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coupled model over the Cenozoic is presented. The carbon cycle includes
improvements on the uplift parameter in the Himalayan and Tibetan regions and the hydrothermal flux at
back-arc basins from the carbon cycle model of Kashiwagi and Shikazono [Kashiwagi, H., Shikazono, N., 2003.
Climate change during the Cenozoic inferred from global carbon cycle model including igneous and
hydrothermal activities. Palaeogeography, Palaeoclimatology, Palaeoecology 199, 167–185]. The strontium
cycle incorporates groundwater flux, basalt weathering, and Himalayan weathering. The model result
indicates that the Paleocene to the late Eocene is characterized by decreasing strontium weathering and
gradually increasing isotopic value (87Sr/86Sr), which is a result of the decrease in radiogenic silicate
weathering and less radiogenic carbonate weathering caused by decline of the atmospheric temperature.
Since then, the 87Sr/86Sr continuously increases towards the present. The increase in the Sr isotopic value
from 40 Ma to 35 Ma is attributed to appearance of hydrothermal calcite in the Himalayan region. The
increasing patterns of the 87Sr/86Sr from that time to the early Miocene roughly correspond to the continental
glaciations in high latitudes such as those at the Eocene/Oligocene boundary, in the middle Miocene and at
the Oligocene/Miocene boundary. Radiogenic weathering accelerated by physical erosion due to glaciations
and the subsequent deglaciations as suggested by previous studies might be related. However, there are time
lags between the 87Sr/86Sr and δ18O signals, which might have resulted from long residence time of Sr in the
ocean. Reactivity of minerals under such low temperature and other climatic conditions is still unclear. More
supportive works to assure a favourable environment for sufficient weathering and to constrain the timings
and amplitudes of the glacial events during these periods would be necessary. The presented model shows
the increase in the Sr weathering flux since the late Miocene, which would have induced the elevation of
seawater 87Sr/86Sr whereas the evolution of the glaciations partially might have contributed to that. Some
disagreement between other studies and the model is confirmed. The evaluation of the palaeo sealevel
variation and carbonate compensation depth might produce the uncertainties in the estimate of weathering
flux. Moreover, the basaltic province, through which several major rivers drain, and discrimination of these
rivers and the Ganges–Brahmaputra–Indus, might be important for the strontium cycle because these rivers
are likely to be influenced by the radiogenic upstream area and non-radiogenic downstream province, whose
87Sr/86Sr would have changed considerably during the Cenozoic. Despite these uncertainties, it is clear that
we can not attribute the increase in the seawater 87Sr/86Sr values during the Cenozoic entirely to the
influence of the Himalayan uplift, and the seawater 87Sr/86Sr variation does not serve as a proxy for silicate
weathering rate and atmospheric CO2 consumption rate of atmospheric CO2.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The strontium isotope ratio, 87Sr/86Sr, that is recorded in marine
carbonate reflects the balance of continental weathering input with
radiogenic strontium and submarine (mantle-derived) hydrothermal
input, with its less radiogenic strontium. Consequently, the 87Sr/86Sr in
; fax: +81 45 566 1551.
hiwagi).
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the ocean has been influenced by climate conditions and tectonic
events.

The seawater 87Sr/86Sr has increased rapidly from the late Cenozoic
to present (e.g. Burke et al., 1982). Various interpretations have been
advanced for the increase in 87Sr/86Sr. The influence of hydrothermal
activity is believed not to be significant in this period, and the
relationship among atmospheric CO2 level, mountain uplift and
climate is strongly argued because the orogeny is likely to have
enhanced metamorphism and exposure of the surface to be
weathered (e.g. Raymo and Ruddiman, 1992). Especially, the orogeny
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in the Himalayan and Tibetan Plateau (HTP) is believed to have played
a critical role. Another assumption is that the development of
glaciation during the Cenozoic might have influenced the seawater
87Sr/86Sr (e.g. Capo and DePaolo, 1990; Blum and Erel, 1995, 1997;
Zachos et al., 1999; Li et al., 2007). Moreover, young volcanic
weathering such as basaltic weathering has a strong effect on
atmospheric CO2 variation and the global strontium cycle because of
high reaction rate of young volcanic minerals (e.g. Taylor and Lasaga,
1999; Dessert et al., 2003; Louvat et al., 2005). However, those
putative factors' roles and influence have not been sufficiently
clarified.

A useful approach to investigate the relationship between the
strontium cycle and climate change is to construct a geochemical
model of the combination of the global carbon and strontium cycles.
The strontium cycle is tightly coupled to the carbon cycle because
atmospheric CO2, which is regulated by the global carbon cycle,
strongly affects climate change on a geological time scale (e.g. Berner,
1994). Although it has been examined to the Cenozoic (François and
Goddéris,1998;Wallmann, 2001), atmospheric CO2 variations in these
models do not clearly show a low level of atmospheric CO2 from the
Miocene, as recently suggested (e.g. Pearson and Palmer, 2000; Pagani
et al., 2005). Because different atmospheric CO2 estimates engender
different results of the strontium cycle, the validity of the global
carbon cycle, and consequently the variation of atmospheric CO2 level,
is important. In this respect, the global carbon cycle model of
Kashiwagi and Shikazono (2003) revised the GEOCARB III, which is
useful to reconstruct the global carbon cycle and climate changes on a
geological time scale (Berner and Kothavala, 2001). That model
reconstructed the low atmospheric CO2 during the late Cenozoic; the
results were consistent with those of analytical studies of low CO2

during the late Cenozoic (e.g. Pearson and Palmer, 2000).
For this study, a carbon–strontium coupled model modified after

Kashiwagi and Shikazono (2003) was constructed. We investigate the
evolution of the strontium cycle during the Cenozoic, with particular
emphasis upon the role of weathering, which has not been discussed
sufficiently to date.

2. Model description

The model presented in this paper consists of carbon and
strontium cycles. We respectively explain those equations and
parameters.

2.1. Carbon cycle

2.1.1. Mass balance equations
We use the following equations to express the global carbon cycle,

modified after Kashiwagi and Shikazono (2003).

