li due to a shift in weathering, while the rest is interpreted
to be a temperature-related effect. Together, we suggest that changes
in silicate weathering are responsible for a shift in seawater 8'Li
compositions from ~26%o before the onset of the PETM to 24.5 to
25.0%o during the PETM.

Modeling the Li isotope excursion

We model the seawater LIE using dynamic box models that have
been used with varying complexity for modeling other time periods
(34, 42, 45). As a starting point for modeling the seawater Li isotope
evolution, we assume that the hydrothermal input can be constrained
from mid-ocean ridge spreading rates, with the PETM hydrothermal
input between 1.15x and 1.4x that of the present (46, 47). The max-
imum effect of this range in hydrothermal input on steady-state
seawater 8'Li is 0.5%o. For hydrothermal input to be the cause of the
excursion would require a transient >2x to 3x increase in hydro-
thermal input (see the Supplementary Materials), which is un-
feasible (40, 48). For the remaining models, we use an intermediate
hydrothermal input of 1.25x present.

To model the isotope excursion, we use the silicate weathering
outputs from two Earth System models that were previously run for
the PETM: a GENIE EMIC model (3) and a LOSCAR box model (5)
(Fig. 3 and the Supplementary Materials). Both provide a time-
resolved output of seawater chemistry changes (which is what the Li
isotope data are recording), as well as marine carbon isotope and
Pco;, (partial pressure of CO,) values. The models differ in how they
parameterize the silicate weathering response to climate warming.
In cGENIE, weathering is controlled by the RoKGeM model, where
the weathering rate is a function of both temperature and water-rock
interaction time (reflected in continental runoff). In LOSCAR, the
silicate weathering rate is parameterized directly as a function of
Pco,. The strength of the weathering feedback and the initial (steady-
state) weathering flux are also controlled by the model (49, 50). This
allowed initial testing of the feedback strength for the PETM in the
original model (5, 9), effectively allowing parameterization of rego-
lith thickness. Both models suggest an initial (steady-state) weathering
flux similar to or slightly higher than the present day, which also
agrees with modeled Cenozoic weathering patterns (36). Some inter-
pretations of radiogenic isotope ratios in seawater have suggested
that the global weathering flux was low before the PETM due to
highly peneplained continents (47). Such a scenario is also tested
here (see the Supplementary Materials), but it results in an insuffi-
cient control of riverine §'Li on seawater 3'Li to be able to generate
a seawater excursion of the observed magnitude.

The cGENIE model calculates a 60% increase in silicate weather-
ing across the PETM, peaking at 50 ka after initiation (3). The LOSCAR
model suggests a 55% increase, but peaking over a shorter time period
of 10 ka (Fig. 3) (5). Both results are similar to estimates of increased
weathering from both marine osmium and silicon isotope records
(48, 51). Changes of this magnitude have been documented in both
local and global modern rivers for a 3° to 4°C temperature increase
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Fig. 3. Model inputs (river Li flux) and outputs (riverine &7Li) required to cause a ~1%o excursion in seawater. Different seawater &Li uncertainty bands are shown
(C, D, G, H), based both on the uncertainty in the perturbed riverine 8’Li (B, F; effectively the analytical uncertainty on our measured data), and on the +1.5%o uncertainty
in the carbonate fractionation factor in foraminifera (29). The uncertainty bands in the riverine &’Li (B, F) show the uncertainty necessary to account for the variation in the
carbonate fractionation factor. This is a maximum estimate in the uncertainty, as foraminifera assemblages were more constant in our samples (see the Supplementary
Materials). The green bars in panels B and F indicate the period of elevated organic matter (OM) burial at site 1051 (79).

(20,21, 52). An increase in chemical weathering at the PETM is also
consistent with increased marine carbonate burial during the recov-
ery period following the PETM (53).

Assuming that the global mean riverine 5’Li composition stayed
constant during the PETM, a global weathering rate increase of
~50% would cause a 0.4%o transient decrease in seawater 8'Li
(Fig. 4), considerably smaller than the observed changes in our car-
bonate records. Driving a transient ~1%o decrease in seawater 8'Li
(i.e., the minimum observed isotopic shift after accounting for the
temperature-dependent isotope fractionation) requires an increase
in the riverine Li flux of 55 to 60%, combined with a transient de-
crease in riverine 8’Li (Fig. 4). This behavior has also been invoked
for oceanic anoxic events (42, 45) and may be a common feature of
past warming intervals. Conceptually, a coupling between the rate
of increase in the riverine Li flux and the rate of decrease in the Li
isotope ratio makes sense given that clay formation will both de-
crease the riverine Li flux and increase its 8Li, as observed in mod-
ern rivers (Fig. 5) (25). The cGENIE-based model can achieve the
observed decrease in 8 Ligw with a ~5%o decrease in riverine 8'Li,
reaching its minimum after 50 ka (Fig. 3). In contrast, the LOSCAR-
based model achieves its weathering maximum after 10 ka, but
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because of this shorter duration, requires a brief 12%o decrease in
river 8’Li (Fig. 3). This decrease would involve riverine &’Li reach-
ing the likely minimum possible value of rivers weathering primary
silicates, equaling that of continental crust [~0%o (54)], and yet still
cannot cause more than a 0.8%o seawater excursion. Uncertainty in
the model’s seawater 5’Li values is determined by analytical uncer-
tainty in the measured carbonate &’Li values (Fig. 3, C and G) and
separately by the carbonate fractionation factor (Fig. 3, D and H)
(7, 29). The latter larger uncertainty has been propagated backward
to the riverine flux and 8"Li values (Fig. 3, A, B,E, and F).

In all cases, the initial downward limb of the PETM LIE is resolv-
able in both models and data, despite the long ocean residence time
of Li, because the excursion is caused by Li inputs that increase the
seawater Li concentration. The major effect of seawater buffering is
to slow the Li isotope recovery after the perturbation (see fig. S9)
(34, 42). Using a modern ocean residence time, seawater 8’Li would
recover to within ~0.4 to 0.5%o of pre-excursion values after ~600 ka
(i.e., the apparent length of the LIE at site 865). This slight offset
from pre-excursion values is within the analytical uncertainty on
the carbonate data, and therefore, the data and model outputs are
consistent (see fig. S9 for effects of changing residence times).
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Fig. 4. Contour plot showing the change in riverine Li flux (x axis) and isotope
ratio (contours) required to create a seawater Li isotope excursion of a given
magnitude (y axis). The basic model parameters for this sensitivity study are those
of our GENIE-based model (see text for details). The contours represent A7Lid.mn9_prE
(i.e., the change from before to during the PETM in rivers) such that a contour value
of —12%o is a decrease from 13%o pre-PETM to 1%o during the PETM, while +3%o is
an increase from 13%o pre-PETM to 16%o during the PETM. The horizontal dashed
lines represent the observed magnitude of the Li isotope excursion that is attributable
to weathering, while the vertical dashed line represents the weathering increase
suggested by the GENIE model (3). The observed negative seawater LIE at the PETM
can only be caused by both an increase in river flux and a decrease in river &’Li.

