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Abstract

This paper presents multi-species records of the Li/Ca ratio and Li isotopic composition (δ7Li) of planktonic foraminifera from
the Pacific and Atlantic oceans for the past 18 Ma. The Li/Ca record is corrected for interspecific offsets determined from recent
(Holocene) foraminifera; interspecific offsets in δ7Li are not significant. Despite different diagenetic histories, the records produced
from both oceans are remarkably consistent. Corrected planktonic foraminiferal Li/Ca ratios range from 6.3 to 10.9 μmol/mol,
while planktonic foraminiferal δ7Li ranges from 25 to 31‰. Both records are interpreted in terms of long-term changes in seawater
Li/Ca and δ7Li, enabling issues related to higher-resolution variability in Li/Ca and δ7Li to be ignored. By assuming that the
hydrothermal flux of Li into the oceans, and the flux of Li removed from the oceans during low-temperature uptake by marine
basalts and sediments, have not changed significantly since 18 Ma, and using published records for the seawater calcium
concentration, the seawater Li/Ca and δ7Li records can be used to estimate global average river δ7Li and Li fluxes. Our records
indicate that the river flux of dissolved Li decreased between 16 and ∼8 Ma while the δ7Li value of the river input increased. These
data imply that both silicate weathering rates and weathering intensity decreased over this interval which may have been
responsible for putative increases in levels of atmospheric CO2. In contrast, the riverine flux of Li has increased since ∼8 Ma while
its δ7Li value has increased. This implies that the silicate weathering rate has increased, while weathering intensity has decreased,
since that time.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Many lines of evidence, from both marine and
terrestrial records, suggest that there have been dramatic
changes in the Earth's climate system during the last
65 Myr that occur on both long (i.e., >105 yr) and short
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time scales (e.g. [1,2]). The mechanisms that are
responsible for these changes are less well established,
but there is growing evidence that amongst the primary
controls is the concentration of atmospheric carbon
dioxide (e.g. [2,3]).

On time scales of >105 yrs variations in atmospheric
CO2 are primarily induced by imbalance between
mantle degassing and chemical weathering of continen-
tal silicate rocks. Thus far information on past changes
in silicate weathering rates largely relies on studies of
the temporal record of the Sr isotopic composition of the
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oceans; for example, the pronounced increase since
40 Ma ago in seawater 87Sr/86Sr (e.g. [4]) has been
linked to increased uplift and erosion (and hence
increased weathering) due to initiation of the Himalayan
orogeny at ∼50 Ma [5], and to long-term cooling within
the Cenozoic (the change from a ‘greenhouse’ to an
‘icehouse’ world). However, in recent years, the utility
of this proxy has been questioned, largely because shifts
in Sr isotopes may reflect changes in the composition of
the continental source rather than a simple change in
weathering flux (e.g. [6]). To better constrain the links
between weathering and climate, it is therefore imper-
ative to find new proxies for continental silicate
weathering.

Lithium is one potential proxy. Li is conservative in
the ocean, with a residence time of about a million years
[7,8], and it is isotopically uniform on a global scale
(δ7Li=+31‰ [9]). The Li concentration and Li isotopic
composition of seawater is maintained by inputs of
high-temperature hydrothermal fluids at oceanic ridges
(with δ7Li∼+6.7‰ [10]) and dissolved Li from rivers
(with average δ7Li∼+23‰ [8]), and low-temperature
removal of Li into oceanic basalts and marine sediments
(Table 1). Uptake of Li into marine sediments occurs
Table 1
Oceanic Li budget. Values used for mass balance calculations are
shown in bold

Flux
(109 mol/yr)

References

Input
High temperature
hydrothermal fluids

3–15 [20,21]
6

Rivers 8–16 [8,20]
8

Fluid expulsion at
convergent margins

0.08– 0.6 a [22,23]

Output
Low temperature alteration
of basalt

1–12 [20,21,25,26]
10

Uptake into marine sediments 3.5 – 37 [11,20]
4

Atmospheric cycling 0.14 [20]
Uptake into biogenic carbonates 0.3–0.9 [12]
Uptake into biogenic silica 0.08 [27]
a Far higher values (10–30×109 mol/yr) are reported byMartin et al.