d
dt

MC tð Þ ¼ −FCW−FCIA−F
C
R þ FP ð1Þ

d
dt

MO tð Þ ¼ −FOW−FOIA−F
O
R þ FB ð2Þ

d
dt

MAO tð Þ ¼ FCW þ FOW þ FCIA þ FOIA þ FMOR þ FBAB þ FH−FP−FB ¼ 0 ð3Þ

d
dt

δC tð ÞMC tð Þ ¼ −δC tð Þ FCW þ FCIA þ FCR
� �þ δAO tð ÞFP ð4Þ

d
dt

δO tð ÞMO tð Þ ¼ −δO tð Þ FOW þ FOIA þ FOR
� �þ δAO tð Þ−Δ

� �
FB ð5Þ
d
dt

δAO tð ÞMAO tð Þ ¼ δC tð Þ FCW þ FCIA
� �þ δO tð Þ FOW þ FOIA

� �

þδM tð Þ FMOR þ FBABþFHð Þ−δAO tð ÞFP− δAO tð Þ−Δ
� �

FB ¼ 0

ð6Þ
d
dt

MCa tð Þ ¼ FSW þ FCW−FP ¼ 0 ð7Þ

FCW ¼ kCW fBB fLA fAD þ fCHTPð Þ� �
MC tð Þ ð8Þ

FOW ¼ kOWfADMO tð Þ ð9Þ

FSW ¼ FSILW þ FVOLW þ FSW;HTP ð10Þ

FSILW ¼ f 0:65AD fBFSILW ⁎ ð11Þ

FVOLW ¼ fVfBFVOLW ⁎ ð12Þ

FSW;HTP ¼ f 0:44R FSW;HTP⁎ ð13Þ

FH ¼ fHFH⁎ ð14Þ

FBAB ¼ fBABFBAB⁎ ð15Þ

FMOR ¼ fSRFMOR⁎ ð16Þ

FCIA ¼ kCIA fSUB fCM
C tð Þ ð17Þ

FOIA ¼ kOIAfSUBM
O tð Þ ð18Þ

FCR ¼ kCR fSUB fCM
C tð Þ ð19Þ

FOR ¼ kOR fSUBM
O tð Þ ð20Þ

fBB ¼ 1þ 0:087ΔTð Þ 2RCO2
1þ RCO2

� �0:4
ð21Þ

fB ¼ exp 0:09ΔTð Þ 1þ RΔTð Þ0:65 2RCO2
1þ RCO2

� �0:4
ð22Þ

Here, symbols and references are listed in Tables 1 and 2. The
carbon cycle expressions are fundamentally similar to those of the
model of Kashiwagi and Shikazono (2003) (the “KS2003 model”). The
salient differences from the KS2003 model are treatment of degassing
fluxes and isotopes from the back-arc basin (BAB) (Eq. (6)), inclusion of
volcanic rock weathering (Eq. (12)), and revision of flux and
parameters of HTP weathering (Eqs. (8) and (13)).

Because the parameters for the carbon cycle are fundamentally
identical to those of the KS2003 model, here we explain the
differences from the KS2003 model.

2.1.2. Silicate and carbonate weathering
The global Ca- and Mg-silicate riverine weathering flux at present is

assumed to be 7.1×1012 mol/yr (Gaillardet et al., 1999). Weathering
fluxes of the Himalayan rivers are estimated separately. Chemical
compositions of the Indus, Brahmaputra, and Ganges are respectively



Table 1
Masses, carbon isotope values, fluxes, and related parameters used in the carbon model

Parameter Description

MC Mass of carbonate carbon
MO Mass of organic carbon
MAO Mass of carbon in atmosphere-ocean
MCa Mass of calcium in the ocean
δC δ13C of carbonate carbon
δO δ13C of organic carbon
δAO δ13C of marine carbonate (Prokoph et al., 2008)
δM δ13C of mantle carbon
Δ Carbon isotope fractionation factor through the photosynthetic process
FW
S Carbon flux derived from total silicate weathering
FW
VOL Carbon flux derived from volcanic rock weathering
FW,HTP
S Carbon flux derived from silicate weathering in the Himalayan and Tibetan

region
FW
SIL Carbon flux derived from non-volcanic silicate weathering in the non-

Himalayan region
FW
C /FWO Carbon flux derived from carbonate carbon/organic carbon weathering
FB Carbon flux of organic carbon burial
FP Carbonate carbon precipitation flux of carbonate
FR
C/FR

O Subducted carbon flux of carbonate carbon/organic carbon into the mantle
FIA
C /FIAO Degassing flux at island arcs of carbonate carbon/organic carbon
FMOR Degassing flux at mid-ocean ridges
FH Degassing flux due to hot spot volcanism
FBAB Degassing flux at back-arc basins
k Rate constant for F

Table 3
Himalayan and Tibetan rivers and the related basins to determine an erosion parameter
in the Himalayan and Tibetan regions

Number River basin in the model Basin assumed in Métivier et al. (1999)

1 Chanjiang East China
2 Brahmaputra Bengal Fan
3 Mekong Mekong
4 Ganges Bengal Fan
5 Indus Indus
6 Yellow Yellow Sea
7 Irrawady Andaman
8 Salween Andaman
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taken fromKarim and Veizer (2000), Singh et al. (2005), and Bickle et al.
(2005). Those of the Yangtze, Mekong, Salween, and Yellow are taken
from Wu et al. (2008). The contributions of silicate and carbonate
weathering are calculated, following the method of Galy and France-
Lanord (1999).

2.1.3. Weathering in the Himalayan and Tibetan region
Parameterization of chemical weathering rate in the HTP region is

important but complicated. TheKS2003model used a linearly-increased
uplift factor (Zhao and Morgan, 1985). However, recent studies suggest
that the Tibetan Plateau elevated above 4 km by 35 Ma (Rowley and
Currie, 2006) after the initial collision of India–Asia continents at 50Ma
(Zhu et al., 2005). The Himalaya thereafter elevated southward during
Neogene, and rapidly uplifted northward in late Cenozoic (Wang et al.,
2008). Moreover, weathering is not large at the elevated plateau itself
but the edge of the plateau (Bookhagen and Burbank, 2006). The
assumption of the linear uplift may be inaccurate.
Table 2
Parameters for fluxes used in the model

Parameter Description Reference

fLA Carbonate land area Ronov (1994),
Bluth and Kump (1991)

fAD River runoff Ronov (1994), Otto-Bliesner (1995)
fB Feedback function of

silicate weathering
Berner and Kothavala (2001)

fBB Feedback function of
carbonate weathering

Berner and Kothavala (2001)

fR Erosion rate Métivier et al. (1999)
fV Land areas of volcanics Ronov (1994), Bluth and Kump (1991)
fSR Sea-floor spreading rate Larson (1991)
fH Production rate of oceanic

plateau basalt representing
hot-spot volcanism

Larson (1991)

fCHTP Contribution of carbonate
weathering in the HTP region

See text

fC Precipitation factor Berner (1994)
fBAB Production rate of back-arc

basin
Kaiho and Saito (1994)

fSUB Subduction rate at subducion
zone

Engebreston et al. (1992)

R Effect of temperature on
river runoff

Berner and Kothavala (2001)

RCO2 Atmospheric CO2 level normalized to the present value
ΔT Difference of mean temperature from the present value
Therefore, this study uses mass accumulation rates, regarded as
erosion rate, in several Asian basins estimated using compilation of
the regional accumulation of eroded materials (Métivier et al., 1999).
This erosion rate, however, is not simply applied to the HTP
weathering because the relationship between erosion and weathering
amount is not straightforward. Firstly, we assume that the chemical
weathering rate is proportional to 0.44 power of the erosion rate
based on the study of the Brahmaputra basin (Singh et al., 2005).
Secondly, the calculated high accumulation rate in Paleocene, which
might be overestimated (Metivier et al., 1999), is attributed to the old-
India craton, but that would not be derived from the orogeny.
Moreover, the HTP region makes up only 4% of the Earth's land surface
(Tajika, 1998). We therefore assume no chemical weathering in the
HTP region in the Paleocene. Finally, we relate six major HTP rivers to
the accumulation rates estimated by Métivier et al. (1999), as
summarized in Table 2. Using these values, the parameter for
weathering from about 50 Ma in the HTP region fR is obtained, as

fR tð Þ ¼ F1⁎R1 tð Þ þ F2⁎R2 tð Þ þ F3⁎R3 tð Þ þ F4⁎R4 tð Þ þ F5⁎R5 tð Þ þ F6⁎R6 tð Þ
F1⁎þ F2⁎þ F3⁎þ F4⁎þ F5⁎þ F6⁎

ð23Þ
where Fi⁎ is the present flux of i shown in Table 3, and Ri(t) is the mass
accumulation rate normalized by the present value (Métivier et al.,
1999) at time t. The calculated fR is shown in Fig. 1.

