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[11 The oceanic mass balance of calcium (Ca) is defined by a balance between the inputs
(rivers and hydrothermal) and outputs (bulk carbonate) of Ca. Large rivers were analyzed
for Ca 1sotope ratios (**Ca/**Ca, expressed as &4 Ca) to investigate the source and
cycling of riverine Ca, and to add an isotopic mass balance constraint to the oceanic
budget of Ca. The new data account for approximately one-third of the total Ca supplied to
the oceans by rivers. Inter-sample and seasonal Variability was assessed by analyzing

more than one sample for many rivers. The range in the 5% Ca of large rivers at high water

stand is extremely narrow at 0.27%o.. Variations in 6% Ca do not correlate with proxies
for carbonate, silicate or evaporite derived Ca, and are more likely related either to
inherent variabihty in the lithological sources of Ca or to process related fractionation.
The spread in riverine 5% Ca overlaps with the spread in marine limestone 5% Ca consistent
with most riverine Ca coming from the recycling gf limestones. The Ca isotope
composition of continental runoff has an average &% Ca value of 0.38 + 0. 04%o, identical
to recent (5 M.yr) bulk carbonate ooze (0.33 £ 0.13%o, 2S.D.). Isotopic mass balance
constrains that the input and output fluxes of Ca to and from the oceans, are balanced to
within 15% over time-scales similar to the residence time of Ca in the oceans (1 M.yr). A
greater imbalance between the fluxes would result in a detectable difference between the

&% Ca value of bulk carbonate and the riverine input at the current level of uncertainty.
The input and output fluxes could be imbalanced over much shorter time-scales (such as
glacial-interglacial cycles), in which case the ocean-carbonate system will not yet have
responded, because of the long residence time of Ca. The maximum current flux
imbalance of 15% would be sufficient to account for the total variations in Ca
concentration over the Tertiary. Such an interpretation is not unique, but is the

simplest interpretation given the similarity between the input and output isotopic
compositions, and rules out hypotheses of extreme imbalance in the recent global
biogeochemical cycle of Ca.

Citation: Tipper, E. T., J. Gaillardet, A. Galy, P. Louvat, M. J. Bickle, and F. Capmas (2010), Calcium isotope ratios in the
world’s largest rivers: A constraint on the maximum imbalance of oceanic calcium fluxes, Global Biogeochem. Cycles, 24,
GB3019, doi:10.1029/2009GB003574.

et al., 1981; Berner et al., 1983; Holland, 1984]. Calcium
carbonate skeletons provide the foundation of much marine
life. These accumulate from the oceans to form the car-
bonate reservoir of Ca and carbon, five orders of magnitude
larger than the ocean-atmosphere reservoir [Ridgwell and
Edwards, 2007]. The dominant size of the carbonate reser-
voir makes it of critical importance for the balance of carbon

1. Introduction

[2] The global biogeochemical cycle of carbon is intimately
coupled to that of the base metal calcium (Ca) [e.g., Walker
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between the solid Earth and ocean-atmosphere. In the con-
tinental crust Ca is the fifth most abundant element [7aylor
and McLennan, 1985]. It is an essential nutrient for the
continental biosphere [Perakis et al., 2006] and its solubility
in water as Ca®>" makes it commonly the most concentrated
cation species in river waters [Drever, 1997]. Over geo-
logical time-scales, Ca is released from silicate minerals
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during weathering of both the continental and oceanic crust,
and transferred to the carbonate reservoir [Holland, 2003].
The net result of the chemical reaction controlling this transfer
of Ca, sequesters one mole of atmospheric carbon dioxide
for each mole of silicate Ca transferred [Urey, 1952; Walker
et al., 1981]. It is widely accepted that the weathering of
Ca-bearing silicate minerals in this way has mediated
atmospheric carbon dioxide levels over Earth’s history
[Berner and Kothavala, 2001; Walker et al., 1981], main-
taining an equable climate. Over shorter time-scales, in a
surface ocean saturated with respect to carbonate minerals,
the Ca isotopic composition of Ca®" should vary directly
with pCO, [De La Rocha and DePaolo, 2000].

[3] Despite the critical role of Ca for both the biosphere
and the carbon cycle there is widespread disagreement
concerning the oceanic balance of Ca [e.g., Milliman, 1993;
Milliman and Droxler, 1996; De La Rocha and DePaolo,
2000]. Ca is supplied to the oceans mainly by rivers, but
also by hydrothermal circulation, with Ca derived from the
alteration of the continental and oceanic crust [Holland,
1984]. Ca is removed from seawater mainly by carbonate
precipitation and accumulation of this carbonate on the
ocean shelves [Milliman, 1993]. It is not presently known
with any degree of accuracy whether these inputs or outputs
are balanced in the modern system, let alone in the geo-
logical past. Milliman [1993] estimated in a detailed review,
that either the modern carbonate accumulation exceeded the
inputs by a factor of two, or that groundwater supply of Ca
must be significantly larger than currently acknowledged.
Holland [2005], on the other hand, proposed modern Ca
fluxes implying that the Ca budget was close to steady state,
but that overall in the Tertiary, the output fluxes must have
outweighed the input fluxes. Modeling approaches have
produced contrasting results of oceanic Ca evolution [Berner
and Kothavala, 2001; Berner, 2004; Demicco et al., 2005;
Hardie, 1996; Wilkinson and Algeo, 1989]. Data to constrain
these assertions are insufficient. Although Ca concentrations
have been reconstructed from fluid inclusions provide a valu-
able constraint [e.g., Horita et al., 2002; Lowenstein et al.,
2001], they have low temporal resolution and relatively large
uncertainty.

[4] The source of riverine Ca, and the absolute magnitude
of the continental flux of Ca are also subjects for debate.
The source of Ca is important because although the weath-
ering of silicate minerals consumes CO, over geological
time-scales, the weathering of carbonate minerals has no
net influence on atmospheric CO, over million year time-
scales [Berner and Kothavala, 2001; Urey, 1952], though
destruction of the carbonate reservoir by weathering can
have consequences for the global carbon cycle over shorter
time-scales [Calmels et al., 2007; Li et al., 2008; Edmond
and Huh, 2003]. Partitioning riverine Ca®" ions between lith-
ological sources (carbonate, silicate and evaporite) is non-
trivial [e.g., Gaillardet et al., 1999]. At a global scale it is
estimated that two thirds of riverine Ca is derived from the
weathering of carbonate rocks [Berner and Berner, 1996;
Gaillardet et al., 1999; Meybeck, 1987] implying that the
recycling of ancient carbonates dominates weathering
sources of Ca.
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[5s] Tracing Ca in ocean and weathering systems via geo-
chemical methods has relied on indirect proxy elements
such as strontium with similar chemical characteristics to
Ca [e.g., Lear et al., 2003]. Recently, a significant body of
research has focused on attempting to use the stable isotope
ratios of Ca to infer details of the potential changes in
seawater Ca over geological time [e.g. De La Rocha and
DePaolo, 2000; Fantle and DePaolo, 2005; Farkas et al.,
2007, 2006; Heuser et al., 2005; Kasemann et al., 2005;
Schmitt et al., 2003a, 2003b; Sime et al., 2007; Soudry et al.,
2004; Zhu and Macdougall, 1998]. Ca has six isotopes and
the analysis of the **Ca/*°Ca ratio by thermal ionization
mass spectrometry (TIMS) or the **Ca/**Ca ratio by multi-
collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) has been a rapidly expanding field of research
in recent years [DePaolo, 2004]. The approach is attractive
because Ca isotope ratios potentially provide a direct tracer
of the pathways followed by the Ca ion in its global bio-
geochemical cycle. However, the interpretations between
marine Ca isotope records are discordant with some workers
interpreting the data as evidence for a dynamic system over
the last 20 M.yr [e.g., Fantle and DePaolo, 2007; Griffith
et al., 2008], whilst other studies propose that the modern Ca
isotope budget is at steady state [e.g., Schmitt et al., 2003a].