[24]. These were calculated using a global water expulsion flux of 100
km3 yr−1which is based on fluid flow rates. This water expulsion flux
is at least two orders of magnitude higher than those calculated on the
basis of: (i) dewatering of subducted sediments [28]; (ii) heat flow
patterns [29]; and (iii) flow meter measurements [30]. We discount the
former value here because it is likely that it is affected by external
sources of fluid (e.g. seawater, meteoric water) or transient high flow
rates [31].
mainly via sorption to clays [11]; carbonates incorporate
relatively little Li [12]. Thus, seawater Li is heavier than
its sources and this is maintained by preferential
removal of 6Li during low-temperature alteration. The
average isotopic fractionation factor between basalt/
sediment and seawater (α) is ∼0.985 [10,13,14].

Until recently, relatively little was know about the
behaviour of Li during continental weathering. In a
study of some of the world's major rivers, Huh et al. [8]
noted that the important processes affecting the lithium
isotopic compositions of the dissolved load are isotopic
fractionation between solution and secondary minerals
and the degree of weathering, and overlain on this is the
effect of the bedrock type. In a later study, Huh et al.
[15] reported that the dissolved load of tributaries of the
Orinoco was systematically isotopically heavier than the
corresponding suspended load; during weathering, 6Li
is concentrated in alteration products and 7Li goes
preferentially into solution. Preferential retention of 6Li
in secondary minerals is also observed during weather-
ing of soils [16]. Huh et al. [15] also noted that, to a first
approximation, as weathering intensity (as defined, for
example, by the chemical index of alteration; [17])
increased the δ7Li value of the dissolved load
approached that of the suspended load. Similarly, the
δ7Li value of rivers draining basalts in Iceland decreases
with age since eruption [18]. Finally, recent work
conducted in the Himalaya indicates that >90% of
dissolved Li in rivers is derived from weathering of
silicates, even in carbonate-dominated catchments [19];
importantly, this suggests that changes in the continental
flux of Li largely reflect changes in silicate weathering
rates.

To date, there is just one report of the past variation in
seawater Li [7] and one report of the past variation in
seawater δ7Li [12] on time scales of >105 yrs. The
former suggests that there has been little change in
seawater Li since 40 Ma, while the latter reports large
variations in seawater δ7Li (from +11 to +31‰) over
the same period. These studies imply a major and rapid
change in the river input: the δ7Li value shifting from
+23‰ (present-day) to ca. −12‰, which is implausible
as the lowest δ7Li value for any river sampled to date is
+6‰ [8]. A large part of this discrepancy may be due to
the poor quality of the data being derived from multiple
foraminifera species using now outdated analytical
techniques. To this end, we have produced new Li and
Li isotope records from analyses of planktonic forami-
nifera using greatly improved methodology. First, we
utilise only single species foraminifera to account for
interspecific effects (e.g. [32]). Secondly, we restrict the
size of the foraminifera tests to the >355 μm fraction to
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minimise any ‘growth rate’ effect resulting from
variations in seawater carbonate ion concentration
([CO3

2−]) [33]. Thirdly, we use chemical cleaning to
remove surface contamination from the foraminifera
tests, and finally we utilise improved techniques for the
measurement of Li isotopes in low concentration natural
samples (e.g. [34]).