Several studies have been undertaken to estimate the ratio of
weathering flux derived from carbonate vs. silicate weathering in the
HTP region (e.g. Blum et al., 1998; Galy et al., 1999; English et al., 2000;
Jacobson et al., 2002; Bickle et al., 2005; Hren et al., 2007). In such an
active orogen, presence of hydrothermal calcite complicates the
estimate of this ratio. In general, due to high Ca and Sr content in
carbonate minerals small amount of the hydrothermal calcite leads to
the high proportion of carbonate weathering (Chamberlain et al.,
Fig. 1. Variation of the fR parameter for expressing weathering flux in the Himalayan–
Tibetan region used in the model. It is calculated using compilation of erosion rates in
the Asian basins by Métivier et al. (1999) (cf., Table 1).



Table 4
Chemistry of major back-arc basins in the world with respect to carbon and strontium
compiled by Gamo (1995) (“observation”) and the values set in the model (“this study”)

Site CO2 (mM) Sr (µM) 87Sr/86Sr

Observation This
study

Observation This
study

Okinawa JADE 209
80

94
94

0.7089
CLAM 74–86 216–227 –

Mariana 43.4 43.4 – 81 0.7036–0.7038
North Fiji 11.1–14.4 12.75 30–43 36.5 0.7046
Lau – 15 20–135 77.5 0.7044
Andaman – – – – –

Manus – – – – –

Woodlark – – – – –

East Scotia – – – – –

Cayman – – – – –
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2005). For example, mass-balance calculations show that 82% of the
HCO3

−
flux is derived from the weathering of carbonate minerals and

that only 18% is derived from silicate weathering in within the High
Himalayan Crystalline Series (Blum et al., 1998). Carbonateweathering
generates 80–90% of all dissolved Ca2+ andMg2+ cations inmuch of the
Yarlung Tsangpo catchment (Hren et al., 2007). Chemical steady-state
between uplift and weathering in active orogen (Waldbauer and
Chamberlain, 2005) to induce those conditions could occur within a
few million years after the beginning of the mountain uplift (Riebe
et al., 2001; Hren et al., 2007). Therefore, we introduce a forcing
parameter, fCHTP, which determines the carbonate/carbonate+silicate
weathering ratio in the HTP region. fCHTP prior to 40 Ma is assumed to
be same as the carbonate proportion in the non-HTP region, and fCHTP
is thereafter assumed to increase up to about 88% (the present-day
value calculated in Section 2.1.2 in the next 5 million years. This
assumption is also adopted to strontium flux through a proportional
factor (discussed again in Section 2.2.4).

2.1.4. Young volcanic weathering
The importance of young volcanic weathering such as continental

basalt in igneous provinces to the global carbon cycle has recently
been argued (e.g. Louvat and Allègre, 1997, 1998; Taylor and Lasaga,
1999; Wallmann, 2001; Dessert et al., 2003; Louvat et al., 2005;
Berner, 2006) because this type of rock is weathered rapidly and the
impact is apparently large despite its small area. Especially, volcanic
weathering of continental flood basalt such as Columbia River basalts
could have caused the significant inflection in seawater 87Sr/86Sr
isotope record (Taylor and Lasaga, 1999). Island arc and oceanic island
basalt weathering is critical for the seawater 87Sr/86Sr budget (Louvat
et al., 2005). By contrast, an impact of submarine basalt weathering
seems to be minor because at most 30% of the uptake of CaCO3 at
seafloor is basalt-origin (Alt and Teagle, 1999). Thus, this study
incorporates the continental basaltic weathering into the model.
Present CO2 removal flux of the basalt weathering from Ca- and
Mg-silicates is assumed to be ca. 2.08×1018 mol/yr (Gaillardet et al.,
1999). The weathering flux is proportional to volcanic land area
(Bluth and Kump, 1991).

2.1.5. Degassing from back-arc basins
The KS2003 model distinguishes the degassing flux from island

arcs and back-arc basins (BAB) as subduction-related volcanism; the
model assumes that degassing from BAB originates from continental
carbon. However, although it is considered that high concentrations of
metals such as As, Pb, Zn, and Cd in hydrothermal fluids indicate the
igneous origin (e.g. Shikazono, 2003), the origin of carbon in
hydrothermal CO2 flux at BAB remains unclear. The released carbon
to the ocean from BAB might be mixture of mantle carbon and arc-
related carbon. However, the δ13C value of CO2, the 3He/4He ratio, and
the δ34S in H2S of the hydrothermal solution and volcanic gases
indicate a magmatic origin for these gases (Chiba et al., 1992) and a
small fraction of seawater sulphate contribution (Shikazono, 2003).
The CO2 is fundamentally of magmatic origin; it is attributed to the
release of excess CO2 during subduction of carbonate-bearing
sediments and its subsequent incorporation into the arc magma
(Grasby and Notsu, 2003), despite a report that carbon flux at the
CLAM site of the Okinawa Trough is influenced by sediments of
subduction components (Ishibashi et al., 1995). A study of North Fiji
Basin of hydrothermal fluids by Ishibashi et al. (1994) also concluded
that gas chemistry of hydrothermal fluids at back-arc basin presents
similar characteristics to those of mid-oceanic hydrothermal systems.
In addition, the carbon of the hydrothermal plume is mainly of mantle
origin. Therefore, it is assumed for themodel that the carbon flux from
BAB is of mantle origin and that the mantle value of δ13C is used for
FBAB as expressed in Eq. (6).

The CO2 flux from BAB is calculated as follows. The flux of the
hydrothermal solution is estimated from the seawater cycling rate
because the hydrothermal solutions both from back-arc basins and
mid-ocean ridges are predominantly of seawater origin. The rate is
calculated bymultiplying the oceanic production rate by the seawater/
rock ratio. The KS2003 model calculates FBAB from the BAB production
rate, seawater/rock ratio, and CO2 concentration in hydrothermal
solution. Although the CO2 concentration of hydrothermal water
differs greatly from place to place because of the influence of the
subduction slab and sediment environment, the KS2003 model does
not take it into account. We summate the CO2 fluxes from several BABs
using the currently available data. Kaiho and Saito (1994) estimate the
production rates of eight major BABs. Among them, the CO2

concentrations in the Okinawa Trough, Mariana Trough, and North
Fiji Basin are estimated respectively as about 80 mM, 43.4 mM, and
12.8 mM (Gamo, 1995). The CO2 concentration of the other basins is
assumed to be 15 mM/kg, which is roughly equivalent to the average
value of mid-ocean ridges. These settings are summarized in Table 4.
The water/rock ratio in hydrothermal systems is estimated as 1.4–12.3
with basalt permeability of 10−14–10−17 m2 (Fisher and Narasimhan,
1991). The average value of 6.85 is adopted in all basins because the
water/rock ratio would decrease with depth (Kashiwagi and Shika-
zono, 2003). Considering the density of basalt of 2.8, the calculated
hydrothermal BAB CO2 flux is 1.3×1018 mol/yr, which is less than the
value reported in Kashiwagi and Shikazono (2003) but clearly larger
than the degassing flux at the hot spot (Sano and Williams, 1996).