[6] One major disadvantage, with all previous reconstruc-
tions of oceanic Ca concentrations based on marine records
of Ca isotope ratios, is that an a priori knowledge of both the
Ca isotope composition of the inputs of Ca to the oceans
(mainly rivers), and the bulk isotopic fractionation factor
between carbonate and seawater is required. Models of oce-
anic Ca have a high degree of sensitivity to these parameters
[Fantle and DePaolo, 2005; Sime et al., 2007]. However,
current understanding of Ca isotope behavior in weathering
systems at a continental scale is extremely limited. There
are only nine published Ca isotope measurements of the
world’s largest rivers [Schmitt et al., 2003a; Tipper et al.,
2008a; Zhu and Macdougall, 1998]. Only a handful of stud-
ies have addressed Ca isotope systematics in the weathering
environment at small spatial scales [Bullen et al., 2007; Cenki-
Tok et al., 2009; Ewing et al., 2008; Jacobson and Holmden,
2008; Page et al., 2008; Schmitt et al., 2003a; Tipper et al.,
2006a, 2008a; Wiegand et al., 2005]. These studies have
revealed some systematic, but relatively unconstrained var-
iations in Ca isotope ratios. Plants preferentially incorporate
the light isotopes of Ca [Schmitt et al., 2003a; Wiegand
et al., 2005; Page et al., 2008], leading to an enrichment
in the heavy isotopes of Ca in pore waters. Similarly, the
precipitation of secondary mineral phases such as soil car-
bonates or travertines leads to an enrichment in the heavy
isotope ratios in the associated waters [Tipper et al., 2006a,
2008a].

[7] Although these small-scale studies demonstrated a frac-
tionation control of Ca isotope ratios during weathering, it
is currently not known whether this fractionation at small
spatial scales is maintained when considering rivers that
drain continental-scale basins. In this contribution, a new
comprehensive data set of riverine Ca isotope measurements
determined by high resolution MC-ICP-MS is presented.
The potential controls on riverine Ca isotopes are reviewed
and the data are used to estimate the average Ca isotope
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composition of continental runoff, the predominant source
of Ca to the oceans. The riverine Ca isotope data are com-
pared to bulk carbonate Ca isotope data from the last 5 M.yr.
It is found that both the inputs and outputs from the oceans
have Ca isotope compositions that are within error, and the
data bring a direct new constraint on the oceanic balance
of Ca. Isotopic mass balance is used to show that the data
imply that the input and output fluxes are likely to balance
within 10-15%.

2. Materials and Methods

[8] Most of the samples analyzed were from archive col-
lections of river waters, but some were collected specifically
for the purposes of this study. All samples were filtered on
collection through <0.45 um filters and acidified, ready for
cool storage (<7°C). Most of the samples are from large
rivers, integrating continental scale outputs to the oceans,
though a handful of first order tributaries draining mono-
lithological catchments (granite, basalt and limestone) were
also analyzed. Many of the samples presented in this study
have had major and/or trace element data and other isotope
ratios published elsewhere (see the caption to Table 1). The
rivers span a diverse range of tectonic, climatic and lithological
settings, from the Amazon in the tropics, to the Mackenzie from
the Arctic. The rivers draining the Himalaya Tibetan Plateau
region are weathering-limited rivers and the Congo is
transport-limited [e.g., Stallard, 1995].

[9] Most samples are from the mouth, at the high water
stage providing the most representative samples of global
runoff, as most of the Ca flux occurs at maximum discharge.
For some large rivers (Irrawaddy, Salween, Chiang Jiang
(Yangtze), and Huanghe (Yellow River)) more than one
water stage was analyzed. For the Mekong and Salween,
samples acel58 and acel56 are from the Tibetan head-
waters. The Nile was sampled at Luxor (Egypt) 830 km
upstream of the mouth, and the Columbia was sampled at
Trojan, Oregon, 120 km upstream of the mouth, otherwise
samples are from the mouth.

[10] Ca isotope ratios (**Ca/**Ca) were analyzed by MC-
ICP-MS in Cambridge and the Institute du Physique du
Globe de Paris (IPGP) and the procedures have been pre-
viously described [Tipper et al., 2006a, 2008a, 2008b]. Data
are presented as 5% Ca relative to the NIST SRM915a
standard with an overall analytical uncertainty of 0.07%o.
An overview of the methods is given in Text S1.'

3. Riverine Ca Isotope Ratios

[11] Ca concentrations, discharge, Ca flux, Ca and Sr iso-
tope ratios and Si(OH),/Ca ratios from the present study
are presented in Table 1. A compilation of the literature data
on large rivers is available in Text S1. The Ca concentrations
in the large rivers analyzed in the present study show very
large variations. Out of the largest rivers, the Huanghe has the
highest Ca concentration at 1430 pmol/L (dry season sample).
However, the Seine River (known to be polluted [Roy et al.,

'Auxiliary materials are available with the HTML. doi:10.1029/
2009GB003574.
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1999]) has a Ca concentration that is significantly higher
at 2384 pmol/L. Despite the fact that the Huanghe is the most
concentrated large river, it contributes less than 1% of the total
Ca supplied to the oceans out of the 60 largest rivers in the
world. Many rivers are much more dilute such as the Amazon,
with a Ca concentration between 135-550 pmol/L. Although
an order of magnitude more dilute than the Huanghe, the very
high discharge of the Amazon ensures that it delivers ca. 11%
of the total Ca flux to the oceans out of the 60 largest rivers
in the world. First order tributaries show considerably more
variability in Ca concentrations than the large rivers, ranging
from 2514 pmol/L (Provence, L’Huveane, a limestone river)
to 20-30 pmol/L (Arran, granitic rivers). Despite the fact
that riverine Ca concentrations vary by over 2 orders of
magnitude, the **Ca/**Ca ratio only varies by 0.74%o in all the
rivers analyzed. The large rivers at high water stand have a
very narrow range of &% Ca values (0.27%o). To assess inter-
sample variability, more than one sample was analyzed from
each river where possible. Two samples of the Amazon are
in agreement within 0.01%o., and the two large tributaries (the
Madeira and Solimoes) only differ from the main river by
up to 0.07%o, within analytical uncertainty. The Mackenzie
River at the mouth, andMits major tributary, the Red Arctic,
have indistinguishable ¢ Ca values to within 0.02%o. Small
seasonal variations in some rivers may be however resolvable,
and are discussed further below.