Changes in weathering regime across the PETM

The model results show that changes in weathering flux alone
cannot explain the observed excursions in seawater &’Li across the
PETM, and substantial changes in the isotope ratio of the inputs to the
oceans are also required. There are several obvious possible mecha-
nisms for explaining such changes. One possibility is that erosion of
Cretaceous laterites, which are thought to have been the source of
abundant kaolinite in PETM sedimentary records (1), supplied a large
amount of isotopically light clays to floodplains and the oceans.
Dissolution of these clays would contribute isotopically light Li (i.e.,
the riverine 8’Li becomes similar to the values observed in our
detrital LIE), potentially driving the negative excursion. Unlike in
modern rivers, where clay dissolution is accompanied by low Li
fluxes (Fig. 5), in this case, Li fluxes from clay dissolution would
have to have been high. Critically, for the clays to have affected sea-
water 8Li during the PETM, they would have needed to dissolve or
otherwise react in seawater to release their isotopically light Li. To
cause the observed isotope excursion through dissolution of isoto-
pically light clay, the cGENIE-derived model requires that dissolu-
tion increases by >1.1x (fig. S12). If this material was laterite as
suggested [5 to 10 ug/g Li (55)], then clay dissolution would need to
have reached values of ~8 to 15 Gt/year. If, for the sake of argument,
the source material were saprolite [~15 to 50 ug/g Li (56, 57)], then
~2 to 6 Gt/year of clay would need to dissolve in the oceans. For
comparison, the pre-anthropogenic sediment flux (i.e., before dis-
solution) to the oceans is estimated at ~20 Gt/year (26). Normalized
to surface area, clays such as kaolinite and smectite have dissolution
rates that are one to three orders of magnitude lower than primary
minerals such as olivine or plagioclase [e.g., albite: ~107! mol g™
s (58, 59); olivine: ~1071% mol g_l s! (60); kaolinite: ~107*? to
107 mol gf1 s ! (61-63); montmorillonite: ~1072 mol gf1 s (61, 64)].
This would then suggest that the PETM clay supply to the oceans
was considerably higher (potentially by an order of magnitude or
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Fig. 5. Modernriverine Liisotope data. (See section S6 for references). (A) Shows
riverine-8’Li as a function of the natural logarithm of the weathering intensity
(W/D). (B) Shows the natural logarithm of the weathering intensity versus the
log of the Li yield and (C) shows the natural logarithm of the riverine Li flux as
a function of the log of the weathering intensity. The solid lines are the regression
lines, and the dashed lines represent the 95% confidence limits, which are also
used to estimate uncertainty in Fig. 6. In (A), trends are shown separately for low- to
medium-intensity and high-intensity weathering regimes (25). Combined, this figure
suggests that an increase in Li flux (and Li yield) and a decrease in riverine &’Li all
imply lower weathering intensity (i.e., relatively higher erosion rates) (25).

more) than at the present day. While this is possible and cannot be
discounted, given the sedimentation rate increases discussed below,
we suggest that this would require a larger increase in the global ero-
sion rate (river sediment flux) than the alternatives presented below.

An alternative explanation for the change in riverine &’Li at the
PETM, and one we consider more likely, is that weathering intensity
and fluxes changed in response to the climatic perturbation during
this event. In present-day rivers, weathering intensity, Li fluxes, and
Li isotope ratios are related (Fig. 5) (8, 25), and mass balance sug-
gests that similar relationships must have existed in the Cretaceous
(42) and Hirnantian (34). Following the relationship seen in these
rivers, coupled changes in riverine Li flux and & Li could result from
an adjustment in the silicate weathering regime and intensity, i.e.,
the ratio of weathering rate to denudation rate (W/D), where denudation
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Fig. 6. Increase in silicate weathering rate, relative to pre-PETM values. Weathering rate estimates from the GENIE (A) and LOSCAR (C) models; the corresponding
increases in erosion rates are shown in (B) and (D), respectively, based on those models and the modeled and modern riverine Li isotope ratios. The uncertainty in the
erosion rate stems from the uncertainty in weathering rates in the model and the uncertainty in the modern riverine &’Li versus W/D curve (Fig. 5). The dotted and thick

black lines represent the averages for 100- and 300-ka intervals.

is the sum of the weathering and erosion rates. Presently, low riverine
8’Li occurs either when W/D is very low [i.e., high erosion (sedi-
ment fluxes) relative to weathering rates] or when W/D is very high
(i.e., supply-limited chemical weathering, where previously formed
clays are redissolving) (Fig. 5). The latter situation is similar to the
first scenario discussed above, in which clay dissolution was considered
as a potential driver for the low riverine 8'Li at the PETM. Howev-
er, if modern river trends are followed, the riverine Li flux and yield
in a high W/D world would be up to two orders of magnitude lower
than in a low W/D world (Fig. 5). Such a low Li flux to the oceans
would lead to dominance of the hydrothermal input (considering
the modern seawater mass balance, hydrothermal fluxes would then
make up ~90% of the total inputs). In this case, seawater & Li would
be difficult to perturb via weathering (23, 25, 65), and the observed
excursion could not be replicated (Fig. 4 and the Supplementary
Materials). We therefore consider a high W/D scenario (low &’Li-
low flux) to be unlikely.

The more plausible explanation for the observed seawater LIE is
a decrease in silicate weathering intensity to relatively low W/D values,
whereby rock dissolution outpaces clay formation and dissolved
8’Li decreases as a result (25). Because weathering fluxes increased
at the PETM [based on evidence from increases in clay in coastal
sections (1), seawater Os isotope ratios (48), and Earth System models
(3, 5)], a decrease in W/D would have required an even greater in-
crease in erosion (sediment flux) rates than the weathering increase.
This agrees with the modern global large river behavior, where in-
creasing runoff causes erosion (sediment flux) rates to increase faster
than silicate weathering rates (fig. S18) (20). Large increases in ero-
sion rates are consistent with major local sedimentation rate increases
observed in many global locations (1, 14, 66, 67), by over an order of
magnitude in some cases, primarily due to fluvial incision as runoff
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increased. While these increases are heterogeneous and cannot, on
their own, be used to estimate global changes in erosion rates (68),
local increases from pre-PETM rates are as high as ~19x increase
[in California (69)] and are frequently on the order of a 4 to 8x
increase [e.g., in Uzbekistan, Kazakhstan, Spain, Tunisia, and New
Jersey; see summaries in (67, 69)].

On the basis of the best-fit trend from the modern global river
data (Fig. 5 and the Supplementary Materials), we can estimate the
increase in global erosion rates from pre-PETM to peak PETM needed
to drive the inferred change in riverine 8’Li. On this basis, we calcu-
late a 3.1703) times increase in erosion for the cGENIE model and a
12.5"}% times increase for the LOSCAR model (Fig. 6). The uncer-
tainty arises principally from the scatter in the modern river data
(Fig. 5). For the LOSCAR model, the high erosion rate only persists
for a very short period of time (<10,000 years), whereas during most
of the CIE the erosion rates are slightly lower than in the cGENIE
model. When averaged over 100 ka, the models generate increases
in global erosion rate (i.e., the global riverine sediment flux) of 3.2x
and 2.3x, respectively. The perturbation to the weathering regime
lasts 200 to 300 ka, but this is largely determined by the Earth System
models (3, 5), because the seawater Li reservoir buffers the signal
recovery.

Overall, such large increases in erosion rates (which, per defini-
tion, includes the river sediment flux) appear surprising and beyond
those likely to be forced by plausible changes in the mean annual
precipitation. However, climate models for the PETM, based on our
modern understanding of the link between warming and extreme
precipitation (70), suggest marked changes in extreme precipitation
events (67, 71, 72), which do strongly affect erosion. In modern sys-
tems, modeling studies suggest that erosion rates increase by 1.7 to
9.9% for every 1% increase in total rainfall, if rainfall amount and
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intensity change together (73, 74). Observational studies report that
modern local erosion rates increase by up to 15% for every 1% in-
crease in winter rainfall (75). Geomorphic evidence from relatively
early in the PETM suggests that water discharge increased by 1.4 to
14x in Spain and that precipitation increased by at least 1.93x (71).
Climate models point to similar increases in other areas (76), with
some models suggesting that the incidence of extreme precipitation
increased by up to 70% during the PETM onset (67). Scaled to mod-
ern responses of erosion rate (sediment flux) to rainfall, these hy-
drological changes at the PETM could have increased erosion rates
by up to 16x in Spain, in response to an approximate doubling of
precipitation. In this region, PETM sedimentation rates were con-
siderably lower than in other locations, implying that erosion rates
may even have increased more elsewhere (1). These are local effects,
and it is unlikely that globally averaged erosion rates increased by
this magnitude, but they provide independent evidence for large
changes in erosion and sedimentation. These records therefore sug-
gest that at least the lower bounds of our calculated increases in
erosion based on the Li isotope record are plausible for such an
extreme climate perturbation as the PETM.