2.2. Strontium cycle

2.2.1. Mass balance equations
To express the strontium cycle, this study adopts the following

approach to the carbon–strontium coupled model:

N
d
dt

RSW ¼ PSIL
W FSILW RSIL

W −RSW
� �

þPC
WFCW RC

W−RSW
� �þ PVOL

W FVOLW RVOL
W −RSW

� �
þPS

W;HTPF
S
W;HTP RS

W;HTP−RSW

� �
þ PC

W;HTPF
C
W;HTP RC

W;HTP−RSW

� �
þPMORFMOR RMOR−RSWð Þ þ PBABFBAB RBAB−RSWð Þ

ð24Þ

In that equation, N is the mole number of strontium in the ocean
(1.25×1017 mol). Ri

j is 87Sr/86Sr, Ji
j is strontium flux, and Pi

j is a
proportional factor to transform carbon to strontium flux with regard
to i,j (Sr/C ratio), and the subscript of SW represents seawater. The
variation of RSW is based on Prokoph et al. (2008). Present derivative
of 87Sr/86Sr is 54×10−6 Ma−1 (Hodell et al., 1990).

2.2.2. Silicate and carbonate weathering
Present strontiumweathering fluxes and 87Sr/86Sr values are taken

from compilation in Gaillardet et al. (1999) and references therein
with new data of Bickle et al. (2005) and Galy et al. (1999) for the



Fig. 2. The 87Sr/86Sr variations of the weathered materials of silicate (excluding volcanic
rocks) and carbonate minerals. (1) Bold line; the standard case. (2) Solid line; the case
for being scaled by the groundwater/groundwater+river ratio in Ganges–Brahmaputra
(Dowling et al., 2003). (3) broken line; the case that the strontium basalt weathering
flux is assumed to be calculated from Table 5 and in which hydrothermal flux is
calculated from the basalt flux.
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Ganges–Brahmaputra, and Karim and Veizer (2000) for the Indus. The
87Sr/86Sr ratios of carbonate and silicate weathering in the regions
excluding the HTP area are assumed respectively as 0.708 and 0.718.
Using these isotopic values and fluxes, the silicate-derived and
carbonate-derived Sr fluxes are calculated respectively as approxi-
mately 1.4×1016 mol/Ma and 2.5×1016 mol/Ma, which indicates that
silicate-derived flux consists of 35% in the carbonate+silicate weath-
ering flux.

In addition to riverine flux, groundwater flux into the ocean might
play an important role in the strontium cycle (Veizer, 1989; Basu et al.,
2001; Dowling et al., 2003) because the concentration of strontium in
groundwater is generally much higher than that in river water, even
though the groundwater discharge is less than the river discharge.
Several studies have addressed estimation of Sr groundwater flux, but
their results differ only slightly. For example, the estimate by
Chaudhuri and Clauer (1986) is 1.95×1012 g/yr; that by Basu et al.
(2001) is 1.65×1016 mol/Ma. Considering the suggested value of
riverine flux (3.3×1016 mol/Ma; Palmer and Edmond, 1989), ground-
water flux is more than half of the riverine flux. This large discharge
would be a strong buffer for the seawater 87Sr/86Sr, and alter the Sr
balance suggested by Palmer and Edmond (1989), in which the
groundwater flux is not considered. In the model, the Sr flux is set to
the value of Basu et al. (2001), and the groundwater 87Sr/86Sr is
assumed to be the same as the riverine value.

2.2.3. Weathering in the Himalayan–Tibetan region
Using the global 87Sr/86Sr variation and Sr flux calculated using Eq.

(24), we compute the variations of the 87Sr/86Sr ratios and Sr flux in
the HTP region and remaining areas.

Studies of present subsurface water and strontium flux in the HTP
region are scarce. Dowling et al. (2003) estimate that the groundwater
flux in the Ganges–Brahmaputra floodplain in the Bengal Basin is
8.2×108 mol/yr, which is comparable to a riverine flux of about
8.0×108 mol/yr in this area. Dowling et al. (2003) also point out that
submarine discharge from other coastal floodplains with high
precipitation rates and rapid accumulation of immature sediment,
such as in the Irrawady, Yangtze, and Mekong rivers, might make
important contributions to global oceanic budgets as well. Never-
theless, we must say that the impact of such HTP rivers has remained
quantitatively unclear. Therefore, in this study, the present HTP
groundwater Sr flux is calculated by assuming conformity, actually
proportionality, to the global groundwater/riverine flux ratio, result-
ing in ca. 8.0×108×(1.65×1010/3.4×1010)=3.9×108 mol/yr. For com-
parison, we consider the alternative case for using the groundwater
flux suggested by Dowling et al. (2003). They estimate that the
groundwater flux in the Ganges–Brahmaputra floodplain in the
Bengal Basin is 8.2×108 mol/yr. The groundwater flux in the HTP
region is calculated as follows: G–B groundwater×(HTP river flux/G–B
river flux)=ca. 7.8×108 mol/yr. We confirm that the difference in the
groundwater flux estimate results in minimal effect on the 87Sr/86Sr
variation (the curves (1) and (2) in Fig. 2).

As already mentioned in Section 2.1.4, the rapid increase in the
proportion of carbonate weathering in the HTP region with regard to
strontium is assumed in the similar way to carbon. The fraction of
weathering Sr flux from calcite reaches 60% even when 3% of
hydrothermal calcite is present in active orogen with low effective
surface age such as the Himalayas (Waldbauer and Chamberlain,
2005; Chamberlain et al., 2005). Other field and analytical studies
have also indicated that the proportion is 50–75% (Galy et al., 1999;
English et al., 2000; Jacobson et al., 2002; Bickle et al., 2005). Here we
assume that the proportion of carbonateweathering flux before 40Ma
has the same value as that in the non-HTP region, and then increases
to as high as the present value, 60%, in 5 million years.

Given that the temporal variation of the 87Sr/86Sr in the HTP region
would have evolved accompanied with orogeny, several studies
assume a linear increase of the Sr isotopic ratio of silicates in the
HTP region (François and Goddéris, 1998; Wallmann, 2001). However,
hydrothermal carbonate in active orogen would also produce high
87Sr/86Sr ratio as already explained. Moreover, steady-state models of
chemical weathering in active orogen predict that the Sr isotopic
composition of weathered material remains constant over a wide
range of tectonic environments and it is insensitive to the proportion
of calcite to silicate weathering in the presence of the hydrothermal
calcite (Chamberlain et al., 2005). Once the region in active orogen
reaches the chemical steady state, the value of 87Sr/86Sr would be
stable. Thus, we assume that the 87Sr/86Sr of the weathered materials
in the HTP region increases from the non-HTP value to the present
HTP value in 5 million years (40 Ma to 35 Ma), which is same as the
discussion on the carbonate vs. silicate weathering proportion. The
isotope ratio of the hydrothermal carbonate is considered to be the
same as that of silicates (Jacobson and Blum, 2000). As a result, this
study assumes the variations in the 87Sr/86Sr value in the HTP region
without distinguishing silicates and carbonates. Eventually, we
calculate the 87Sr/86Sr in the area excluding the HTP region by
subtracting that in the HTP region from the seawater 87Sr/86Sr.