[12] The Ca isotope composition of river waters is inherited
from both heterogeneity of the lithological sources of Ca,
and from any mass-dependent fractionation that occurs dur-
ing weathering. There are three principal lithological sources
of Ca: carbonate, evaporite and silicate rocks. At a global
scale, it is estimated that approximately two thirds of riverine
Ca is derived from the weathering of carbonate rocks [Berner
and Berner, 1996; Gaillardet et al., 1999; Meybeck, 1987].
Additional smaller sources of Ca could come from industrial
effluents or rain inputs. The fractionation of Ca isotope ratios
is known to occur by two mechanisms during weathering
related processes: (1) the precipitation of soil (secondary) car-
bonates [ Tipper et al., 2006a, 2008a] and (2) the uptake of Ca
by biomass [Page et al., 2008; Schmitt et al., 2003a; Wiegand
et al., 2005].

[13] Lithological sources of Ca are not well constrained
and show considerable spread (Figure 1) based on literature
compilations of data. Ca isotope ratios in bulk carbonates
(limestones) are relatively well constrained [Fantle and
DePaolo,442005, 2007], and are potentially offset from the
average 6* Ca value of silicate rocks [Skulan et al., 1997;
DePaolo, 2004; Tipper et al., 2006a; Zhu and Macdougall,
1998] (Figure 1).There are only a handful of published
dolostone data [Komiya et al., 2008; Tipper et al., 2008a],
which are also, on average, offset from silicate rocks. Eva-
porites (gypsum and anhydrite) on the other hand, encom-
pass the complete range of Ca isotope values from limestone
to dolostone rocks [Hensley, 2006; Jacobson and Holmden,
2008; Russell et al., 1978] (Figure 1). When the Ca isotope
data from small rivers draining mono-lithological catch-
ments are compared to the Ca isotope data of the various rock
types, they generally overlap, although no rivers draining
explicitly evaporites have been analyzed.

3of 13



TIPPER ET AL.: RIVERINE Ca ISOTOPES GB3019

GB3019

9¢’I-  TI0 eu eu € LO0- ¥1°0 F 90°0 000 F ST0 - LET - H 10-KeN 10-1/9NV qS0WI[OS
eu 91°0 96°0 601L0 €  S00 100 F 120 T0°0 F 20 - LET - eu 9¢¢s 1qNBUIX “qe uozewry
L8T—  L1°0 $8°0 SITLO € 200 10 F 810 200 F 1€°0 66 0S1 0659 H 10-AeIN +1°1/9NV wqSOPIQO Je uozewry
BILWY [YInos§ pue ylioN
86°0 1€°0 020 0€IL0 T 100- 0T0FTI0 000 F 9270 - 60S - H €0-dog LT190¢ y00d8ues ], Sunprex
86'0 €0 0T0 0€1L0 € 800-  €1I'0F 900 90°0 ¥ 620 - 605 - H €o-dog  Lzr00E q0dBues ], Sunprex
€L0-  0T0 €0 6LIL0 €  ¥00- ¥0°0 F C1°0 €0°0 F 1€°0 0T 96€ 01S H  0-8ay  oocdd Jqeandewyerg
eu 91°0 €0 T€TLO € SO0 €T0F STO 10°0 ¥ 8€°0 - 187 - H  z0-Sny 1704 1qBUUSON
enndewyeag-sagues
eu €9°¢ e YITLO € 100- 620 F 61°0 Y00 F 140 3 06L 6€ H g6-unf T-86NI 3:q2Ve91daI epIEULIEN
eu €9°¢ e PIILO € LOO— 810 F €10 L0°0 F 8€°0 3 06L 6€ H g6-unf T-86NI 3:qBPIEULIEN
eu €80 L00 PIILO T SI0 L1°0 FTE0 TI0F T€0 9LT1 - H 10-Ke N ni polenng
eu 01°0 920 YIILO € 600 700 F 920 Y00 F €€°0 8 6€9 €T1 H 3:q(NOIN BYSUOH) poy
eu ¥€0 LT°0 01L0 € €00 81°0 F 20 10°0 ¥ 8€°0 Ly 1001 L9Y H 76-8ny 1-26 sqPreordar (InON) Suoxey
eu ¥€0 LT°0 01L0 € 110 LOO F ¥€0 100 F v7'0 Ly 1001 L9V H 1-26 3:q(INOJN) SUONON
eu 81°0 8L°0 SOIL0 € #0°0 €00 F 120 LO0 F €70 €l 69¢ 98Y H ¥0-dos 1ALH reandar (pnow) Appemery
eu LT°0 8L°0 SOIL0 v €00 U0 F 20 80°0 F 1¥°0 €l 69¢ 98Y H $0-dog 1dLH (umouwr) Appeserr
eu €10 L9°0 SOIL0 € ¥I0 870 F ¥€°0 €0°0 F 6£°0 vT S8h 98Y 1 S0-uef 6d.LH o(mpnowr) Appemenry
eu 7o 8L°0 YOIL0 € 800 01°0 F 070 S0°0 F €70 8T 69¢ 98Y 1 ¥0-AON SALH (o) Appesmex
eu 0Z°0 89°0 801L0 € €00 €T0F 610 Y00 F €470 €l €LT 98Y H So-ung 91ALH o(tnouwr) Appeserry
eu 0T0 690 801L0 ¥ SO0 91'0 F LT0 €0°0 F TH'0 vl $8T 98Y W  SO-AeW  T1ALH o(mpnowr) Appemexry
eu LTO LT°0 9IL0 € €00 010 ¥ ST0 60°0 F €40 L1 S6L 11e H So-unf SNHL o(INON) usaMm[eg
eu 8T°0 LTO ovIL0 €  S00 120 ¥ 820 00 F v10 91 1L 11¢ H  so-Aey YNHL (o) ueames
eu 820 81°0 ovIL0 € 110 90°0 F ¥€°0 200 F v7°0 91 09L 1z H  s0-AeIN ENHL o(noN) ueomes
eu LT0 61°0 ovIL0 €  100- 600 F 61°0 Y00 F 6£°0 Ll Y08 11e H  s0-Ae; INHL (O uoom[eS
A 050 60°0 LTILO T 00— ¥0°0 F €0°0 00 F ¥T0 - 158 - H €0-dog TS190E L(S101EMpEIY) USIM[ES
A 050 600 LTILO ¥ $0°0- 91°0 F 60°0 01°0 F LTO - 168 - H £0-dog TSTo%E q(SIoIEMpERY) USIM[ES
160 18°0 e TIIL0 € €10 60°0 F 670 S0°0 F 69°0 - ocpl - 1 €6-AON  9-€6HD «°H Sueny
0L°0 L80 01°0 ITIL0 € $0°0- 01°0 F 020 Y00 F 8%°0 S 0zTl 8% H v6-8av  9-p6HD g:q@eol[dor o Sueny
0L°0 L8°0 01°0 I11L0 € S00 90°0 F ¥€°0 €0°0 F LSO S 0zTl 8% H  t6-8nv  9-p6HD 3:q°H Sueny
10°0 LTO eu LOILO S 010 60°0 F €€°0 80°0 F SH0 - - 1 €6-AON  [-€6HD °H 9z713ueX
90°0 ¥T0 11°0 LOILO ¥ LOO 60°0 T LT0 €0°0 F 6£°0 L9 61L 876 H  v6-8av  1-p6HD poRaeorder off oz)Suex
90°0 ¥T0 110 LOTLO € 100 €COFITO 10°0 ¥ 8€°0 L9 61L 876 H  t6-8nv  1-p6HD yqPveoridor oy oz)Sue x
90°0 ¥T0 110 LOILO ¥ 10— 8T°0 F S0°0 80°0 F 9€°0 L9 61L 876 H  v6-8nv  1-p6HD 1H 2z18ue X
1T LEO 01°0 SOIL0 €  800— 9¢0 F LT0 LOOF IS0 - €101 - H  ¢odes  (91o0e L(s1018MpROY) OH 0Z)ISUR K
SIIALL UBISY
eN S0°0 200 eu T 900- SO0 F 10 ¥0°0 ¥ SE€0 - ¥8S - 1 ¥0-3ny 1:q0SE0S
¥€0-  S00 e e € 100- 910 FST°0 LO0F TE0 - Y1$T - 1 L0-92d  TH-L0W qQUESANH, [-90UDA0I]
80°0 200 e eu S €00 €10 F ¥€°0 01°0 F 09°0 - 243! - 1 L0-994 1-L01d (SQUOUBIOYD-00UdA0I]
LY0 90°0 10°0 €LOLO0 v LOO— LTOF 61°0 60°0 F 0S°0 - LTLI - 1 20-1dy  po—zons »pUlV eImf
840 200 200 €LOLO T 9T0- 170 F L00 LOOF 40 - 0T€T - W T0-AON  tI-Tonf »pUlV eImf
080 10°0 200 YLOLO T 60°0— 870 F L10 L00 F €570 - €991 - H  T0-AON  8z-conf »pUOOB], BIN[
TLo S0°0 eu €LOLO0 T 100 91'0 F 1€°0 80°0 F 650 - PEET - 1 z0-1dy  0o1-zons opUOOE BInf
0L°0 200 200 YLOLO T LOO ¥YT0 F 620 Y00 F €470 - T9LT - W T0-AON  TI-Tonf »paedr[dor uooe], eInf
0L°0 200 200 YLOLO T S00— LOO F 810 90°0 F 9%°0 - 9L1 - W 10-AON  [I1-T0nf »pUOOB], BIN[
10 10°0 200 9L0L0 € €00 91'0 F L1°0 S0°0 F LTO - 6LTT - H  TO0-AON  pg—conf prqSeUoue[d eIng
LEO 10°0 200 YLOLO € €00- 970 F81°0 90°0 F 1+°0 - SLTI - H  T0-AON  $z-zonf pqSanoq emp
SI'1 S1°0 €00 T80L0 € TO0- SI'0FSI0 L00 F ¥E0 € ¥8€T 6T1 H y6-uef 8dd ElUEI
SJIIALL duo)sduWI |