Sustaining increases in erosion rates over very long (Ma) time
scales would require changes in the geodynamic forces controlling
uplift, because over these long time scales the erosional system tends
toward a steady state between uplift and erosion rates. However, the
PETM reflects a clear disequilibrium state, in both climate and re-
lated surface processes such a fluvial incision. Our model results
based on the Li isotope excursion suggest that erosional disequilib-
rium due to fluvial incision, whether of primary material or clays,
persisted for several hundreds of thousand years. Independent models
of the non-steady-state responses of erosion (riverine sediment
flux) rates to changes in rainfall suggest that erosion perturbations
can persist on time scales of 10° to 10° years (77), implying that the
transient response of erosion rates to hydrological changes at the
PETM could persist for long enough to explain the seawater Li iso-
tope record.

In our Li isotope model results, weathering and erosion rates peak
at between 10 and 50 ka after initiation of the perturbation. These
time scales are longer than the estimated 1- to 5-ka (LOSCAR) and
~10-ka (cGENIE) time scale of peak CO; release, reflecting the rela-
tively long time scale over which weathering regulates the carbon
cycle and Pco; levels. In comparison, the climate perturbation at the
Cenomanian-Turonian boundary (Ocean Anoxic Event 2) required
a silicate weathering increase of ~1.5 to 2.5x for ~300 to 500 ka
combined with a decrease in riverine 8’Li of ~12%o (42). Hence, it is
perhaps not surprising that the comparable warming of the PETM
could lead to a decrease in riverine 8'Li of a similar magnitude.

In modern rivers, chemical weathering and physical erosion rates
covary (20, 52, 78), and therefore, an increase in weathering would
be expected to be accompanied by an increase in both nutrient in-
put and eroded sediment supply to the oceans. Increased weathering
and erosion during the PETM would increase CO, sequestration by
marine carbonate precipitation and burial (3, 53), but would also
deliver more dissolved nutrients to the coastal oceans, potentially
enhancing the production of organic matter. The productivity changes
during the PETM were different in coastal systems compared to the
open ocean. Coastal regions experienced an increase in productivity,
while records from the open ocean reflect increased oligotrophy
due to enhanced surface water stratification in response to warming.
At site 1051, the peaks of local organic carbon burial [as determined
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from barium accumulation rates (79)] and modeled global erosion
rates coincide (fig. S19). We also note that changes in Si isotope ratios
from the same site can also be partially explained by a similar increase
in weathering rates as modeled here, combined with a decrease in
riverine §°°Si (51), and exhibit a minimum close to the time of maxi-
mum erosion and weathering predicted by our model. The Si isotope
data also require an increase in organic carbon burial. This observa-
tion supports the idea that clay particles and reactive iron delivered
to the coastal oceans by erosion may have played a critical role in
enhancing organic carbon burial rates, further sequestering CO, and
promoting climatic recovery (10, 11).

Overall, therefore, the lithium isotope data suggest that the PETM
warming caused a rapid acceleration of the hydrological cycle
(including extreme precipitation events), which caused both an
increase in silicate weathering and a marked increase in global sedi-
ment erosion rates. This, in turn, promoted not only CO, drawdown
via carbonate burial but also organic carbon formation and burial,
thus shifting the carbon sequestration pathway, as well as enhancing
carbon sequestration rates.

METHODS

The carbonates were analyzed for Li isotope ratios (8Li) using several
different methods. At sites 865 and 1051, bulk carbonates were ana-
lyzed using a weak leach of 1 M Na acetate buffered to pH 5 with
acetic acid (34, 42). For site 1210, the sediment was sieved, bulk
foraminifera were picked out, and two leaching methods were tested:
One was identical to the leaching method described above for bulk
carbonates, while the other was a traditional foraminifera cleaning
method. The latter involved cracking the tests under glass slides and
repeatedly ultrasonicating with deionized water and methanol to
remove clay particles. These two cleaning methods yield the same Li
isotope results (table S1).

In all cases, the leachates were analyzed by quadrupole induc-
tively coupled plasma mass spectrometry (ICP-MS) to determine
elemental ratios such as not only Li/Ca, Mg/Ca, and Sr/Ca but also
Al/Ca and Mn/Ca, to determine whether any silicate particles had
been leached. The methods are described in detail elsewhere (7).
Briefly, samples were matrix-matched to Ca (10 pg/ml) and calibrated
against a set of synthetic multielement standards (which were also
doped with Na to match the addition of Na acetate). Reference
material JLs-1 was run as an unknown standard to assess accuracy
and precision, which was within +7% for all concentrations. If sample
Al/Ca or Mn/Ca ratios appeared too high, samples were releached
and Li isotopes were reanalyzed. The use of weaker leaches system-
atically reduced Al and Mn concentrations, suggesting that care must
be taken when leaching carbonates for Li isotopes (7). The shale samples
were dissolved by a standard method of concentrated HF-HNOs3-
HCIO4, followed by steps of concentrated HNO3 and 6 M HCL

Samples were purified for Li with a two-column method, using
AG 50W-X12 resin and dilute HCI as an eluent (34, 42). Purified
samples from site 865C were analyzed at Oxford University, using a
Nu Instruments HR-MC-ICP-MS (high-resolution multi collector
ICP-MS) and normalizing to the NIST 8545 LSVEC standard. The
long-term precision of this instrument is £0.6%o (2 SD) (42). All other
samples were analyzed using a Nu Plasma 3 MC-ICP-MS at the LOGIC
group at University College London by normalizing to IRMM-016
bracketing standards. All samples were renormalized to LSVEC,
and the analytical uncertainty was propagated to account for this.
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Using Nu Plasma 3 and an Aridus II desolvator, a signal intensity of
~130 pA on ’Li for a solution of 5 ng/ml was achieved (using 10"'-
ohm resistors and an uptake rate of ~100 pl/min). Therefore, for a
solution of 0.5 ng/ml, signal intensity was still 13 pA, making it easily
possible to analyze samples at this low concentration. The results of
several different rock standards analyzed by this method have been
reported previously (7), and seawater gives 8 Li = 31.2 + 0.4%o (2 SD;
n = 19). Of particular relevance for low-concentration carbonate
samples is that seawater analyzed at concentrations of 0.5 ng/ml
(n = 6) yields a long-term analytical uncertainty of +0.4%o (2 SD).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh4224

REFERENCES AND NOTES

1.

Pogge von Strandmann et al., Sci. Adv. 2021; 7 : eabh4224

M. J. Carmichael, G. N. Inglis, M. P. S. Badger, B. D. A. Naafs, L. Behrooz, S. Remmelzwaal,
F. M. Monteiro, M. Rohrssen, A. Farnsworth, H. L. Buss, A. J. Dickson, P. J. Valdes, D. J. Lunt,
R. D. Pancost, Hydrological and associated biogeochemical consequences of rapid global
warming during the Paleocene-Eocene Thermal Maximum. Glob. Planet. Chang. 157,
114-138(2017).

. T.D.Jones, D.J. Lunt, D. N. Schmidt, A. Ridgwell, A. Sluijs, P. J. Valdes, M. Maslin, Climate

model and proxy data constraints on ocean warming across the Paleocene-Eocene
Thermal Maximum. Earth Sci. Rev. 125, 123-145 (2013).