2. Materials and methods

Recent foraminifera were picked from the uppermost
2 cm of sediments recovered by box-cores deployed in
the north Atlantic. Most of these foraminifera were
extracted from sediments that contained abundant
pterapod shells; this suggests that the foraminifera
tests are unlikely to have undergone dissolution as
aragonite is more soluble than calcite [35]. Ancient
foraminifera were picked from sediments supplied by
the Ocean Drilling Program from the western equatorial
Fig. 1. δ7Li and Li/Ca of recent planktonic foraminifera. Globorotalia truncat
surface temperature (SST) at the location of sample (A) is 28 °C and sample (B
annual SSTof 28 °C were picked from the >710 μm fraction (A) and the 710–
were picked from the >500 μm fraction (C). All other species were pick
Neogloboquadrina dutertrei were picked from the >500 μm fraction (A), and
from the >500 μm fraction (A) and the 500–355 μm fraction (B). Globorot
fraction (B). The dashed vertical lines represent the best estimate for modern
external error (2σ).
Pacific (ODP Site 871, 5.3°N, 172.2°E and ODP Site
872, 10.6°N, 162.5°E) and the subtropical south
Atlantic (ODP Site 1264, 28.3°S, 2.5°E). Chronology
for Sites 871 and 872 was derived from planktonic
foraminifera stratigraphy [36], while chronology for Site
1264 was determined from a combined biostratigraphic/
paleomagnetic age model [37]. The preservation state of
the ancient foraminifera varied between the different
locations, and down-core. Material from Site 1264 has
clearly undergone some recrystallization as evident from
increasing down-core pore water Sr2+ concentrations
[37]. Visual inspection of the foraminifera tests under
light and scanning electron microscopy suggests that the
Pacific samples (Sites 871 and 872) are better preserved
than those from the Atlantic (Site 1264).

Samples consisting of ∼12 mg of single-species
planktonic foraminifera were crushed between glass
slides under the microscope, ensuring that all chambers
were opened, and each was divided into 5 sub-samples
ulinoides were picked from the >500 μm fraction; the mean annual sea
) is 19 °C [61].Orbulina universa from the sample locality with a mean
500 μm fraction (B); those from the sample locality with a SSTof 19 °C
ed from the sample with a mean annual SST of 28 °C. Samples of
the 500–355 μm fraction (B). Globigerinoides sacculifer was picked

alia cultrata was picked from the >710 μm (A) and the 710–500 μm
seawater δ7Li, including the standard deviation [9]. Error bars are the
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for cleaning. Crushed tests were cleaned firstly by
ultrasonication in water and methanol to remove
adhering particles and clays, secondly by reductive
cleaning to remove ferromanganese coatings, thirdly by
oxidation to remove organics, and finally by weak acid
leaching to remove any re-absorbed ions [38,39]. The
sample was then dissolved in ∼400 μl of 0.15 M
thermally distilled (TD) HNO3. This protocol was
adopted after extensive testing of the effects of cleaning
techniques on the chemical composition of different
species of foraminifera [40]. Although reductive clean-
Table 2
Lithium isotope, Li/Ca, Mg/Ca and Sr/Ca data for recent and ancient plankton
are from, respectively, ∼19°N and ∼35°N, in the North Atlantic

Species Size fraction
(μm)

Sediment
sample

Recent samples
Orbulina universa >710 M35010-2
Orbulina universa 710–500 M35010-2
Orbulina universa >500 GIK15672-2
Globigerinoides sacculifer >500 M35010-2
Globigerinoides sacculifer 500–355 M35010-2
Neogloboquadrina dutertrei >500 M35010-2
Neogloboquadrina dutertrei 500–355 M35010-2
Globigerinoides conglobatus >500 M35010-2
Globorotalia cultrata >710 M35010-2
Globorotalia cultrata 710–500 M35010-2
Globorotalia truncatulinoides >500 M35010-2
Globorotalia truncatulinoides >500 GIK15672-2
Globorotalia tumida >500 M35010-2