2.2.4. Young volcanic weathering and hydrothermal alteration
Only recently has the importance of young volcanic weathering

received attention. Before the importance of the volcanic weathering
was recognized, a value estimated by Palmer and Edmond (1989)
calculated from the global Sr balance was generally accepted as
hydrothermal Sr flux (ca. 1.0×1016 mol/Ma). However, it should now
be questioned because geochemical estimates are much lower (e.g.
2.9×1015 mol/Ma for axial flux; Stoll and Schrag,1998) and because that
estimate ignores volcanic weathering and groundwater discharge. In
this study, as a standard, we use the hydrothermal flux of Davis et al.
(2003), as estimated fromanalysesof theophiolite profile (3.1×1015mol/
Ma), which is a similar approach to Berner (2006). Because submarine
strontiumweathering flux is less than 1% of the total weathering input
into the ocean (Veizer, 1989), it is ignored here. Using the hydrothermal
flux and carbonate and non-volcanic silicate weathering, the young
volcanic weathering flux is calculated from the present Sr balance. The
resulting weathering flux is about 2.5×1016 mol/Ma.

The uncertainty in the estimate of hydrothermal alteration (atmid-
ocean ridges and back-arc basins) might influence the balance of the
strontium cycle. That arises from difficulty in the estimates of both
volcanic weathering flux and hydrothermal input, which have not
ever been surely calculated independently of one another. There are
some arguments related to the explanation of missing strontium input



Fig. 3. Comparison of temporal variations of continental weathering-derived strontium
flux between the previous studies and this study. Dotted vertical lines labelled “HTP”,
“GL1”, “GL2”, and “GL3” respectively represent ages of the beginning of the uplift of the
Himalayan and Tibetan Plateau, the first appearance of large ice-sheets and extensive
glaciation (Eocene/Oligocene boundary), that in the Oligocene/Miocene boundary, and
widespread glaciation in themiddle Miocene. A: Variations of the strontium continental
weathering fluxes. (1) Bold and (2) solid curves respectively signify the global
weathering flux of silicate+carbonate+basaltic minerals and silicate+carbonate
minerals from the carbon-strontium model. (3) Broken curves represents strontium
weathering flux of silicate+carbonate minerals in the non-HTP region from the carbon–
strontium model. (4) Two dotted curves represent the results from the seawater
foraminiferal Sr/Ca ratio (Lear et al., 2003), assuming a partition coefficient for shelf
carbonates of 0.5 with seawater Ca concentration proportional to the subduction rate
(4a) and assuming a partition coefficient for shelf carbonates of 0.3 with a constant
seawater Ca concentration (4b). See Lear et al. (2003) for details. B: Variations of the
strontium weathering flux in the HTP region (bold line), that of silicate (broken line),
and that of carbonate (dotted line) carbonate, and the strontium weathering flux of
young volcanic rocks (solid line). C: Variation of deep-sea foraminiferal δ18O (Prokoph
et al., 2008), a proxy for the evolution of glaciation. D: Variation of seawater
foraminiferal 87Sr/86Sr records (Prokoph et al., 2008).
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to the ocean (Davis et al., 2003). For example, basalt weathering (e.g.,
Louvat et al., 2005), missing hydrothermal flux at ridge-flank flux
(Butterfield et al., 2001), and/or diffusive axial flux at an intermediate
temperature (Nielsen et al., 2006) have been suggested as a cause for
the global strontium imbalance. To verify these uncertainties, we
examine a different calculation from the standard case mentioned
above. Table 5 shows that the Sr concentration of drainage on basaltic
provinces is within 0.02–3.5 µmol/l; most of the sites are around
0.5 µmol/l. Accepting that this value is the average Sr concentration
and that the total water discharge of basaltic province is calculated as
3.3×1015 km3/Ma (Dessert et al., 2003), the global basaltic weathering
flux is 1.65×109 mol/yr. Small difference of the averaged 87Sr/86Sr of
weathered materials in the non-HTP region between the two
approaches (the curves (1) and (3) in Fig. 2) indicates the insignif-
icance of the uncertainty of the estimate of hydrothermal Sr flux in our
discussion.

In accordance with previous studies, the 87Sr/86Sr of young
volcanic weathering and hydrothermal input is assumed respectively
as 0.705 (Gaillardet et al., 1999) and 0.703 (Teagle et al., 1996) through
time. Like carbon, the strontium source in hydrothermal flux is
assumed to be mantle because generally low values of 87Sr/86Sr in
hydrothermal fluids of BAB are equivalent to those of mid-oceanic
fluids (Table 4; Exceptionally radiogenic 87Sr/86Sr at the JADE site in
the Okinawa Trough would be influenced by seawater and organic
sediments.).

3. Results and discussion

The variations of the strontium flux and 87Sr/86Sr undergoing
weathering are discussed herein. In Section 3.1, we discuss relation-
ship among the global Sr cycle and climate change over the Cenozoic.
In Section 3.2, model uncertainties and the causes are considered.

3.1. Variations of strontium weathering flux and the 87Sr/86Sr during the
Cenozoic

Several studies have investigated the global strontium cycle on a
geological time scale (e.g., Berner and Rye, 1992; François and Walker,
1992; Richter et al., 1992; François and Goddéris, 1998; Wallmann,
2001). Lear et al. (2003) calculate the global weathering-derived
strontium input into the ocean by analysis of foraminiferal Sr/Ca ratios
and calculation of the seawater strontium mass balance. For calcula-
tion of the continental strontium input into the ocean, the strontium
partition coefficients for pelagic and shelf carbonates are determined,
but they potentially include large uncertainties in the estimate,
especially shelf carbonate. Therefore, we take the cases for two
different partition coefficients for shelf carbonates (0.3 and 0.5) from
Lear et al. (2003). Comparison of the respective weathering-derived
strontium fluxes and the isotopic ratios between the estimate of Lear
et al. (2003) and this study are shown in Figs. 3A and 4A.

Weathering intensity and patterns are regulated by tectonic and
climatic factors, such as lithology, temperature, and water supply
(Bluth and Kump, 1994). A suggested factor affecting the 87Sr/86Sr
variation is, excluding the orogeny in the HTP region, related to
evolution of glaciation during the Cenozoic (Oslick et al., 1994; Blum
Table 5
Compilation of ranges of strontium concentrations found in previous studies

Range of concentration (µmol/l) Region Reference

0.18−0.79 Sao Miguel Louvat and Allègre (1998)
0.03−0.25 Iceland Gislason and Eugster (1987);

Gislason et al. (1996)
0.34−0.7 Re Union Louvat and Allègre (1997)
0.25−0.35 Columbia Basalt Hooper and Hawkesworth (1993)
0.01−3.51 Deccan Trap Dessert et al. (2001)
and Erel, 1995, 1997; Zachos et al., 1999; Li et al., 2007). Variation of
δ18O of benthic foraminifera reflects the degree of continental
glaciation, although the sea temperature partially alters the δ18O
value. A foraminiferal δ18O variations as a proxy for the development
of glaciations and seawater 87Sr/86Sr variation (after Prokoph et al.,
2008) are presented respectively in Figs. 3C and 4B, and Figs. 3D and
4C. We discuss the relationship between weathering, glaciation, and
other climate events by comparing these results.