.M. Gutjahr, A. Ridgwell, P. F. Sexton, E. Anagnostou, P. N. Pearson, H. Pdlike, R. D. Norris,

E. Thomas, G. L. Foster, Very large release of mostly volcanic carbon during
the Palaeocene-Eocene Thermal Maximum. Nature 548, 573-577 (2017).

. G.J. Bowen, J. C. Zachos, Rapid carbon sequestration at the termination

of the Palaeocene-Eocene Thermal Maximum. Nat. Geosci. 3, 866-869 (2010).

. N.Komar, R. E. Zeebe, Redox-controlled carbon and phosphorus burial: A mechanism

for enhanced organic carbon sequestration during the PETM. Earth Planet. Sci. Lett. 479,
71-82(2017).

. C.S. Marriott, G. M. Henderson, R. Crompton, M. Staubwasser, S. Shaw, Effect

of mineralogy, salinity, and temperature on Li/Ca and Li isotope composition of calcium
carbonate. Chem. Geol. 212, 5-15 (2004).

. P.A.E.Pogge von Strandmann, D. N. Schmidt, N. J. Planavsky, G. Wei, C. L. Todd,

K. H. Baumann, Assessing bulk carbonates as archives for seawater Li isotope ratios.
Chem. Geol. 530, 119338 (2019).

. P.A.E.Pogge von Strandmann, S. A. Kasemann, J. B. Wimpenny, Lithium and lithium

isotopes in Earth’s surface cycles. Elements 16, 253-258 (2020).

. N.Komar, R. E. Zeebe, Oceanic calcium changes from enhanced weathering during

the Paleocene-Eocene thermal maximum: No effect on calcium-based proxies.
Paleoceanography 26, PA3211 (2011).

. K. Lalonde, A. Mucci, A. Ouellet, Y. Gelinas, Preservation of organic matter in sediments

promoted by iron. Nature 483, 198-200 (2012).

. M.J.Kennedy, T. Wagner, Clay mineral continental amplifier for marine carbon

sequestration in a greenhouse ocean. Proc. Natl. Acad. Sci. U.S.A. 108, 9776-9781 (2011).

. T.Dunkley Jones, H. R. Manners, M. Hoggett, S. Kirtland Turner, T. Westerhold, M. J. Leng,

R.D. Pancost, A. Ridgwell, L. Alegret, R. Duller, S. T. Grimes, Dynamics of sediment flux
to a bathyal continental margin section through the Paleocene-Eocene Thermal
Maximum. Clim. Past 14, 1035-1049 (2018).

. G.Ravizza, R. N. Norris, J. Blusztajn, M.-P. Aubry, An osmium isotope excursion associated

with the late Paleocene Thermal Maximum: Evidence of intensified chemical weathering.
Paleoceanography 16, 155-163 (2001).

. B.Z.Foreman, P. L. Heller, M. T. Clementz, Fluvial response to abrupt global warming at

the Palaeocene/Eocene boundary. Nature 491, 92-95 (2012).

. L.Handley, A. O'Hollaran, P. N. Pearson, E. Hawkins, C. J. Nicholas, S. Schouten,

I. K. McMillan, R. D. Pancost, Changes in the hydrological cycle in tropical East Africa
during the Paleocene-Eocene Thermal Maximum. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 329-330, 10-21 (2012).

. A.Bornemann, R. D. Norris, J. A. Lyman, S. D'haenens, J. Groeneveld, U. R6hl, K. A. Farley,

R. P. Speijer, Persistent environmental change after the Paleocene-Eocene Thermal
Maximum in the eastern North Atlantic. Earth Planet. Sci. Lett. 394, 70-81 (2014).

. H.Dypvik, L. Riber, F. Burca, D. Ruther, D. Jargvoll, J. Nagy, M. Jochmann, The

Paleocene-Eocene thermal maximum (PETM) in Svalbard—Clay mineral
and geochemical signals. Palaeogeogr. Palaeoclimatol. Palaeoecol. 302, 156-169 (2011).

. C. M. John, N. R. Banerjee, F. J. Longstaffe, C. Sica, K. R. Law, J. C. Zachos, Clay assemblage

and oxygen isotopic constraints on the weathering response to the Paleocene-Eocene
thermal maximum, east coast of North America. Geology 40, 591-594 (2012).

15 October 2021

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

. E.W. Stokke, M. T. Jones, L. Riber, H. Haflidason, I. Midtkandal, B. P. Schultz, H. H. Svensen,

Rapid and sustained environmental responses to global warming: The Paleocene-Eocene
Thermal Maximum in the eastern North Sea. Clim. Past Discuss. (2020).

J. Gaillardet, B. Dupre, P. Louvat, C. J. Allegre, Global silicate weathering and CO,
consumption rates deduced from the chemistry of large rivers. Chem. Geol. 159, 3-30
(1999).

A.J. West, A. Galy, M. Bickle, Tectonic and climatic controls on silicate weathering. Earth
Planet. Sci. Lett. 235, 211-228 (2005).

M. J. Murphy, D. Porcelli, P. A. E. Pogge von Strandmann, C. A. Hirst, L. Kutscher,

J. A. Katchinoff, C. M. Mérth, T. Maximov, P. S. Andersson, Tracing silicate weathering
processes in the permafrost-dominated Lena River watershed using lithium isotopes.
Geochim. Cosmochim. Acta 245, 154-171 (2019).

P. A.E. Pogge von Strandmann, P. J. Frings, M. J. Murphy, Lithium isotope behaviour
during weathering in the Ganges Alluvial Plain. Geochim. Cosmochim. Acta 198, 17-31
(2017).

S. Misra, P. N. Froelich, Lithium isotope history of cenozoic seawater: Changes in silicate
weathering and reverse weathering. Science 335, 818-823 (2012).

M. Dellinger, J. Gaillardet, J. Bouchez, D. Calmels, P. Louvat, A. Dosseto, C. Gorge,

L. Alanoca, L. Maurice, Riverine Li isotope fractionation in the Amazon River basin
controlled by the weathering regimes. Geochim. Cosmochim. Acta 164, 71-93 (2015).
J.D. Milliman, J. P. M. Syvitski, Geomorphic/tectonic control of sediment discharge

to the ocean: The importance of small mountainous rivers. J. Geol. 100, 525-544 (1992).
E. C. Hathorne, R. H. James, Temporal record of lithium in seawater: A tracer for silicate
weathering? Earth Planet. Sci. Lett. 246, 393-406 (2006).

D.Vance, D. A. H. Teagle, G. L. Foster, Variable quaternary chemical weathering fluxes
and imbalances in marine geochemical budgets. Nature 458, 493-496 (2009).

M. Dellinger, D. S. Hardisty, N. J. Planavsky, B. C. Gill, B. Kalderon-Asael, D. Asael,

T. Croissant, P. K. Swart, A. J. West, The effects of diagenesis on lithium isotope ratios

of shallow marine carbonates. Am. J. Sci. 320, 150-184 (2020).

J. Roberts, K. Kaczmarek, G. Langer, L. C. Skinner, J. Bijma, H. Bradbury, A. V. Turchyn,
F.Lamy, S. Misra, Lithium isotopic composition of benthic foraminifera: A new proxy

for paleo-pH reconstruction. Geochim. Cosmochim. Acta 236, 336-350 (2018).

N. Vigier, C. Rollion-Bard, Y. Levenson, J. Erez, Lithium isotopes in foraminifera shells

as a novel proxy for the ocean dissolved inorganic carbon (DIC). Compt. Rendus Geosci.
347,43-51(2015).

C. C.Day, P. A. E. Pogge von Strandmann, A. J. Mason, Lithium isotopes and partition
coefficients in inorganic carbonates: Proxy calibration for weathering reconstruction.
Geochim. Cosmochim. Acta 305, 243-262 (2021).