Ancient samples
Orbulina >500 ODP 871A 3H2 123–125
Orbulina >355 ODP 871A 3H5 60–62
Orbulina >355 ODP 872C 5H2 14–16
Orbulina >355 ODP 872C 6H5 20–22
Orbulina 500–355 ODP 871A 4H5 59–61
Orbulina >500 ODP 872C 5H6 59–61
Orbulina 500–355 ODP 1264A 14H5 140–150
Orbulina 500–355 ODP 1264A 13H5 140–150
Orbulina 500–355 ODP 1264A 11H5 140–150
Orbulina 500–355 ODP 1264A 1H5 145–150
Globorotalia cultrata >500 ODP 871A 2H2 59–61
Globoquadrina altispira >500 ODP 871A 7H2 124–126
Globoquadrina altispira >500 ODP 871A 6H6 60–62
Globoquadrina altispira >500 ODP 871A 4H5 59–61
Globoquadrina altispira >500 ODP 872C 11H6 20–22
Globoquadrina venezuelana >500 ODP 1264A 18H2 127–129
Globoquadrina venezuelana 500–355 ODP 1264A 18H2 127–129
Globoquadrina venezuelana >355 ODP 1264A 20H5 140–150
Globoquadrina venezuelana 500–355 ODP 1264A 19H5 140–150
Globoquadrina venezuelana >500 ODP 1264A 18H5 140–150
Globoquadrina venezuelana 500–355 ODP 1264A 17H5 140–150
Globoquadrina venezuelana 500–355 ODP 1264A 16H5 140–150
Globoquadrina venezuelana >500 ODP 1264A 14H5 140–150
Globoquadrina venezuelana >500 ODP 1264A 13H5 140–150
ing was not found necessary to obtain reliable Li/Ca and
δ7Li values, it was performed on all samples to facilitate
the collection of other data, such as Mg/Ca (e.g. [41]).

Trace element/Ca ratios were determined by ICP–
MS (Agilent™ 7500 series), following the procedure
given in Rosenthal et al. [42]. The Ca concentration of
the sample was determined first, and then matched to
that of the standards, which were prepared gravimetri-
cally from high purity single element standard solutions
(Romil™ or Alfa Aesar™). The detection limit was
34 ppt for Li, compared to ∼1 ppb in the sample
ic foraminifera samples. Sediment samples M35010-2 and GIK15672-2

Age
(Ma)

δ7Li
(‰)

Li/Ca
(μmol/mol)

Corrected
Li/Ca

Mg/Ca
(mmol/mol)

Sr/Ca
(mmol/mol)

– 30.7 10.7 – 8.51 1.29
– 31.1 10.4 – 8.54 1.33
– 31.4 11.4 – 5.33 1.32
– 28.4 13.2 – 4.35 1.38
– 30.1 12.5 – 4.18 1.36
– 28.4 13.5 – 3.05 1.40
– 28.4 12.8 – 2.69 1.37
– 29.0 11.7 – 3.05 1.33
– 29.8 11.7 – 2.59 1.30
– 29.5 12.1 – 2.86 1.33
– 27.1 13.9 – 2.20 1.40
– 27.7 14.5 – 1.57 1.38
– 27.8 11.3 – 2.14 1.32

3.00 30.9 7.12 – 3.81 1.20
6.00 29.7 6.26 – 3.36 1.06
9.02 – 7.80 – 3.33 1.16
11.40 29.7 8.86 – 3.79 1.16
11.81 29.3 – – 4.80 1.27
10.39 – 8.56 – 3.95 1.17
10.49 28.6 8.85 – 2.39 1.17
9.56 28.7 8.25 – 2.20 1.23
8.35 29.9 7.18 – 1.84 1.12
1.78 30.0 8.37 – 2.40 1.28
0.98 28.7 9.32 8.44 2.61 1.23
14.73 26.6 12.3 9.55 3.35 1.38
13.06 27.6 12.0 9.30 3.46 1.35
11.81 27.5 12.1 9.36 3.18 1.28
18.38 27.6 12.7 9.85 4.10 1.28
13.15 27.0 12.6 10.2 2.05 1.23
13.15 25.2 11.2 9.11 1.88 1.24
18.34 27.9 11.5 9.32 2.62 1.39
16.24 25.6 11.6 9.44 2.43 1.27
14.14 26.2 12.0 9.70 1.98 1.25
12.14 26.6 11.6 9.36 1.90 1.25
11.02 27.8 11.1 9.00 2.12 1.23
10.49 29.0 10.8 8.78 2.04 1.21
9.56 28.2 10.3 8.32 1.99 1.25
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solution. The external reproducibility of Li/Ca, Mg/Ca
and Sr/Ca is, respectively, 4.2%, 1.7% and 2.4% (2σ,
where σ is the standard deviation), based on repeat
(n=10) analysis of a large sample of single species
foraminifera.