3.1.1. The Paleocene to the early Eocene
Global weathering fluxes estimated by the Sr/Ca methods and the

C–Sr model exhibit similar trend of gradual decrease in the Paleocene



Fig. 4. Comparison of temporal variations of weathering-derived 87Sr/86Sr between the
previous studies and this study. See the caption in Fig. 3 for explanations of dotted
vertical lines labelled “HTP”, “GL1”, “GL2”, and “GL3”. A: Variations of the 87Sr/86Sr of the
weathered materials. (1) Bold and (2) solid curves respectively signify the 87Sr/86Sr of
silicate+carbonate+basaltic minerals and silicate+carbonate minerals from the
carbon–strontium model. (3) Broken curve represents the 87Sr/86Sr of silicate+
carbonate minerals in the non-HTP region from the carbon-strontium model. (4) Two
dotted curves represent the 87Sr/86Sr of the weathered materials estimated from
seawater foraminiferal Sr/Ca ratio (Lear et al., 2003). See the captions in Fig. 3 about the
assumed conditions. See the caption in Fig. 3 for explanations of B and C.
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(Fig. 3A). Difference of absolute values between them would arise
from assumption of the present-day total weathering flux, because the
variations of nonvolcanic silicate+carbonate weathering flux ((2) and
(3) in Fig. 3A) are more consistent with that of the Sr/Ca study. The Sr
isotopic values in those studies commonly sustain comparatively low
values (Fig. 4A). The lower values in the C–Sr model are attributed to
inclusion of volcanic weathering flux with low 87Sr/86Sr, ultimately
the present strontium balance assumed in themodel. Lear et al. (2003)
suggest an interpretation that decreasing weathering flux of silicate
and carbonate resulted in the increase in 87Sr/86Sr undergoing
weathering, which is consistent with this study (Fig. 3B).

This interpretation might be supported by foraminiferal oxygen
isotope records. The δ18O value is very low during this period (Fig. 4B).
This low value can not be attributed to the extent of glaciation, but to a
high deep-sea temperature, because the first appearance of large ice-
sheets was at the Eocene/Oligocene (E/O) boundary. As a result, the
δ18O represents decline in atmospheric temperature, and it leads to
the reduced weathering rate.

3.1.2. The late Eocene to the early Miocene
In both cases of Lear et al. (2003) and the model, 87Sr/86Sr of the

global weathered materials from the late Eocene to the early Miocene
continuously increases from 40 Ma, when the mountain uplift would
have initiated, to the early Miocene. In this increasing trend, the
elevation of the Sr isotope ratio from 40Ma to 35Ma can be attributed
to appearance of the hydrothermal calcite in the HTP region because
the strontium isotopic value in the non-HTP region remains stable in
this period as well as the chemical weathering flux (Figs. 3A and 4A).
However, the increase in the 87Sr/86Sr after 35 Ma might not be
entirely attributed to the hydrothermal calcite weathering. The HTP
weathering flux increases from 35 Ma to 25 Ma but remains constant
after that. Its influence is limited. Of importance would be the increase
in the Sr isotopic value caused by enhanced non-volcanic silicate
weathering rate in the non-HTP region ((3) in Fig. 4A) because of the
much larger Sr flux and the influence than those in the HTP region.
Here we note a short-term sharp increase in the Sr isotopic value of
the area other than the HTP region near the Eocene/Oligocene
boundary. The Eocene/Oligocene boundary is characterized by
extensive glaciation in high latitudes and marked by a rapid increase
in δ18O of foraminifera (e.g. Shackleton and Kennett, 1975; Miller et al.,
1987), which is generally considered to be the transition from a
greenhouse state to an ice-house state. Moreover, the model result
shows fluctuations of the Sr isotopic value in the non-HTP region
around Oliogocene/Miocene boundary (ca. 23 Ma), across which the
Antarctic ice-sheets would have expanded (Zachos et al., 2001);
besides the middle Miocene glaciation mentioned in the next
subsection. These 87Sr/86Sr variations in the non-HTP region seems
to be roughly synchonized with δ18O variations. Concerning that, it
has been suggested that increased physical erosion by ice-sheets,
particularly following prolonged periods of ice-free conditions such as
deglaciation, induces rapid biotite weathering with high 87Sr/86Sr
(Blum and Erel, 1995, 1997; Zachos et al., 1999; Li et al., 2007),
which does not require a change of the overall chemical fluxes (Oslick
et al., 1994; Blum and Erel, 1995, 1997), which is, indeed, observed in
the C–Sr model. We consider that the change in the seawater 87Sr/86Sr
values is related to those glaciations.

Nevertheless, the explanation for the enhanced radiogenic weath-
ering caused by glacial events has remained incomplete. One of the
important issues would be some factors which limits weathering.
Silicate weathering rates vary with by erosion rate at low erosion rates
whereas they are controlled by temperature and runoff-related
kinetics at high erosion rates (West et al., 2005). It must be
demonstrated that the temperature and water supply were appro-
priate to induce high-latitude weathering (Zachos et al., 1999). In
glacial-interglacial cycles prior to the Pleistocene, however, the
influences of the kinetically-limited or transport-limited cases on
the preferential biotite weathering rate remain unclear. Kinetic
models suggest that the reaction rates of preferential micaweathering
under low temperature are sufficiently high to account for the
increase in the seawater 87Sr/86Sr during the last 3.4 million years
(Li et al., 2007), but the application of this conclusion to the previous
period requires more knowledge of climatic conditions at that time in
the high latitude. Moreover, decline of volcanic weathering flux in this
period (Fig. 3B) should be noticed. The decrease in nonradiogenic
volcanic weathering dampens the change in the seawater 87Sr/86Sr
value. It, therefore, would be clearly inappropriate to attribute the
increase in the marine 87Sr/86Sr to the evolution of the glaciations.

Next, we consider differences of the model result from the Sr/Ca
study by Lear et al. (2003) during the late Eocene to the early Miocene.
By contrast to gradual decrease in weathering flux of the model at
about 40 Ma, the variation of Lear et al. (2003) exhibits a rapid drop,
which is attributed to the assumption on the proportion of pelagic vs.
shelf carbonate accumulation rate by Opdyke and Wilkinson (1988).
This estimate largely depends on the carbonate compensation depth
(CCD) near the E/O boundary. The CCD varies with the fraction of
deposition of calcium carbonate on continental shelves and deep-
ocean, the mean depths of the seafloor by changes in ocean basin
hypsometry, riverine flux of Ca, and primary productivity. They might
not be reflected correctly in the highly simplified estimate of Opdyke
and Wilkinson (1988). Moreover, the time resolution of CCD is low.
The CCD curve of Opdyke and Wilkinson (1988) exhibits a moderate
decrease from 40 Ma to 30 Ma, although the CCD is known to be
increased rapidly at E/O boundaries (van Andel, 1975). The ambiguity
might produce the discrepancy of the result.
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The uncertainty of the precipitation factor fC in the model might
also be a cause for the discrepancy. Actually, fC is an arbitrary
parameter representing the contribution of pelagic carbonate deposi-
tion, which is subsequently expected to be decomposed at subduction
zones. The assumption of Berner (1994), which we follow, shows a
constant increase in fC since 140 Ma, before which the apparent
evidence of pelagic carbonate accumulation is lacking. fC depends on
the sea level, for example, because the low sea level results in a greater
opportunity of carbonate deposition in the deep sea (Berner, 1994).
Nevertheless, the carbonate deposition rate in the model does not
increase near the E/O boundary (although we do not show that in the
figures.). Therefore, the difference between Lear et al. (2003) and this
study might also be attributed to oversimplification of the precipita-
tion factor in the model. The change of land-sea distribution induced
by the variation of the CCD can indirectly alter the total 87Sr/86Sr of
minerals to be weathered. Indeed, further investigation is necessary.