S. Misra, P. N. Froelich, Measurement of lithium isotope ratios by quadrupole-ICP-MS:
Application to seawater and natural carbonates. J. Anal. At. Spectrom. 24, 1524-1533
(2009).

P. A.E. Pogge von Strandmann, A. Desrochers, M. J. Murphy, A. J. Finlay, D. Selby,

T. M. Lenton, Global climate stabilisation by chemical weathering during the Hirnantian
glaciation. Geochem. Perspect. Lett. 3, 230-237 (2017).

L. Bastian, M. Revel, G. Bayon, A. Dufour, N. Vigier, Abrupt response of chemical
weathering to Late Quaternary hydroclimate changes in northeast Africa. Sci. Rep. 7,
44231 (2017).

G. Li, A. J. West, Evolution of Cenozoic seawater lithium isotopes: Coupling of global
denudation regime and shifting seawater sinks. Earth Planet. Sci. Lett. 401, 284-293 (2014).
R.S.Hindshaw, R. Tosca, T. L. Gout, I. Farnan, N. J. Tosca, E. T. Tipper, Experimental
constraints on Li isotope fractionation during clay formation. Geochim. Cosmochim. Acta
250, 219-237 (2019).

S.Li, R. M. Gaschnig, R. L. Rudnick, Insights into chemical weathering of the upper
continental crust from the geochemistry of ancient glacial diamictites. Geochim.
Cosmochim. Acta 176, 96-117 (2016).

E. W. Stokke, M. T. Jones, J. E. Tierney, H. H. Svensen, J. H. Whiteside, Temperature
changes across the Paleocene-Eocene Thermal Maximum—A new high-resolution TEX86
temperature record from the Eastern North Sea Basin. Earth Planet. Sci. Lett. 544, 116388
(2020).

R. Wieczorek, M. S. Fantle, L. R. Kump, G. Ravizza, Geochemical evidence for volcanic
activity prior to and enhanced terrestrial weathering during the Paleocene Eocene
Thermal Maximum. Geochim. Cosmochim. Acta 119, 391-410 (2013).

C.J. Hollis, T. D. Jones, E. Anagnostou, P. K. Bijl, M. J. Cramwinckel, Y. Cui, G. R. Dickens,
K. M. Edgar, Y. Eley, D. Evans, G. L. Foster, J. Frieling, G. N. Inglis, E. M. Kennedy, R. Kozdon,
V. Lauretano, C. H. Lear, K. Littler, L. Lourens, A. N. Meckler, B. D. A. Naafs, H. Pélike,

R. D. Pancost, P. N. Pearson, U. Rohl, D. L. Royer, U. Salzmann, B. A. Schubert, H. Seebeck,
A. Sluijs, R. P. Speijer, P. Stassen, J. Tierney, A. Tripati, B. Wade, T. Westerhold,

C. Witkowski, J. C. Zachos, Y. G. Zhang, M. Huber, D. J. Lunt, The DeepMIP contribution
to PMIP4: Methodologies for selection, compilation and analysis of latest Paleocene

and early Eocene climate proxy data, incorporating version 0.1 of the DeepMIP database.
Geosci. Model Dev. 12, 3149-3206 (2019).

90of 11

€202 ‘ez Arenige4 uo uoiduwreyinos Jo AseAlun e B1oadus 108 mmm/:sdny wol ) papeojumoq


https://science.org/doi/10.1126/sciadv.abh4224
https://science.org/doi/10.1126/sciadv.abh4224

SCIENCE ADVANCES | RESEARCH ARTICLE

42.
43,
44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.
66.
67.
68.

69.

Pogge von Strandmann et al., Sci. Adv. 2021; 7 : eabh4224

P. A.E. Pogge von Strandmann, H. C. Jenkyns, R. G. Woodfine, Lithium isotope evidence
for enhanced weathering during Oceanic Anoxic Event 2. Nat. Geosci. 6, 668-672 (2013).
J. Pizzuto, J. Keeler, K. Skalak, D. Karwan, Storage filters upland suspended sediment
signals delivered from watersheds. Geology 45, 151-154 (2017).

A. Tripati, H. Elderfield, Deep-sea temperature and circulation changes at the Paleocene-
Eocene Thermal Maximum. Science 308, 1894-1898 (2005).

M. Lechler, P. A. E. Pogge von Strandmann, H. C. Jenkyns, G. Prosser, M. Parente,
Lithium-isotope evidence for enhanced silicate weathering during OAE 1a (Early Aptian
Selli event). Earth Planet. Sci. Lett. 432, 210-222 (2015).

N. Coltice, M. Seton, T. Rolf, R. D. Mueller, P. J. Tackley, Convergence of tectonic
reconstructions and mantle convection models for significant fluctuations in seafloor
spreading. Earth Planet. Sci. Lett. 383, 92-100 (2013).

G. Li, H. Elderfield, Evolution of carbon cycle over the past 100 million years. Geochim.
Cosmochim. Acta 103, 11-25 (2013).

A. J. Dickson, A. S. Cohen, A. L. Coe, M. Davies, E. A. Shcherbinina, Y. O. Gavrilov, Evidence
for weathering and volcanism during the PETM from Arctic Ocean and Peri-Tethys
osmium isotope records. Palaeogeogr. Palaeoclimatol. Palaeoecol. 438, 300-307 (2015).
R.E. Zeebe, LOSCAR: Long-term Ocean-atmosphere-Sediment CArbon cycle Reservoir
Model v2.0.4. Geosci. Model Dev. 5, 149-166 (2012).

J. Uchikawa, R. E. Zeebe, Influence of terrestrial weathering on ocean acidification

and the next glacial inception. Geophys. Res. Lett. 35, L23608 (2008).

G. Fontorbe, P. J. Frings, C. L. De la Rocha, K. R. Hendry, D. J. Conley, Constraints on earth
system functioning at the paleocene-eocene thermal maximum from the marine silicon
cycle. Paleoceanogr. Paleoclimatol. 35, e2020PA003873 (2020).

S.R.Gislason, E. H. Oelkers, E. S. Eiriksdottir, M. |. Kardjilov, G. Gisladottir, B. Sigfusson,
A.Snorrason, S. Elefsen, J. Hardardottir, P. Torssander, N. Oskarsson, Direct evidence

of the feedback between climate and weathering. Earth Planet. Sci. Lett. 277, 213-222 (2009).
D. E. Penman, S. K. Turner, P. F. Sexton, R. D. Norris, A. J. Dickson, S. Boulila, A. Ridgwell,
R.E. Zeebe, J. C. Zachos, A. Cameron, T. Westerhold, U. Rohl, An abyssal carbonate
compensation depth overshoot in the aftermath of the Palaeocene-Eocene Thermal
Maximum. Nat. Geosci. 9, 575-580 (2016).

L. Sauzéat, R. L. Rudnick, C. Chauvel, M. Garcon, M. Tang, New perspectives on the Li
isotopic composition of the upper continental crust and its weathering signature. Earth
Planet. Sci. Lett. 428, 181-192 (2015).

B. Kisakurek, M. Widdowson, R. H. James, Behaviour of Li isotopes during continental
weathering: The Bidar laterite profile, India. Chem. Geol. 212, 27-44 (2004).

C. Clergue, M. Dellinger, H. L. Buss, J. Gaillardet, M. F. Benedetti, C. Dessert, Influence

of atmospheric deposits and secondary minerals on Li isotopes budget in a highly
weathered catchment, Guadeloupe (Lesser Antilles). Chem. Geol. 414, 28-41 (2015).
J-W.Zhang, Z.Q. Zhao, Y. N. Yan, L. F. Cui, Q. L. Wang, J. L. Meng, X. D. Li, C. Q. Liu,
Lithium and its isotopes behavior during incipient weathering of granite in the eastern
Tibetan Plateau, China. Chem. Geol. 559, 119969 (2021).