IS ®D/'OS OWed TN  ISgIS;e N 8D,V ASTFED 9 A'STFEIz (K/ow, 0D (Trownd)  (funy)  o8mg g o[duweg IOATY

€D/"(HO)'S Xn[g 8D ouoj ) A8reydsiq

PO 9U) UI SIOATY 159818 YY) WOI] SIXN]] PUB ‘SUONENUIOUC)) &) ‘ele( 9dojos] ) °[ dqel,

4 of 13



TIPPER ET AL.: RIVERINE Ca ISOTOPES GB3019

GB3019

‘[L661] 2432)1y pup 1pano7 woiy eyep 9dojos IS pue JUAW[S IoleA,
‘[€002] 1v 12 1opvjj1pH Wwoxy eyep adojost 1§ pue Juswd[e Jofejy,
"[€002] 17 12 1051277 W0y exep odojost IS pue Juowd[d IofeA,
‘[9661] v 12 puowpg woy erep 9dojost IS pue WIWA[ 0B
‘[€861] puouips puv p.njpig woy eyep odojost IS pue JuSWAS IofeA],
'[9002] 7v 12 o128sO(F WOL BIEP JUIWI[D Ho.mm_\f
‘66611 17 12 1opw]jIDH WO SOREL ISy /IS, IO EIEP [EDIAYD5
"[99002] v 12 4add ] woxy eyep adojost 1g,
-a8puquie) ur pazAreue Apms juasaid oy woy eiep adojost 8D,
‘[L00T] spouyvy woiy eyep 2dojost 1§ pue JUIW[D S.R_Zn
‘(66611 v 12 4oy woxy erep 2dojosi IS pue JuSWd JOfeAL,
"dDdI 1& pazA[eue Apms juesard oyy woy ejep odojost e,
"[66611 17 12 1opvjjvH woxy are eyep oSreyosiq ([¢ pue g SA[qeL Y00T] 4pH puv Sunog Aq USAIS se uonIUYap dwes oY) SUIMO[[O]) 2D,V OU) [HM ‘OUI| UOIEUONIE
ssew winuqmba oY) Jo Aurenooun urpIM I8 BIBP [V 1S JO JUSIPLIS [BO112I09Y) ) JO AJUTEL0UN UMM ‘GG () JO JUSIPRIS B YIM ARLIR UB SULJOP BIEP 9U) BD) 29 SA BD 20 JO 101d adoyost sa1y) ® UQ,