For Li isotope analysis, an aliquot of the sample
solution containing ∼4 ng Li was loaded onto ∼4.3 ml
of AG50W-X8 (Bio-Rad™) cation exchange resin and
eluted with 0.2 M TD HCl to separate Li [43]. Lithium
isotope ratios were determined on ∼6 ppb solutions by
MC–ICP–MS (Nu Instruments™) using a sample-
standard bracketing technique. Full details of this
method are given in Kisakürek et al. [16]. Li isotope
ratios are reported as δ7Li values, relative to the NIST
LSVEC Li2CO3 standard [44]:

y7Li ¼ ð7Li=6LiÞsample−ð7Li=6LiÞstandard
ð7Li=6LiÞstandard

" #
� 100

The external reproducibility of the Li isotope analyses is
±1‰ (2σ), based on repeat (n=6) measurements of a
large sample of single species foraminifera. The total
procedural blank was 12 pg Li, which is insignificant in
relation to the sample size (<0.3%).
Fig. 2. Effect of temperature on Li/Ca of foraminiferal calcite. Open circles a
excluding data from north of 50°N. Data for inorganic calcite are shown fo
Marriott et al. [63]. Calcification temperature of foraminiferal calcite was calcu
are the external error (2σ).
3. Results

Analyses of recent (core-top) foraminifera (Fig. 1
and Table 2) indicate that the species Orbulina
universa effectively archives the Li isotope ratio of
modern seawater; a similar result has also been
reported recently [45]. Other species record different
δ7Li (and Li/Ca) values, but the offset from seawater
is reproducible. With the exception of Globorotalia
tumida, foraminiferal δ7Li and Li/Ca appear to fall on
a mixing line. This is potentially of interest for
understanding mechanisms of biomineralization, but it
is not the focus of this contribution. Neither δ7Li nor
Li/Ca show any significant variation with test size (at
least for tests >355 μm), with the exception of
Globigerinoides sacculifer. Foraminiferal δ7Li does
not vary with calcification temperature, but Li/Ca
appears to decrease very slightly (∼0.17 μmol/mol/°C)
as calcification temperature increases (Fig. 2). How-
ever, other more extensive data sets do not show
significant variation between foraminiferal Li/Ca and
calcification temperature at the 95% confidence level
(Fig. 2), and Delaney et al. [46] also failed to find a
temperature effect on the Li/Ca ratio of cultured
planktonic foraminifera.
re data from this study; closed diamonds are from Hall and Chan [33]
r comparison [62]; these have been adjusted to seawater salinity after
lated fromMg/Ca using the calibrations of Anand et al. [32]. Error bars