S. Gudbrandsson, D. Wolff-Boenisch, S. R. Gislason, E. H. Oelkers, Experimental
determination of plagioclase dissolution rates as a function of its composition and pH at
22°C. Geochim. Cosmochim. Acta 139, 154-172 (2014).

K. Maher, C. I. Steefel, A. F. White, D. A. Stonestrom, The role of reaction affinity

and secondary minerals in regulating chemical weathering rates at the Santa Cruz Soil
Chronosequence, California. Geochim. Cosmochim. Acta 73, 2804-2831 (2009).

E. H. Oelkers, J. Declerqc, G. D. Saldi, S. R. Gislason, J. Schott, Olivine dissolution rates:

A critical review. Chem. Geol. 500, 1-19 (2018).

N. C. M. Marty, F. Claret, A. Lassin, J. Tremosa, P. Blanc, B. Madé, E. Giffaut, B. Cochepin,

C. Tournassat, A database of dissolution and precipitation rates for clay-rocks minerals.
Appl. Geochem. 55, 108-118 (2015).

L. Yang, C. I. Steefel, Kaolinite dissolution and precipitation kinetics at 22°C and pH 4.
Geochim. Cosmochim. Acta 72, 99-116 (2008).

N. Vdovic, I. Jurina, S. D. Skapin, I. Sondi, The surface properties of clay minerals modified
by intensive dry milling—Revisited. Appl. Clay Sci. 48, 575-580 (2010).

F. Macht, K. Eusterhues, G. J. Pronk, K. U. Totsche, Specific surface area of clay minerals:
Comparison between atomic force microscopy measurements and bulk-gas (N2)

and -liquid (EGME) adsorption methods. Appl. Clay Sci. 53, 20-26 (2011).

P. Maffre, Y. Godderis, N. Vigier, J.-S. Moquet, S. Carretier, Modelling the riverine 87Li
variability throughout the Amazon Basin. Chem. Geol. 532, 119336 (2020).

G.J.Bowen, D.J. Beerling, P. L. Koch, J. C. Zachos, T. Quattlebaum, A humid climate state
during the Palaeocene/Eocene thermal maximum. Nature 432, 495-499 (2004).

M. J. Carmichael, R. D. Pancost, D. J. Lunt, Changes in the occurrence of extreme precipitation
events at the Paleocene-Eocene thermal maximum. Earth Planet. Sci. Lett. 501, 24-36 (2018).
P.M.Sadler, D. J. Jerolmack, in Strata and Time: Probing the Gaps in Our Understanding, D. G. Smith,
R.J.Bailey, P. M. Burgess, A. J. Fraser, Eds. (Geological Society, 2015), vol. 404, pp. 69-99.

C. M. John, S. M. Bohaty, J. C. Zachos, A. Sluijs, S. Gibbs, H. Brinkhuis, T. J. Bralower, North
American continental margin records of the Paleocene-Eocene thermal maximum:
Implications for global carbon and hydrological cycling. Paleoceanography 23 (2008).

15 October 2021

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

E. M. Fischer, J. Sedlacek, R. Knutti, Models agree on forced response pattern

of precipitation and temperature extremes. Geophys. Res. Lett. 41, 8554-8562 (2014).

C. Chen, L. Guerit, B. Z. Foreman, H. J. Hassenruck-Gudipati, T. Adatte, L. Honegger,

M. Perret, A. Sluijs, S. Castelltort, Estimating regional flood discharge during Palaeocene-
Eocene global warming. Sci. Rep. 8, 13391 (2018).

V. Pujalte, J. |. Baceta, B. Schmidtz, A massive input of coarse-grained siliciclastics

in the Pyrenean Basin during the PETM: The missing ingredient in a coeval abrupt change
in hydrological regime. Clim. Past 11, 1653-1672 (2015).

M. A. Nearing, V. Jetten, C. Baffaut, O. Cerdan, A. Couturier, M. Hernandez, Y. le Bissonnais,
M. H. Nichols, J. P. Nunes, C. S. Renschler, V. Souchere, K. van Oost, Modeling response

of soil erosion and runoff to changes in precipitation and cover. Catena 61, 131-154 (2005).
F.F. Pruski, M. A. Nearing, Climate-induced changes in erosion during the 21st century
for eight U. S. locations. Water Resour. Res. 38, 34-1-34-11 (2002).

D. Favis-Mortlock, J. Boardman, Nonlinear responses of soil erosion to climate change:

A modelling study on the UK South Downs. Catena 25, 365-387 (1995).

A. Winguth, C. Shellito, C. Shields, C. Winguth, Climate response at the paleocene-Eocene
thermal maximum to greenhouse gas forcing—A model study with CCSM3. J. Clim. 23,
2562-2584 (2010).

J.J. Armitage, A. C. Whittaker, M. Zakari, B. Campforts, Numerical modelling of landscape
and sediment flux response to precipitation rate change. Earth Surf. Dyn. 6, 77-99 (2018).
S.R. Gislason, E. Oelkers, A. Snorrason, Role of river-suspended material in the global
carbon cycle. Geology 34, 49-52 (2006).

Z. Ma, E. Gray, E. Thomas, B. Murphy, J. Zachos, A. Paytan, Carbon sequestration during
the Palaeocene-Eocene Thermal Maximum by an efficient biological pump. Nat. Geosci.
7,382-388(2014).

M.T. Jones, L. M. E. Percival, E. W. Stokke, J. Frieling, T. A. Mather, L. Riber, B. A. Schubert,
B. Schultz, C. Tegner, S. Planke, H. H. Svensen, Mercury anomalies across the Palaeocene-
Eocene Thermal Maximum. Clim. Past 15, 217-236 (2019).

T.J. Bralower, J. C. Zachos, E. Thomas, M. Parrow, C. K. Paull, D. C. Kelly, I. P. Silva,

W. V. Sliter, K. C. Lohmann, Late Paleocene to Eocene paleoceanography of the equatorial
Pacific Ocean: Stable isotopes recorded at Ocean Drilling Program Site 865, Allison
Guyot. Paleoceanography 10, 841-865 (1995).

D. C.Kelly, T. J. Bralower, J. C. Zachos, I. P. Silva, E. Thomas, Rapid diversification

of planktonic foraminifera in the tropical Pacific (ODP Site 865) during the late Paleocene
thermal maximum. Geology 24, 423-426 (1996).

A. K. Tripati, H. Elderfield, Abrupt hydrographic changes in the equatorial Pacific

and subtropical Atlantic from foraminiferal Mg/Ca indicate greenhouse origin

for the thermal maximum at the Paleocene-Eocene Boundary. Geochem. Geophys.
Geosyst. 5,Q02006 (2004).

S.Bains, R. M. Corfield, R. D. Norris, Mechanisms of climate warming at the end

of the Paleocene. Science 285, 724-727 (1999).

K. Takeda, K. Kaiho, Faunal turnovers in central Pacific benthic foraminifera during

the Paleocene-Eocene thermal maximum. Palaeogeogr. Palaeoclimatol. Palaeoecol. 251,
175-197 (2007).

K. Kaiho, K. Takeda, M. R. Petrizzo, J. C. Zachos, Anomalous shifts in tropical Pacific
planktonic and benthic foraminiferal test size during the Paleocene-Eocene thermal
maximum. Palaeogeogr. Palaeoclimatol. Palaeoecol. 237, 456-464 (2006).

T. Westerhold, U. Rohl, I. Raffi, E. Fornaciari, S. Monechi, V. Reale, J. Bowles, H. F. Evans,
Astronomical calibration of the Paleocene time. Palaeogeogr. Palaeoclimatol. Palaeoecol.
257,377-403 (2008).

Y. Cui, L. R. Kump, A. Ridgwell, Initial assessment of the carbon emission rate and climatic
consequences during the end-Permian mass extinction. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 389, 128-136 (2013).