eu ov'l See €EILO0 € 000 61°0 F LTO 60°0 F ¥S°0 - 1T - H v0-1dy D SON o3I ULy
eu 111 9Tl ¥STL0O € 80°0- 81°0 F 00 90°0 F ¥L°0 - 43 - H v0-1dy  d SON o3I ‘ueLy
eu eu 208 - ¥ +00 Y00 F ST0 90°0 F 00 - 6€1 - H PI-¢  LI-EONV ;qPIAR( Serq so[[nuy
€r'1- 010 85T Yr0L0 ¥ 80°0- SI1'0 ¥ 20°0 11°0 020 - LOT - H S6-92d  £4d-$6 wrqlSO.] 9P QIDIATY UOIUNDY
98°0—  LEO S1°0 SS0L0 € LOO- 91’0 F91°0 200 F 9%°0 - 6vT - H 66-Unf  6E-66UED LU [N
1= 0€0 Tro €S0L0 € €00 100 F 120 90°0 ¥ SE€°0 - 0€T - H 66-Unf  0g-66UED (qSSEN
ENAIIN
Bu €0 61°0 T6IL0 v 90°0- TT0 F 800 01°0 F LT0 L6 018 00T1 H  68-A0N 3:q08U0D
eu 1€°0 910 0L0L0 € %00 070 FT€0 L10FSS0 9 10L €8 1 p0-1dy 1lIN
eu 1€°0 91°0 0L0L0 S 000 SI°0 ¥ ST0 S0°0 F 850 9 10L €8 1 y0-1dy RN
uBdLI}Y
eu 120 LST 1ZIL0 € 800— 60°0 F €1°0 €0°0 F 0¥°0 v 91 9¢T W So-unf JqPlquIn[o)
eu 170 LST ITIL0 € TIO 070 F 620 Y00 F ¥€°0 v Y91 9¢T W So-ung 1qelquIno)
61°0— LSO 7o 0LILO € 600 81°0 F 620 200 F 6€0 9 €LL 00T H 9680y p-96ued yqUOANA
90°0 ¥6'0 €0°0 0€IL0 €  S00— 0Z0F 11°0 200 F €0 - 8Ip1 - H 96-8ny  [-96ueD yqvedr[dor onory poy
90°0 ¥6°0 €00 0€IL0 € €00~ YI0F €10 €00 F T€0 - 8I¥1 - H 96-8nv  L-96ue) +qPIPIV P
€10 670 90°0 01120 € I110- 0€°0 F90°0 Y00 F v€°0 LT 068 80¢ H 9680y 9-96ueD . deoridor (pnow) d1zusxoey
€10 6%°0 90°0 011L0 €  LOO Y00 ¥ €20 700 F 2€0 LT 068 30€ H 9680y 9-96ue) . o%eorjdar (inow) dIZuddorjy
€10 670 90°0 0110 €  LOO— 010 F 210 €00 F LEO LT 068 80¢ H  96-8ny  9-96ued sq(INOW) AIZUNNOBA
eu €0 96°0 T8IL0 € LOO 970 F €20 LOO F I1€0 S1 €€l SEI1 1 €8-1BN 16p10 1q0P0ULIO
60C— TS0 eu eu € 000 ¥1°0 ¥ 81°0 700 F ¥€°0 - 901 - H  10-Ae]W  €0-1/9NV (qPIOPEIA
IS ®D/'OS OWed TOW IS /IS, N BD,V  ASTFED 9 ASTFEDz9 (Ajow,01) (Trouwnd)  (kuny)  o8mg aeq ojdureg ToArg
€D/"(HO)'S Xn[ ) ouo) ) A8reyosiq

(penunuod) [ JqeL,

5o0f 13



GB3019

1 1 1 1 1 1 1 1 1

evaporites
rock
| [ | | rivers
silicates rock
rivers
dolostones rock
LA A A A | rivers
I rock limestones
range of all rivers
18} <« > ]
16} i
14} ]

Large rivers
12 Modern seawater ]

m_. Y
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

644/ 42 Ca

Figure 1. Summary of Ca isotope data in the main litholog-
ical sources (grey bars with limestone data from Fantle and
DePaolo [2005, 2007], Farkas et al. [2007], and Steuber
and Buhl [2006]; dolostone data from Komiya et al. [2008]
and Tipper et al. [2008a]; silicate rock data from Skulan
et al. [1997], [Zhu and Macdougall, 1998], DePaolo [2004],
and Tipper et al. [2006a]; evaporite data from Hensley [2006],
Jacobson and Holmden [2008], and Russell et al. [1978]) and
rivers (vertical bars, black is from this study and grey is from
previous work). The black bar for limestone rock is the bulk
carbonate ooze of De La Rocha and DePaolo [2000], Fantle
and DePaolo [2005], Fantle and DePaolo [2007], and [Sime
et al., 2007], most representative of limestone, rather than
individual tests or cements (grey bar). The histogram shows
the data for the largest rivers in the world (black is from this
study, and white is from Schmitt et al. [2003a], Zhu and
Macdougall [1998], and [Tipper et al., 2008a)).

3.1. Rivers Draining Silicate Rocks

[14] The Ca isotope variations in first order tributaries
draining silicate lithologies from the present study show
quite large variations (0.54%o). The two very dilute rivers
draining granite from the Isle of Arran show 6 Ca values
that are unusually high (mean is 0.64%0) compared to most
other rivers draining silicate rocks. Although it is tempting
to speculate that the Ca in these riyers has been influenced
by rain or sea-salt (seawater has &% Ca of 0. 93%o, [Hippler
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et al., 2003; Wieser et al., 2004; Tipper et al., 2008b]), the
Sr isotope ratios of the same samples argue strongly against
this. The Sr isotope ratios of these rivers are elevated (typ-
ical of crustal rocks) and significantly different from sea-
water (Table 1). It is therefore more plausible that these
rivers are significantly influenced by fractionation processes
such as precipitation of secondary phases or uptake by
plants during weathering. When all Ca isotope data for rivers
draining silicate rocks are compiled, there is a hint that the
dissolved load is marginally offset to lower Ca isotope ratios
than the rock itself (Figure 1), though Ca isotope data from
rivers draining silicate rocks are dominated by analysis from
the Strengbach catchment in France [Schmitt et al., 2003a;
Cenki-Tok et al., 2009]. This may be of significance for
understanding the apparent difference between silicate rock
and marine limestone Ca isotope compositions, where lime-
stones, on average have a lower &% Ca than silicate rocks.

3.2. Rivers Draining Carbonate Rocks

[15] When small rivers draining limestone are compared
to limestone rock, there is equally a hint that the rivers have
&% Ca values that are offset from limestone rocks, a con-
clusion reached by Tipper et al. [2006a] and Tipper et al.
[2008a] based on data from small Himalayan rivers drain-
ing Tethyan limestones. In these rivers, Tipper et al. [2006a]
proposed that the isotopically heavy values of the rivers
could be reconciled by ubiquitous secondary carbonate
precipitation (with lower Ca isotope ratios than the waters),
a phenomenon known to occur in Himalayan rivers [Galy
et al., 1999; Jacobson et al., 2002; Bickle et al., 2005]. The
Ca isotope data on rivers draining limestones from the present
study, show a slightly more complex behavior. The small
rivers draining the Jura mountains from Eastern France
show variable &% Ca (range is 0.3%o). The stream, Chor-
anche, sampled as it exited a karstic network of the Vercors
in the South of France, was observed to be precipitating
secondary calcite very close to the sampling site, and indeed
has an elevated 6*> Ca of 0.6%o. In contrast, the Huveane
River in Provence, was also sampled close to abundant trav-
ertine precipitation, but has a low ¢ Ca value of 0.32%o.
One difficulty with interpreting these variable spot samples

results is that the bedrock &% Ca values are not known
for the specific localities, which are potentially variable.
Although there is no simple relationship between 5% Ca
values and the calcite saturation index, for any of the rivers
44
(Figure 2c), there is a greater spread in the riverine 62 Ca
values for rivers with a calcite saturation index >0, indica-
tive of carbonate precipitation being of importance for the
Varlablhty of 6% Ca. More systematlc work on Ca isotopes
on rivers draining limestone is required. No new data of
rivers draining dolostone are presented, but Tipper et al.
[2008a] showed that the Ca isotope compositions of these
rivers was consistent with the Ca isotope data of the rock
(Figure 1).