Fig. 3. Temporal record of (a) foraminiferal δ7Li, (b) foraminiferal Li/Ca, and (c) foraminiferal Li/Ca corrected for species effects (see text for details).
Solid lines show the least squares fit to the data (MATLAB® Curve Fitting Tool), such that R2 is >0.8. These curve fits have been used in all
subsequent calculations. Error bars are the external error (2σ).
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Fig. 4. Li/Ca and Mg/Ca of ancient planktonic foraminifera. Foraminifera from the equatorial west Pacific have higher Mg/Ca than those from the
sub-tropical South Atlantic. Assuming that the Mg/Ca ratio of seawater has remained constant, and using the Mg/Ca vs. temperature calibrations
reported in Anand et al. [32], this indicates that calcification temperatures at the Pacific site (∼20 °C) have been higher than at the Atlantic site
(∼14 °C) since 18 Ma. Meanwhile, Li/Ca shows a similar range for both locations. The lack of correlation between Mg/Ca and Li/Ca suggests that
temperature has had a negligible effect on the Li/Ca records. Error bars are the external error (2σ).
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Temporal records of foraminiferal Li/Ca and δ7Li
from the western equatorial Pacific and the subtropical
south Atlantic are shown in Fig. 3. The two sites have
different diagenetic histories, different average sea-
surface temperatures (Fig. 4) and different seawater
[CO3

2−], yet the consistency of the data is remarkable.
This indicates that the foraminifera are recording global
seawater Li chemistry, and that secondary effects on
foraminiferal Li/Ca and δ7Li are minimal. Species
effects are within the analytical uncertainty for δ7Li, but
they are apparent in the Li/Ca record. Therefore we have
applied a simple species adjustment to our Li/Ca data by
normalizing all species to O. universa; these adjusted
values are also shown in Fig. 3c and Table 2.

Foraminiferal δ7Li increased from ∼25 to ∼30‰
between ∼16 and ∼8 Ma, and has remained close to
∼30‰ (i.e. the present-day value for seawater) since
that time. Orbulina-normalised Li/Ca remained close to
∼9.5 μmol/mol between ∼18 and ∼12 Ma, decreased to
∼6 μmol/mol at ∼6 Ma, and then increased to the
present-day value of ∼11 μmol/mol.

It is interesting to note that foraminiferal Sr/Ca (Table
2) is significantly correlated (p<0.05) with foraminif-
eral Li/Ca, and that our records for planktonic species
show a similar pattern to the benthic foraminiferal Sr/Ca
record recently published by Lear et al. [47]. While both
Li and Sr are principally added to the oceans via rivers
and hydrothermal fluids, they have different sinks. Li is
mainly taken up into clays and basalt (Table 1) while Sr
is mostly taken up by carbonates (e.g. [47]). Given that
secondary effects on these trace element/Ca records
from different locations are unlikely to have been the
same, the consistency between these records suggests
that changes in seawater Li/Ca and Sr/Ca during this
period were principally driven by changes in their input
fluxes.

4. Discussion

4.1. Variation in seawater Li and δ7Li

Changes in the amount and isotopic composition of
Li in seawater result from long-term imbalances in
weathering and hydrothermal inputs and sedimentary
outputs. This relationship is expressed in the equation
below written in terms of Li (Eq. (1)) and δ7Li (Eq. (2))
(e.g. [47–50]):

AMLi

At
¼ FLi

RIV þ FLi
HYD−F

Li
SED ð1Þ
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MLi �
Ay7LiSW

At
¼ FLi

RIVðy7Li RIV
− y7Li

SW
Þ

þFLi
HYDðy7Li HYD

− y7Li
SW
Þ

−FLi
SEDðDSEDÞ ð2Þ

whereMLi is the total number of moles of Li in the ocean
and FLi is the Li flux in/out of seawater (subscript SW)
from rivers, hydrothermal fluids and sediments (sub-
scripts RIV, HYD and SED, respectively). ΔSED is the
average δ7Li offset between marine sediments and the
seawater [Li+].