M.T. Jones, L. E. Augland, G. E. Shephard, S. D. Burgess, G. T. Eliassen, M. M. Jochmann,

B. Friis, D. A. Jerram, S. Planke, H. H. Svensen, Constraining shifts in North Atlantic plate
motions during the Palaeocene by U-Pb dating of Svalbard tephra layers. Sci. Rep. 7, 6822
(2017).

K. Piepjohn, W. von Gosen, F. Tessensohn, The Eurekan deformation in the Arctic:
Anoutline. J. Geol. Soc. Lond. 173, 1007-1024 (2016).

K. Svennevig, P. Guarnieri, L. Stemmerik, Tectonic inversion in the Wandel Sea Basin:
Anew structural model of Kilen (eastern North Greenland). Tectonics 35, 2896-2917 (2016).
J. Nagy, D. Jargvoll, H. Dypvik, M. Jochmann, L. Riber, Environmental changes during

the Paleocene-Eocene Thermal Maximum in Spitsbergen as reflected by benthic
foraminifera. Polar Res. 32, 19737 (2013).

A.J. Charles, D. J. Condon, I. C. Harding, H. Pélike, J. E. A. Marshall, Y. Cui, L. Kump,

I. W. Croudace, Constraints on the numerical age of the Palaeocene-Eocene boundary.
Geochem. Geophys. Geosyst. 12, QOAA17 (2011).

R.W. O.B. Knox, J. H. A. Bosch, E. S. Rasmussen, C. Heilmann-Clausen, M. Hiss, |. R. De Lugt,
J. Kasinski, C. King, A. Kothe, B. Slodkowska, G. Standke, N. Vandenberghe, in Petroleum
Geological Atlas of the Southern Permian Basin Area, H. Dornenbaal, A. Stevenson, Eds.
(EAGE Publications, 2010), pp.211-223.

100f 11

€202 ‘ez Arenige4 uo uoiduwreyinos Jo AseAlun e B1oadus 108 mmm/:sdny wol ) papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

95. R.W.B.Knox, Tectonic controls on sequence development in the Palaeocene and earliest
Eocene of southeast England: Implications for North Sea stratigraphy. Geol. Soc. Spec.
Publ. 103, 209-230 (1996).

96. O.R.Clausen, O.B. Nielsen, M. Huuse, O. Michelsen, Geological indications
for Palaeogene uplift in the eastern North Sea Basin. Glob. Planet. Chang. 24, 175-187
(2000).

97. C.Heilmann-Clausen, O. B. Nielsen, F. Gersner, Lithostratigraphy and depositional
environments in the Upper Paleocene and Eocene of Denmark. Bull. Geol. Soc. Den. 33,
287-323 (1985).

98. A.G.Mitlehner, Palaeoenvironments in the North Sea Basin around the Paleocene-
Eocene boundary: Evidence from diatoms and other siliceous microfossils. Geol. Soc. Spec.
Publ. 101, 255-273 (1996).

99. J.A.Boyden D.R. Mdiller, M. Gurnis, T. H. Torsvik, J. A. Clark, M. Turner, H. lvey-Law,

R.J. Watson, J. Cannon, in Geoinformatics: Cyberinfrastructure for the Solid Earth Sciences,
G.R. Keller, C. Baru, Eds. (Cambridge Univ. Press, 2011), pp. 95-114.

100. M. Gurnis, M. Turner, S. Zahirovic, L. DiCaprio, S. Spasojevic, R. D. Miiller, J. Boyden,

M. Seton, V. C. Manea, D. J. Bower, Plate Tectonic reconstructions with continuously
closing plates. Comput. Geosci. 38, 35-42 (2012).

101. R.D. Miiller, M. Seton, S. Zahirovic, S. E. Williams, K. J. Matthews, N. M. Wright,

G. E. Shephard, K. T. Maloney, N. Barnett-Moore, M. Hosseinpour, D. J. Bower, J. Cannon,
Ocean basin evolution and global-scale plate reorganization events since pangea
breakup. Annu. Rev. Earth Planet. Sci. 44, 107-138 (2016).

102. P.Wessel, W. Smith, R. Scharroo, J. Luis, F. Wobbe, Generic mapping tools: Improved
version released. EOS Trans. Am. Geophys. Union 94, 409-410 (2013).

103. J. Golonka, Phanerozoic paleoenvironment and paleolithofacies maps: Cenozoic. Geol./
Akad. Gor.-Hut. Im Stanistawa Staszica W Krakowie 35, 507-587 (2009).

104. C.S.Marriott, G. M. Henderson, N. S. Belshaw, A. W. Tudhope, Temperature dependence
of 67Li, 5*Caand Li/Ca during growth of calcium carbonate. Earth Planet. Sci. Lett. 222,
615-624 (2004).

105. M. O. Clarkson, C. H. Stirling, H. C. Jenkyns, A. J. Dickson, D. Porcelli, C. M. Moy,

P. A.E. Pogge von Strandmann, . R. Cooke, T. M. Lenton, Uranium isotope evidence
for two episodes of deoxygenation during Oceanic Anoxic Event 2. Proc. Natl. Acad. Sci.
U.S.A. 115,2918-2923 (2018).

106. S.R.C.Remmerzwaal, S. Dixon, I. J. Parkinson, D. N. Schmidt, F. M. Monteiro, P. Sexton,
M. A. Fehr, C. Peacock, Y. Donnadieu, R. H. James, Investigating ocean deoxygenation
during the PETM through the Cr isotopic signature of foraminifera. Paleoceanogr.
Paleoclimatol. 34,917-929 (2019).

107. M.R. Petrizzo, The onset of the Paleocene-Eocene Thermal Maximum (PETM) at Sites
1209 and 1210 (Shatsky Rise, Pacific Ocean) as recorded by planktonic foraminifera.
Mar. Micropaleontol. 63, 187-200 (2007).

108. P. Stoffyn-Egli, F. T. Mackenzie, Mass balance of dissolved lithium in the oceans. Geochim.
Cosmochim. Acta 48, 859-872 (1984).

109. P.A.E.Pogge von Strandmann, S. Opfergelt, Y.-J. Lai, B. Sigfisson, S. R. Gislason,

K. W. Burton, Lithium, magnesium and silicon isotope behaviour accompanying
weathering in a basaltic soil and pore water profile in Iceland. Earth Planet. Sci. Lett.
339-340, 11-23 (2012).

110. P.A.E.Pogge von Strandmann, K. W. Burton, S. Opfergelt, E. S. Eiriksdéttir, M. J. Murphy,
A. Einarsson, S. R. Gislason, The effect of hydrothermal spring weathering processes
and primary productivity on lithium isotopes: Lake Myvatn, Iceland. Chem. Geol. 445,
4-13(2016).

111. E.Lemarchand, F. Chabaux, N. Vigier, R. Millot, M. C. Pierret, Lithium isotope systematics
in a forested granitic catchment (Strengbach, Vosges Mountains, France). Geochim.
Cosmochim. Acta 74, 4612-4628 (2010).

112. B.Kisakiirek, R. H. James, N. B. W. Harris, Li and &’Li in Himalayan rivers: Proxies for silicate
weathering? Earth Planet. Sci. Lett. 237, 387-401 (2005).

113. R.Millot, N. Vigier, J. Gaillardet, Behaviour of lithium and its isotopes during weathering

in the Mackenzie Basin, Canada. Geochim. Cosmochim. Acta 74, 3897-3912 (2010).

L.-F. Gou, Z. Jin, P. A. E. Pogge von Strandmann, G. Li, Y. X. Qu, J. Xiao, L. Deng, A. Galy,

Li isotopes in the middle Yellow River: Seasonal variability, sources and fractionation.

Geochim. Cosmochim. Acta 248, 88-108 (2019).