3.3. Large Rivers

[16] Given that there are limited systematic trends for Ca
isotope ratios in rivers draining mono-lithological catchments,
it is not surprising that there is no relationship between
&% Ca values and proxies of lithological sources such as
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Figure 2. The lack of relationship between Ca isotope
ratios in rivers with lithological proxies such as Si/Ca (sili-
cate to carbonate), SO /Ca (evaporite), or potential tracers
of carbonate precipitation such as the calcite saturation
index. Open symbols are literature data.

TIPPER ET AL.: RIVERINE Ca ISOTOPES

GB3019

Si/Ca (approximate tracer of the proportion of carbonate
to sﬂlcate contributions to the dissolved load; see Figure 2b)
or SO3 /Ca (evaporite tracer; see Figure 2a) or potential
indices of calcite precipitation such as the calcite saturation
index (Figure 2). The only notable Ca isotope composition
is the Huanghe, which has a higher Ca isotope composition
than most rivers. Evaporite weathering is responsible for
45% of the total dissolved solids in the Huanghe [Gaillardet
et al., 1999], a significantly higher proportion than in most
rivers, and perhaps the evaporites of the Huanghe basin have
high 5% Ca values. Generally, variations in &% Ca values in
large rivers are strongly attenuated, because they integrate
over continental spatial scales, homogenizing many small,
more variable reservoirs of Ca, as indicated by the narrower
range of Ca isotope ratios in large rivers (0.4%o), as com-
pared to all rivers (0.7%o; see Figure 1).

[17] The major advantage of integrating over continental
scales is that the predominant control on riverine Ca isotope
ratios can be identified. The striking similarity between the
Ca isotope ratios of limestones and the largest rivers on
Earth may be strongly suggestive of the overall continental
signature of 5% Ca values being dominated by the recychng
of limestones. Given that two-thirds of global riverine Ca
is thought to be derived from the weathering of carbonates
[Berner and Berner, 1996; Gaillardet et al., 1999; Meybeck
1987], the small variability in riverine 5‘5 Ca values is
likely to be dominated by variability in the 5% Ca of lime-
stones (and to a lesser extent dolostones) exposed on the
continents. This raises the possibility that if limestones have
secular variations in 62 Ca values over geologlcal fime
[Farkas et al., 2007], the major Vanablhty in riverine 6% Ca
values is due to past variation in limestone and seawater
&% Ca. Additional variations could be induced by the inherent
variability in evaporite rocks (Figure 1) or process related
fractionation [Page et al., 2008; Schmitt et al., 2003a; Tipper
et al., 2006a, 2008a; Wiegand et al., 2005] such as uptake
by plants or secondary carbonate precipitation as discussed
above. However, the data suggest that the Ca isotope com-
position of rivers at a continental scale is dominated by the
composition of limestones, and that at a global scale, pro-
cesses fractionating Ca isotope ratios exert a second order
control. "

[18] Despite the very small range in riverine 6+ Ca values,
several rivers show the same systematic trend between
high and low water stand for both Ca concentrations Mg/Ca
ratios and &% Ca values (Figure 3). At high water stand,
the Chiang-Jiang, Huanghe and Ganges Rivers show lower
Ca concentrations (between a factor of 0.3 and 0.8 lower).
&% Ca values are also lower in the wet season in each of
these rivers, implying that the Ca has a different source
between the wet and dry season, and is not merely diluted
by hlgh runoff. The Irrawaddy shows limited seasonal var-
iation in 6% Ca (Figure 3a). The time-series from the Salween
falls within the same trend as these rivers, but all the sam-
ples analyzed were from the high water stand. When sea-
sonal changes in 5% Ca are compared to Mg/Ca ratios
(which normalizes out any dilution effects due to higher
runoff in the wet season), a striking relation is observed for
several rivers (Figure 3b). Both Mg/Ca ratios and 5% Ca
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Figure 3. (a) Small systematic seasonal variations between &% Ca and Ca concentrations for several
large rivers. For each river, the black points are the wet season samples, and the white points are the
dry season samples. The Ganges data are from Schmitt et al. [2003a] and Tipper et al. [2008a].
(b) Mg/Ca ratios and §* Ca values vary systematically in several rivers between the wet and dry season.
The variations are consistent with carbonate precipitation.

values are higher in the dry season. Such trends would be
consistent with secondary calcite precipitation in soils or
calcretes as has been observed in Himalayan rivers [Jacobson
et al., 2002; Tipper et al., 2006b, 2008a], where up to 70% of
Ca removal fractionates both Mg/Ca ratios and Ca isotope
ratios. Alternatively, at low water stand, much of the base flow
is likely derived from groundwater sources, potentially with a
different Ca isotope composition to shallow soil runoff, at high
water stand. Such an explanation is consistent with Tipper et al.
[2006a, 2008a] although more recently, Jacobson and
Holmden [2008] have observed that groundwaters with a
very long residence time have a Ca isotope composition similar
to rock.

[19] These seasonal variations in A*Ca’ are at the extreme
limit of what is currently observable, and any interpretation
is preliminary, but finding the same systematic seasonal
trend in several rivers is a strong indication that some rivers
show a seasonal response for Ca isotope ratios, as previ-
ously suggested by Tipper et al. [2006a], which with further
work, will help to better constrain the sources and processes
cycling Ca during weathering. It is particularly striking that
these seasonal changes are observed in the rivers that are
most concentrated for Ca, and hence of most significance
for the supply of Ca to the oceans. The seasonal response in
the processes causing fractionation could have implications
for how 62 Ca may respond to changing climate over
longer time-scales such as glacial-interglacial periods where
the hydrological cycle is significantly re-organized. Conti-
nental storage of Ca (and carbon) is thought to be 35-40%
higher in interglacial periods [Adams and Post, 1999] and
could influence the Ca isotope composition of rivers. How-
ever, although very small seasonal variations are observed
in some rivers, the overall homogeneity of the data makes
the average ¢ Ca of the Ca flux to the oceans from weath-

ering well constrained, and is of particular use in bringing new
constraints to the oceanic budget of Ca.