Another discrepancy between the two approaches is that the
model result shows a decrease in the global and non-HTP weathering
fluxes from 30 Ma to the early Miocene whereas the continental
weathering flux estimated by the Sr/Ca analysis gradually increases.
Chamberlain et al. (2005) interpret that the result of Lear et al. (2003)
indicates that presence of hydrothermal calcite and sediments in
Himalayan foreland basin produced high Sr flux in the Himalayan
orogen. In this regard, themodel result shows an increase in carbonate
weathering in the HTP region (Fig. 3B), consistent with their
interpretation. The different point is simply whether the combination
of carbonate+silicate weathering eventually results in the increase in
the seawater 87Sr/86Sr (Lear et al., 2003) or the decrease (this study) in
the 87Sr/86Sr of weathered materials, which might depend on the
uncertainty in fC.

Calcium concentration in the ocean assumed in Lear et al. (2003)
might be somewhat ambiguous. Their calculations assume the past
oceanic calcium concentration that is proportional to the subduction
rate (Engebreston et al., 1992) whose value in the early Cenozoic is
about 1.2 to 1.3 times as high as present. However, other theoretical
and analytical studies (Horita et al., 2002; Berner, 2004) indicate that
the calcium concentration in the early Cenozoic wasmuch higher than
present. Consequently, the higher calcium concentration would leads
to the larger strontium weathering flux in Lear et al. (2003), reducing
the discrepancy.

On the other hand, the atmospheric CO2 variation in the carbon
cycle model should be validated. Released CO2 by igneous and
hydrothermal activities to the atmosphere (CO2 degassings) is
predominantly balanced by chemical weathering rate on a geological
time scale due to the short residence time of carbon in the ocean-
atmosphere. As a consequence, the uncertainty of the estimate of
atmospheric CO2 level in the early Cenozoic, widely ranging from 100
to 3500 ppm (Lowenstein and Demicco, 2006), might modify the
evaluation of the weathering flux.

3.1.3. The middle Miocene to present
A high peak of the 87Sr/86Sr around the middle Miocene appears in

the model. The middle Miocene is an important period of climate
transition in the Cenozoic as well as the E/O boundary; subsequent
cooling to present has also been accepted. The increase of oxygen
isotopic composition record of benthic foraminifera in ca. 1‰ is
observed at the middle Miocene (e.g., Miller et al., 1987; Zachos et al.,
2001). In this regard, linkage between the transient marine 87Sr/86Sr
increase and a large derivative of the isotope ratio without large
increase in weathering flux in this period is pointed out (Oslick et al.,
1994). The high peak of the 87Sr/86Sr in the model seems to be roughly
consistent with the timing of the climate transition. However, it is
noted that the rate of the increase in the 87Sr/86Sr in the middle
Miocene is considerably higher than that at the E/O boundary. This
might be involved in the uncertainty of the estimate of fC. Moreover,
Holbourn et al. (2007) show an amplitude in the 41-kyr band of the
δ18O signal during the middle Miocene, implying the corresponding
ice-sheet growth or decay. Because the residence time of Sr in the
ocean is about 5 million years, the response of the seawater Sr isotopic
ratio to the change in weathering rate and the 87Sr/86Sr of the
weatheredmaterials at the scale of glacial and interglacial cycles could
be obscure. The time lags between the 87Sr/86Sr the δ18O signals may
be attributed to that. Further investigation of the orbitally-paced
amplitude of δ18O associated with the glaciation would be necessary.

After the middle Miocene climate transition, variations of weath-
ering flux and the isotope ratio in the C–Sr model shows good
agreement with those estimated by Sr/Ca study. Both the weathering
fluxes and the Sr isotopic ratios of the weathered materials increase
(Figs. 3A and 4A), and especially a rapid increase in the weathering
rate during the last few million years is due to the weathering in the
HTP region (Fig. 3B). The increase in the 87Sr/86Sr of the non-HTP
region might reflect the high-latitude radiogenic weathering accom-
panied with evolution of the continental glaciations discussed in the
previous subsection (3.1.2) because the Sr isotopic variations are well-
consistent with that of the oxygen isotopic value (Fig. 4B). On the other
hand, we find enhanced volcanic rock weathering with low 87Sr/86Sr.
This would partially negate the effect of the radiogenic weathering,
and themoderate increase in themarine 87Sr/86Sr would be produced.

Here we state the influence of basalt weathering on the strontium
isotope evolution. The basalt weathering lowers the global 87Sr/86Sr by
0.001 to 0.002 over the Cenozoic (Fig. 4A). If the basalt weathering is
included in the model, we must account for the global weathering-
derived 87Sr/86Sr only by non-volcanic silicate and carbonate. In this
case, extremely dominant carbonate weathering in the early Cenozoic
is required because the 87Sr/86Sr undergoing the global weathering
during the early Cenozoic is ca. 0.708 (Fig. 4A) and that from carbonate
weathering is typically 0.707–0.709. However, this situation differs
markedly from the present condition in that 30–40% of the total
weathering consists of silicate weathering (François and Goddéris,
1998) and requiresmuch different lithology in the early Cenozoic from
today, which is hard to assume. This indicates the critical impact of
basalt weathering in the global strontium cycle of the early Cenozoic.
Moreover, the basaltic province is largely distributed in the Circum-
Pacific region. It is also a major area of the back-arc basin at which
hydrothermal activity was intense in the Cenozoic. For those reasons,
the Circum-Pacific region is important for the strontium cycle in the
two aspects of hydrothermal and weathering strontium input into the
ocean.

The present-day value of global weathering Sr flux of Lear et al.
(2003) is equivalent to that of themodel result (Fig. 3A). Although Lear
et al. (2003) do not seem to refer explicitly to that, the present-day
value is apparently larger than that of about 3.3×1010 mol/yr (Palmer
and Edmond, 1989). The difference is attributed to consideration of
groundwater discharge, which implies the importance of the ground-
water Sr flux on the global Sr cycle.

3.1.4. Implications for the Cenozoic seawater 87Sr/86Sr variation
We have found the general agreement among the foraminiferal Sr/

Ca estimate, presumed glacial events, and the C–Sr model over the
Cenozoic. The model result demonstrates that the increase in the 87Sr/
86Sr of the weatheredmaterials during the Cenozoic can not be simply
explained by the accelerated silicate weathering as a result of the
uplift of the Himalaya and the Tibet. Other geochemical processes
such as radiogenic weathering of hydrothermal calcite in those areas
and acceleration of radiogenic biotite weathering triggered by
continental glaciations are also causal. Moreover, the model suggests
that this relationship would be complicated by nonradiogenic
weathering of young volcanic rocks, as seen during 30–20 Ma and
the last few million years. The comparison clearly shows that the
variation of the seawater 87Sr/86Sr is not consistent with that of the
atmospheric CO2 and the total silicate weathering, especially during
the late Cenozoic (Fig. 5). Superimposed on the discussions in this



Fig. 5. Comparison of the temporal variations during the Cenozoic. A: The total
Sr weathering rate of silicates. B: Atmospheric CO2 level. C: Seawater foraminiferal
87Sr/86Sr records (Prokoph et al., 2008).
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study, the negative correlation between the seawater 87Sr/86Sr and the
silicate weathering rate from the Oligocene to the early Miocene is
attributed to hydrothermal calcite in the HTP region and accelerated
radiogenic weathering in high latitude. That between the seawater
87Sr/86Sr and atmospheric CO2 level since the middle Miocene results
from increased CO2 degassing rate that is balanced by the chemical
weathering rate. It might be associated with enhanced volcanic
activity at island arcs during that period (Kashiwagi and Shikazono,
2003).