115. T.Elliott, A. Thomas, A. Jeffcoate, Y. L. Niu, Lithium isotope evidence for subduction-
enriched mantle in the source of mid-ocean-ridge basalts. Nature 443, 565-568
(2006).

116. Y.Huh, L. H. Chan, J. M. Edmond, Lithium isotopes as a probe of weathering processes:
Orinoco River. Earth Planet. Sci. Lett. 194, 189-199 (2001).

117. P.A.E.Pogge von Strandmann, K. W. Burton, R. H. James, P. van Calsteren, S. R. Gislason,
F. Mokadem, Riverine behaviour of uranium and lithium isotopes in an actively glaciated
basaltic terrain. Earth Planet. Sci. Lett. 251, 134-147 (2006).

118. P.A.E.Pogge von Strandmann, G. M. Henderson, The Li isotope response to mountain
uplift. Geology 43, 67-70 (2015).

114.

Pogge von Strandmann et al., Sci. Adv. 2021; 7 : eabh4224 15 October 2021

119. N.Vigier, A. Decarreau, R. Millot, J. Carignan, S. Petit, C. France-Lanord, Quantifying Li
isotope fractionation during smectite formation and implications for the Li cycle.
Geochim. Cosmochim. Acta 72, 780-792 (2008).

120. J. Wimpenny, C. A. Colla, P. Yu, Q. Z. Yin, J. R. Rustad, W. H. Casey, Lithium isotope
fractionation during uptake by gibbsite. Geochim. Cosmochim. Acta 168, 133-150 (2015).

121. J. Wimpenny, S.R. Gislason, R. H. James, A. Gannoun, P. A. E. Pogge von Strandmann,

K. W. Burton, The behaviour of Li and Mg isotopes during primary phase dissolution
and secondary mineral formation in basalt. Geochim. Cosmochim. Acta 74, 5259-5279 (2010).

122. J.S.Pistiner, G. M. Henderson, Lithium-isotope fractionation during continental
weathering processes. Earth Planet. Sci. Lett. 214, 327-339 (2003).

123. L.H.Chan, J. M. Edmond, G. Thompson, K. Gillis, Lithium isotopic composition
of submarine basalts: Implications for the lithium cycle in the oceans. Earth Planet. Sci.
Lett. 108, 151-160 (1992).

124. L.H.Chan, J. M. Gieskes, C. F. You, J. M. Edmond, Lithium isotope geochemistry
of sediments and hydrothermal fluids of the Guaymas Basin, Gulk of California. Geochim.
Cosmochim. Acta 58, 4443-4454 (1994).

125. C.V.Ullmann, H. J. Campbell, R. Frei, S. P. Hesselbo, P. A. E. Pogge von Strandmann,

C. Korte, Partial diagenetic overprint of Late Jurassic belemnites from New Zealand:
Implications for the preservation potential of §7Li values in calcite fossils. Geochim.
Cosmochim. Acta 120, 80-96 (2013).

126. E.E.Angino, G. K. Billings, Lithium content of sea water by atomic absorption
spectrometry. Geochim. Cosmochim. Acta 30, 153-158 (1966).

127. J.D.Hem, Study and interpretation of the chemical characteristics of natural waters.

U.S. Geol. Surv. Water Supply Pap. 2254 (1985).

128. Y.Huh, L. H. Chan, L. Zhang, J. M. Edmond, Lithium and its isotopes in major world rivers:
Implications for weathering and the oceanic budget. Geochim. Cosmochim. Acta 62,
2039-2051 (1998).

129. Q--L.Wang, B. Chetelat, Z. Q. Zhao, H. Ding, S. L. Li, B. L. Wang, J. Li, X. L. Liu, Behavior
of lithium isotopes in the Changjiang River system: Sources effects and response
to weathering and erosion. Geochim. Cosmochim. Acta 151, 117-132 (2015).

130. N.Vigier, S. R. Gislason, K. W. Burton, R. Millot, F. Mokadem, The relationship between
riverine lithium isotope composition and silicate weathering rates in Iceland. Earth Planet.
Sci. Lett. 287, 434-441 (2009).

131. S.Henchiri, C. Clergue, M. Dellinger, J. Gaillardet, P. Louvat, J. Bouchez, The influence
of hydrothermal activity on the Li isotopic signature of rivers draining volcanic areas.
Proc. Earth Planet. Sci. 10, 223-230 (2014).

132. P.A.E.Pogge von Strandmann, K. W. Burton, R. H. James, P. van Calsteren, S. R. Gislason,
Assessing the role of climate on uranium and lithium isotope behaviour in rivers draining
a basaltic terrain. Chem. Geol. 270, 227-239 (2010).

133. R.A.Berner, GEOCARB II; A revised model of atmospheric CO 2 over Phanerozoic time.
Am. J. Sci. 294, 56-91 (1994).

134. G.Colbourn, A. Ridgwell, T. M. Lenton, The Rock Geochemical Model (RokGeM) v0.9.
Geosci. Model Dev. 6, 1543-1573 (2013).

135. R.L.Rudnick, P. B. Tomascak, H. B. Njo, L. R. Gardner, Extreme lithium isotopic
fractionation during continental weathering revealed in saprolites from South Carolina.
Chem. Geol. 212, 45-57 (2004).

Acknowledgments: We thank A. Ridgwell and M. Gutjahr for providing the cGENIE model
weathering data, as well as N. Komar and R. Zeebe for the LOSCAR weathering data. We thank
D. Penman and S. Misra, as well as several anonymous reviewers, for helpful comments. The
Ocean Drilling Programme is thanked for sample collection. Funding: This study, as well as
P.AEP.V.S, MJM, DJW., and G.T., were funded by ERC Consolidator grant 682760
CONTROLPASTCO2. M.T.J. and E.W.S. are supported by the Research Council of Norway’s
Centres of Excellence funding scheme (project number 223272) and the Norway Unge
Forskertalenter project “Ashlantic” (project number 263000). DNS acknowledges a
Wolfson Merit award. Author contributions: Writing, analyses, modeling, and interpretation:
P.P.A.E.v.S. Interpretation and editing: A.J.W. Samples, local data, interpretation, and editing:
M.T.J., EW.S,, C.R.P.,and D.N.S. Analyses, methods, and editing: M.J.M., G.T., and D.J.W.
Competing interests: The authors declare that they have no competing interests. Data and
materials availability: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials.

Submitted 8 March 2021
Accepted 24 August 2021
Published 15 October 2021
10.1126/sciadv.abh4224

Citation: P. A. E. Pogge von Strandmann, M.T. Jones, A.J. West, M.J. Murphy, E. W. Stokke,
G. Tarbuck, D.J. Wilson, C.R. Pearce, D.N. Schmidt, Lithium isotope evidence for enhanced
weathering and erosion during the Paleocene-Eocene Thermal Maximum. Sci. Adv. 7, eabh4224
(2021).

110f 11

€202 ‘ez Arenige4 uo uoiduwreyinos Jo AseAlun e B1oadus 108 mmm/:sdny wol ) papeojumoq



Science Advances

Lithium isotope evidence for enhanced weathering and erosion during the
Paleocene-Eocene Thermal Maximum

Philip A. E. Pogge von Strandmann, Morgan T. Jones, A. Joshua West, Melissa J. Murphy, Ella W. Stokke, Gary Tarbuck,
David J. Wilson, Christopher R. Pearce, and Daniela N. Schmidt

Sci. Adv., 7 (42), eabh4224.
DOI: 10.1126/sciadv.abh4224

View the article online

https://lwww.science.org/doi/10.1126/sciadv.abh4224
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

€202 ‘ez Arenige4 uo uoiduwreyinos Jo AseAlun e B1oadus 108 mmm/:sdny wol ) papeojumoq


https://www.science.org/content/page/terms-service