4. Significance for the Oceanic Budget of Ca

[20] Rivers provide the principal source of Ca to the mod-
ern oceans and the magnitude of the flux supplied by rivers
is known with much greater certainty than the output flux
of Ca via carbonate [Milliman, 1993]. Therefore a precise
determination of their average Ca isotope composition pro-
vides a critical constraint to the oceanic balance of Ca, which
has a pivotal role in the regulation of the global carbon
cycle. A number of studies have already attempted to use
Ca isotope ratios to reconstruct the oceanic Ca concentration
in the past with somewhat conflicting conclusions [De La
Rocha and DePaolo, 2000; DePaolo, 2004; Fantle and
DePaolo, 2007; Farkas et al., 2007; Sime et al., 2007; Griffith
et al., 2008]. There are four main variables in such reconstruc-
tions, (1) the Ca isotope composition of the inputs to the
oceans, (2) the balance of these fluxes to and from the oceans,
(3) the fractionation factor between seawater and the mate-
rial recording the Ca isotopic composition of seawater (bulk
carbonate, forams, phosphates or sulphates for example),
and (4) the proportion of Ca in the various Ca sinks (such as
the proportion of calcite to aragonite which have differing
Ca isotope compositions). Below, the average Ca isotope
composition of the riverine input to the oceans is deter-
mined, one of the critical variables in modeling of Ca iso-
topes in the ocean system.

4.1. The 6% Ca of the Modern Riverine Flux
to the Oceans

[21] The rivers analyzed in this study constitute approxi-
mately one third of the total Ca supplied to the oceans from
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Figure 4. Probability density function (smoothed with a
bandwidth of 0.05%o) of carbonate ooze (dashed line, repre-
sentative of the bulk output of Ca from the oceans; data
from De La Rocha and DePaolo [2000], Fantle and
DePaolo [2005, 2007], and Sime et al. [2007]) and the
largest rivers in the world (solid line).

the continents (or about 50% of the riverine flux), and it is
therefore possible to calculate a robust estimate of the Ca
isotope composition of global runoff. A flux-weighted mean
is the most appropriate measure of the average of the Ca
isotope composition of continental runoff, taking into account
both the concentration of Ca and the discharge of each
river:

ZF,‘C,‘(S%CCI,'
§4Cayy =" (1)

Z FiC;
i=1

where F; is the discharge in an individual river and C; is the
concentration of Ca in an individual river.

[22] The flux-weighted mean has a 6+ Ca value of 0.38%o.
This compares favorably to the discharge-weighted mean
estimated by Schmitt et al. [2003a] of 0.39%o, based on only
eight measurements, in spite of the fact that a flux- weighted
mean is more appropriate. A flux-weighted mean usmg the
same eight rivers as Schmitt et al. [2003a] yields a 5% Ca of
0.47%o, considerably different from discharge-weighted
estimate by Schmitt et al. [2003a] and from the present
estimate based on 22 large rivers (17 from the present study,
with additional data from the Ganges, Lena, Rhine, Kolima
and Yana taken from Tipper et al. [2008a], Zhu and
Macdougall [1998] and Schmitt et al. [2003a]).

[23] The uncertainty on §%Cay(o. .

) was estimated as

0.04%o similar to the standard deviation of the large river
data (0.07%o), assuming that the distribution of unsampled
rivers is similar to the sampled rivers (see Text S1 for details).
This does not take into account uncertainty in discharge and
concentration but given that the estimate is based on 22 large
rivers, the associated uncertainty is probably smaller than
analytical uncertainty.
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[24] In the modern system, the &% Ca of the total flux of
Ca to the oceans is largely buffered by the riverine flux
of Ca, because the riverine flux is between five and fifteen
times greater than the hydrothermal flux of Ca [e.g., Holland,
2005; Von Damm, 1990; Wilkinson and Algeo, 1989]. Ca iso-
tope measurements on hydrothermal fluids from both the
East Pacific Rise and the Mid-Atlantic Ridge [Schmitt et al.,
2003a; Amini et al., 2008] have 5% Ca values averaging
0.43 + 0.04%o, very 51m11ar to mid-ocean ridge basalts (mean
&% Ca of 0.49 + 0.17%o [Zhu and Macdougall, 1998; Skulan
et al., 1997, DePaolo, 2004]). The high temperature and

riverine Ca fluxes therefore have the same 6% Ca values
to within 0.05%o, not resolvable with current analytical un-
certainties. The isotopic composition of the total Ca flux to the
oceans will therefore be invariant from the proportion of Ca
that is supplied to the oceans via rivers and hydrothermal
fluids. In the case that the riverine flux is only five times in
excess of the hydrothermal flux [e.g., Wilkinson and Algeo,
1989], the 5% Ca of the total Ca flux to the oceans would be
0.39%o and in the case the riverine flux of Ca is in excess of the
hydrothermal flux by a factor of 15 [e.g., Holland, 2005], the
5% Ca of the total flux to the oceans would be 0. ).38%o, both
values being indistinguishable from the riverine 5% Ca (at the
current level of analytical uncertainty).

4.2. Modern and Recent Output of Ca From the Oceans

[25] The output of Ca from the oceans is best represented
by bulk carbonate. Specific organisms, such as foraminifera,
brachiopods or belemnites have carbonate tests with variable
fractionation factors from seawater [Heuser et al., 2005;
Sime et al., 2007; Farkas et al., 2006, 2007; Steuber and
Buhl, 2006] and as such are not representatlve of the bulk
Ca sink. Here the 6% Ca of the modern riverine input of Ca
is compared to the recent (<5 M.yr) Ca isotope data on bulk
carbonate ooze and limestone of Fantle and DePaolo [2007],
Sime et al. [2007], Fantle and DePaolo [2005] and De La
Rocha and DePaolo [2000]. The data sources are described
in more detail in Text S1.

[26] The riverine and bulk carbonate ooze (<5 M.yr) Ca
isotope data have been represented as a probability density
function (Figure 4), to allow the distributions of data to be
compared. The probability density functions of carbonate
ooze from the last 5 M.yr and modern large rivers are
remarkably similar, with the peaks of both distributions
having almost identical 62 Ca values. The mean of the
carbonate data (0.33 + 0.13, 2S.D.) is within uncertainty of
6%Cariv. This is a remarkable result, given that the data have
been generated by two different analytical techniques, in
two separate laboratories. This implies that the Ca isotopic
composition of the inputs and outputs of Ca from the oceans
are the same, and that the maximum difference between the
62 Ca values of the inputs and outputs is the associated
uncertainty.