While the foraminiferal δ7Li record corresponds to
seawater δ7Li (so the data presented in Fig. 3a are
described by Eq. (2)), interpretation of the foraminiferal
Fig. 5. Temporal record of (a) seawater [Ca2+]. Data are from Heuser et al. [5
[51] (closed squares) and Fantle and DePaolo [53] (triangles, δ44CaRIV=−0.5
in the ocean. Symbols are the same as in (a); the dashed line assumes that
squares fit through the data (MATLAB® Curve Fitting Tool) (R2 is >0.9, exce
been used to generate the records shown in Fig. 7.
Li/Ca record in terms of seawater Li (Eq. (1)) is more
complicated because we need to know (i) the partition
coefficient, D, where D=(Li/Ca)foram / (Li/Ca)seawater
and, (ii) how the seawater Ca concentration has changed
in the past. D can be derived from analyses of recent
Orbulina (Fig. 1) and is ∼4.2×10−3. Estimates of the
past variation in seawater [Ca2+] are shown in Fig. 5a
and have been obtained from analysis of marine halite
fluid inclusions [51] as well as records of seawater
δ44Ca [52,53]. The range of these estimates is large; the
effect of this uncertainty on the seawater Li curve is
shown in Fig. 5b.

Given that seafloor spreading rates have not changed
significantly since 20 Ma and potentially even further
back in Earth's history (e.g. [54]), it can be assumed that
2] (open squares, scenario 1; open diamonds, scenario 2), Horita et al.
7‰; circles, δ44CaRIV=−0.39‰). (b) Variation in the total amount of Li
seawater [Ca2+] has remained unchanged. Solid lines denote the least
pt for the triangles from [53], for which R2 is 0.77). These curves have
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both the high-temperature hydrothermal flux of Li to the
oceans, and the rate of removal of Li due to low-
temperature alteration of basalt, have been relatively
constant during this period. Variations in seawater δ7Li
and Li during the past 20 Ma are therefore likely due to
variations in (i) ΔSED, (ii) the rate of removal of Li into
marine sediments, or (iii) continental weathering.
Changes in the first two parameters over the past
20 Ma are unlikely because, in the case of (i), there is a
well-defined linear correlation between δ7Li and the Li
concentration of marine basalts aged between <1 and
46 Ma [13], and in the case of (ii), records of
accumulation rates of non-carbonate material on the
seafloor [55] suggest that periods of low accumulation
(and therefore lower uptake of Li into sediments)
broadly correspond to relatively low seawater Li, and
vice-versa (Fig. 6). Changes in accumulation of non-
carbonate material therefore acted to dampen the
variability in seawater Li, if indeed this has had any
affect at all. Thus, the over-arching control on changes
in seawater Li and δ7Li is variation in continental
weathering.

4.2. Silicate weathering, atmospheric CO2 and climate

Given a constant flux of Li into marine sediments and
basalt and a constant flux (and δ7Li value) of
Fig. 6. Average rate of accumulation of non-carbonate material on the global
and age has been converted to the time scale of Berggren et al. [64]. Similar
more recently for the Bengal Fan [65], the central Indian Ocean [66] and Asi
seawater Li records shown in Fig. 5b is superimposed for comparison.
hydrothermal Li to the oceans (Table 1), together with
a constant value for ΔSED (−15‰ [11,13,14]), the
variation in the isotopic composition and Li flux of
rivers since 18 Ma can be calculated using Eqs. (1) and
(2); results are shown in Fig. 7. Although the uncertainty
in the record of seawater [Ca2+] generates large
uncertainties in both records, the general trends seem
to be robust. The mean and standard deviation of the
different modelled outputs is shown in Fig. 8a.