Finally, we conclude that the seawater 87Sr/86Sr cannot be a proxy
for silicate weathering and decrease in atmospheric carbon dioxide
(Quade et al., 1997; Blum et al., 1998; Jacobson and Blum, 2000;
Chamberlain et al., 2005).

3.2. Uncertainties in the model

Despite the implications above, discrepancies remains in the
model and some issues must be improved or solved for the discussion
on the strontium cycle.

A possible cause for the uncertainties would be parameterization
of volcanic weathering. The estimate of young volcanic weathering
flux is very important for the global strontium cycle because of its low
isotopic value and possible large influence on the seawater 87Sr/86Sr.
However, there have been no established methods to quantify the
volcanic weathering rate. To determine the parameter, Berner (2006),
for example, uses a mass balance equation of the seawater 87Sr/86Sr
between volcanic and non-volcanic silicates and old and young
carbonates but this method is not applicable for our discussion.
Assumptions on the effect the HTP uplift the related issues would
include several important problems. For example, 1) we assume that
the timing of increased 87Sr/86Sr in the HTP region matches with the
attainment of steady state chemical weathering but the required time
to reach such a situation has never been clarified. Chemical weath-
ering rates are expected to be high in regions of rapid surface uplift
and erosion (Waldbauer and Chamberlain, 2005) and therefore
climatic factors such as precipitation limit weathering (West et al.,
2005). However, because of the intricate interrelationship between
precipitation, uplift and mountain building, it is difficult to separate
the effects of precipitation and uplift on chemical weathering in active
tectonic areas (Chamberlain et al., 2005). 2) metamorphosed
carbonate minerals with high 87Sr/86Sr in lowland Himalayas (Quade
et al., 1997) and detritus silicate minerals accumulated in the Bengal
Fan (Derry and France-Lanord, 1996) are suggested to be influential on
the seawater 87Sr/86Sr but they are not explicitly included in the
model. 3) In this study, the averaged Sr isotopic value of the HTP rivers
at present is calculated to be ca. 0.712. Even when the Sr isotope ratio
of carbonate is 0.708 (this value might be low because of the existence
of radiogenic hydrothermal carbonate), the silicate 87Sr/86Sr is, at
most, 0.718, which seems to be too low compared to previous studies
(e.g. 0.742; France-Lanord et al., 1993). Whereas it is often pointed out
that 87Sr/86Sr of the Ganges–Brahmaputra–Indus river basins, espe-
cially the Ganges–Brahmaputra, are exceptionally high (Palmer and
Edmond, 1989), those of the other rivers, for example, the Mekong,
and Irrawady, might be lower. They commonly flow downstream
through Southeast Asia, inwhich the late Cenozoic basaltic province is
distributed. Consequently, for the 87Sr/86Sr of the river basins, the
drainage in Southeast Asia shows the countereffect on the radiogenic
Sr in Tibet. Ultimately, the 87Sr/86Sr values of these river basins are
regulated by the balance between radiogenic Sr in region and non-
radiogenic Sr in the young volcanic region. Moreover, runoff in
Southeast Asia is very large (Table 2 in Dessert et al., 2003). If the rivers
of only the Ganges–Brahmaputra–Indus are considered, the 87Sr/86Sr
of silicate weathering is 0.72 (in case for silicate isotope ratio=carbo-
nate isotope ratio) and 0.74 (in case for carbonate isotope
ratio=0.708), which are much more reasonable and consistent with
the studies elsewhere. Therefore, weathering from the Ganges–
Brahmaputra–Indus flowing into the Indus and Bengal Fan and from
other rivers flowing through the Southeast Asia basin might be
distinct. 4) Furthermore, the present model does not always facilitate
a detailed discussion on the 87Sr/86Sr in the non-HTP region because
its sensitivity for a given weathering rate is much less than that in the
HTP region resulted from large difference of the weathering fluxes. A
different scenario of the 87Sr/86Sr in the HTP region does not clearly
emerge in the difference of that in the remaining region.

Eventually, additional works investigating the Himalayan and
Tibetan regions are imperative to reveal the evolution of the global
strontium cycle. Moreover, tectonic, climatic, and oceanographic
investigations in the remainder of the world are necessary to not
only consider the contribution in this area but also to evaluate the
influence of the HTP region on the increase in the seawater 87Sr/86Sr
ratio.

4. Summary and conclusion

We used the coupled model of the global carbon and strontium
cycles in the Cenozoic considering strontium groundwater and basalt
weathering flux. We discussed the relationship among climate,
tectonics, and geochemical cycles to investigate the overall increase
in the marine 87Sr/86Sr during the Cenozoic. Important results of this
study are as follows:

(1) The early Cenozoic is generally characterized by decreasing
strontium weathering flux and slightly increasing Sr isotopic
values, which is consistent with a suggested trend by Lear et al.
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(2003) and Chamberlain et al. (2005). The decrease in weath-
ering flux is attributed to reduction of atmospheric tempera-
ture and the resultant decreased reaction rates.

(2) A sudden increase in the global Sr isotopic values undergoing
chemical weathering during 40 Ma to 35 Ma is explained by
enhanced radiogenic weathering of hydrothermal calcite in the
Himalayan and Tibetan region, but those weathering does not
sufficiently account for the variations of the Sr isotopic values
from that time to the early Miocene. The elevated global Sr
isotopic value undergoing weathering is likely to be also
attributed to the rise of the isotopic values in the non-HTP
region rather than that of the weathering rate. The possible
causes would be radiogenic weathering promoted by physical
erosion and exposure of fresh rocks due to glaciations, and
preferential biotite weathering following deglaciations, as
previously indicated by a variety of studies (e.g., Capo and
DePaolo, 1990; Blum and Erel, 1995, 1997; Zachos et al., 1999; Li
et al., 207), because of the consistency between the transient
increase in the 87Sr/86Sr of the non-HTP region and the onset of
the suggested glaciation events and foraminiferal δ18O variation.
This correspondence appears in the Eocene/Oligoceneboundary,
the middle Miocene, and perhaps the Oligocene/Miocene
boundary. However, there seem to be some gaps of the timings
and amplitudes between the glaciations and the 87Sr/86Sr
signals. It might be associated with longer residence time of Sr
in the ocean relative to glacial cycles and uncertainty in the
estimate of the sea level and carbonate compensation depth.

(3) The increase in the seawater 87Sr/86Sr from the late Miocene to
present is attributed to the increase in the global weathering
flux and the Sr isotopic value, consistent with the Sr/Ca study. In
addition to the enhanced weathering in the Himalayam region,
the preferential radiogenic weathering such as biotite asso-
ciated with the development of the glaciation might be causal.

(4) In general, uncertainties in the model would be related to the
estimates of the factors with regard to temporal variation of
young volcanic weathering. The uncertainties might also arise
from assumptions on the Himalayan uplift in the model such as
the timing of the uplift, Sr isotopic variations, and chemical
compositions of the several major rivers draining through
Southeast Asia including basaltic provinces.

(5) Overall, the increase in the Sr isotope ratios of the weathered
materials (eventually the seawater 87Sr/86Sr) during the late
Cenozoic is not attributed completely to the enhanced silicate
weathering in the Himalayan and Tibetan region. Other factors,
including the link with the evolution of glaciation and
nonradiogenic silicate weathering of young volcanic rocks,
should be investigated. Furthermore, based on these results,
this study concludes that the seawater 87Sr/86Sr variation is
inadequate as a proxy for atmospheric CO2 consumption rate.
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