Fig. 8a indicates that between 16 and ∼8 Ma, the
river flux of dissolved Li decreased, which implies that
silicate weathering rates decreased [19]. Over the same
interval, the δ7Li value of the river input increased
which suggests that weathering also became less intense
[15,16,18]. Observations of other tracers of continental
weathering (Fig. 8c) also point to lower weathering
fluxes around this time; there is a break in the slope of
the seawater 87Sr/86Sr curve at ∼16 Ma [4], and
seawater 187Os/188Os becomes less radiogenic between
∼16 Ma and ∼10 Ma [56]. Two independent recon-
structions of atmospheric carbon dioxide suggest that
pCO2 increased during this period (Fig. 8b); our data
indicate that this could have been forced by a reduction
in silicate weathering (although it should be noted that
organic carbon burial is thought to have slowed over this
interval, which could also facilitate an increase in pCO2

[57]). Since ∼8 Ma, the river flux of dissolved Li has
seafloor over the past 20 Ma. Data are from Whitman and Davies [55]
patterns of non-carbonate sediment accumulation have been observed
an marginal seas [67]. The average and standard deviation of all of the
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increased and its δ7Li value has continued to increase.
This implies an increase in silicate weathering rates, but
a decrease in weathering intensity; this could be due to a
shift to a more weathering-limited regime (e.g. [58]).
Increased silicate weathering rates are also implied from
the seawater 187Os/188Os record (Fig. 8c); seawater Os
has become increasingly radiogenic since ∼10 Ma
suggesting increased continental input. An increase in
the silicate weathering rate should result in the draw-
down of atmospheric CO2. However, it seems that pCO2

has remained relatively stable since that time (Fig. 8b
and [3]), suggesting that weathering processes are not
presently solely responsible for forcing of atmospheric
CO2. Rather, any reduction in pCO2 resulting from
increased silicate weathering may have been compen-
Fig. 7. Modelled temporal records of (a) the river Li flux and (b) the δ7Li v
because of the apparent variation in [Ca2+] the modelled value for the pre
river Li flux are higher than reported in Table 1 (with the exception of c
sated by a decrease in the burial of organic carbon [57].
What is intriguing is that, our seawater Li records, as
well as records of seawater 87Sr/86Sr (e.g., [4]) and
187Os/188Os [56], imply that silicate weathering has
increased since ∼8 Ma despite global cooling and the
onset of northern hemisphere glaciation at ∼3 Ma. This
suggests that silicate weathering has been decoupled
from climate during this period. It is not clear why this
has occurred, but it could be related to enhanced
physical erosion (e.g. [59]) and/or the expansion of
grasslands producing fine soils [60]. What is clear is that
if we are to ascertain the ability of the Earth system to
cope with anthropogenic CO2 emissions, it is essential
to better constrain the links between weathering and
climate.
alue of the river flux. Symbols are the same as for Fig. 5. Note that
sent day river flux and the modelled δ7Li value for the present day
alculations based on scenario 1 from [52]).
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5. Conclusions

This study demonstrates that measurements of Li/Ca
and δ7Li of ancient planktonic foraminifera can be used
Fig. 8. Temporal records of (a) averaged riverine Li flux and isotopic composi
et al. [68]; dashed lines from Pearson and Palmer [69]), and (c) seawater 87

shown by vertical bars: MCO=Miocene Climatic Optimum, EAIS=East An
to reconstruct past changes in the Li isotope composi-
tion and Li/Ca ratio of seawater. Given that hydrother-
mal and output fluxes have remained constant, and
assuming scenarios of changing seawater calcium
tion (see text for details), (b) atmospheric pCO2 (solid lines from Pagani
Sr/86Sr [4] and 187Os/188Os [56]. Generalised climatic periods [1] are
tarctic Ice Sheet expansion, NHG=Northern Hemisphere Glaciation.
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concentrations, first order approximations of riverine
δ7Li and river Li flux for the past 18Ma are obtained.
River Li flux is interpreted in terms of continental
silicate weathering rate, while river δ7Li is interpreted in
terms of silicate weathering intensity. Our records
suggest that both silicate weathering rates and weath-
ering intensity decreased between 16 and ∼8 Ma which
may have been responsible for putative increases in
levels of atmospheric CO2. In contrast, silicate weath-
ering rates appear to have increased since∼8Ma despite
global cooling and apparently little variation in
atmospheric CO2.
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