[27] Below, we apply the same model used by De La
Rocha and DePaolo [2000], DePaolo [2004], Fantle and
DePaolo [2005] and Sime et al. [2007] to demonstrate that
for a maximum difference between the 6% Ca values of
the sources and sinks of Ca of an analytical uncertainty of
+0.04%o, the input and out output fluxes can only differ by
up to 15%.
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4.3. Constraining the Maximum Modern Oceanic
Imbalance of Ca

[28] The oceanic budget of Ca is controlled by the inputs
and outputs of Ca to and from the oceans, in addition to the
buffering capacity of the oceans (dependent on the size of
the oceanic reservoir of Ca). In a true steady state ocean, the
inputs and outputs have identical magnitudes and isotopic
compositions. In this case, the oceanic mass of Ca, and its
isotopic composition are constant in time. A pseudo steady-
state ocean is equally plausible, where the isotopic compo-
sition of seawater remains constant, but is maintained by a
difference in both the magnitudes and isotopic compositions
between the inputs and outputs, and hence by changing the
mass of Ca in the oceanic reservoir. In the modern oceans,
the oceanic Ca concentration is 10.2 mmol/L [Holland,
1984], with a % Ca value of 0.93%o [Hlppler et al., 2003;
Tipper et al., 2008b]. Changes in the size and 1sot0p1c com-
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position of the oceanic reservoir of Ca can be expressed
mathematically as:

dN:¢, . B
S =D (=) (2)

where z refers to the isotope of Ca in question, N refers to the

number of moles of any given isotope in the oceans at time t,

and °J; and °J, are the 1nput and output fluxes of “Ca. By
42

combining two equations for **Ca and **Ca it can be shown

that:
d(NC,,(s%Ca) . .
— 2 — Ji62Ca; — J,6%Ca,
dt
= ']lé%cal - Jo (ﬁcasw + Ased) (3)

where J, and J; and the total input and output ﬂuxes of Ca
from the oceans, N, is the total mass of oceanic Ca, 5o Ca; is
the 1s0t0p1c composition of the input of Ca to the oceans,

642Casw is the isotopic composition of seawater, and A,
is the bulk fractionation between carbonate and seawater.

The boundary conditions are the modern N¢, and seawater
5% Ca values, and bulk fractionation factor of 0.63%o (deter-
mined as the difference in 62 Ca between modern carbo-
nates and seawater) [DePaolo, 2004; Sime et al., 2007].
Equation (3) was solved numerically at stepwise time in-
tervals, in response to a perturbation in either the magnitude
of the input/output fluxes or the isotopic composition of the
input, and the system allowed to return to a pseudo-steady-
state solution (time invariant §2Cay,, but time- dependent
N¢o). This is reached typically after one Myr., but depends
on the residence time of Ca in the oceans which is variable
in the solutions, because of the varying concentration of
Ca in the oceans. More details of the solutions are provided
in Text S1. The sensitivity of the system has been expressed
as the difference between the isotopic composition between
the inputs and outputs (642 Ca; — 5% Ca,; see Figure 5, y axis),

a measure of the deviation of the oceanic Ca budget from
steady state.

[20] First, the sensitivity is illustrated for a system where
the input and output fluxes are not in balance (expressed as
Ji/Jous) (Figure 5a). In the case where J,;, <., the supply
of Ca is limited and continued precipitation of marine car-
bonate leads to a decrease of Ca in the oceans, and a Rayleigh
style fractionation of Ca isotope ratios in the ocean car-
bonate system. This causes a large increase in the isotopic
compositions of both seawater and carbonate (provided that
the bulk fractionation factor does not change during such a
perturbation). In the case where J,;, > J,,;, the Ca concen-
tration of the oceans increases, and slowly the Ca with an
isotopic composition of modern seawater, is mixed with Ca
havmg an isotopic composition of the input (rivers), low-
ering the 5% Ca value of seawater. The isotopic response
of Ca to changes in the input flux is strongly non-linear,
implying that relatively small imbalances between the input
and output fluxes can induce quite large changes in the
isotope ratios. The dashed line in Figure 5a illustrates that
up to 10% imbalance in the oceanic Ca fluxes is possible if
the input Ca flux has an isotopic compgsition lower than
the output by the uncertainty on the 5% Ca of the flux-
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weighted mean (+0.04%o). If the input flux has an isotopic
composition greater than that of the output by the uncer-
tainty, the imbalance in Ca fluxes is 15% (dotted line). In the
case where the output of Ca from the oceans exceeded the
input of Ca from the oceans by a factor of two, a possibility
suggested by Milliman [1993] based on a detailed compi-
lation of data of the carbonate sink (labeled M in Figure 5a),
a difference of ca. 0.5%o would be predicted between the
5% Ca of the inputs and outputs of Ca. The Ca isotope data
do therefore rule out such a hypothesis (on timescales
similar to the residence time of Ca in the modern system, ca.
1 M.yr), and imply that either a missing water source of Ca
to the oceans has been neglected (groundwater) or that the
carbonate sink of Ca from the oceans has been overestimated
[Milliman, 1993]. We note that this predicted difference of
0.5%o is greater than the entire spread of the Ca isotope data
for large rivers at high water stand. is A significant imbal-
ance between the input and output fluxes cannot be ruled out
altogether however. If the weathering system has been
perturbed on a time-scale much shorter than the residence
time of Ca (such as variations on a glacial-interglacial time-
scale), Ca in the ocean-carbonate system will not yet have
responded, because of the buffering potential of the oceans
with respect to Ca.

[30] Although the response of the Ca isotope composition
of the ocean-carbonate system is strongly non-linear for an
imbalance in the magnitudes of the input and output fluxes,
the response is linear to a perturbation in the isotopic
composition of the input (Figure 5b) (such as secular vari-
ation in §2Ca for example) or variation in the bulk frac-
tionation factor (such as a shift from calcite to aragonite
seas). The implication is that a small shift in the riverine
input will be matched by a shift of the same magnitude in
the ocean carbonate system. In contrast, if the imbalances in
the fluxes are to cause variation in the isotopic composition
of the ocean-carbonate system, an imbalance of ca. 10% is
required to cause 0.1%o change in the Ca isotope composi-
tion of the oceans.

[31] The above sensitivity test of Ca in the oceans is one
of the simplest possible, because there is no feedback
between the concentration of Ca, and the output flux of Ca
from the oceans, of the form:

2J,(1) o *N(1) (4)

[32] A feedback of this form is expected to occur in nature
(though is unlikely linear because the flux of carbonate from
the oceans also depends on the carbonate ion, which is more
likely to limit the output, rather than the concentration of Ca,
at least on geologically short time-scales). This feedback is
essentially equivalent to a changing carbonate compensation
depth, and depends on rivers supplying both Ca and HCO3
to the oceans. The inclusion of such a feedback would serve
to dampen the trends that are presented here, returning the
oceanic balance of Ca to a steady state, meaning that the
calculations presented here have extreme magnitudes.

[33] The simple suggestion above, that the Ca in the
modern ocean-carbonate system must be relatively closely
balanced is in stark contrast to some other workers who have
suggested a more dynamic system [Fantle and DePaolo,
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2005; Griffith et al., 2008] based on Ca isotope reconstruc-
tions, but in agreement with other workers who have proposed
a relatively stable system [Schmitt et al., 2003a; Holland,
2005]. The critical assumption above is that the bulk carbon-
ate ooze really is representative of the bulk output. Milliman
[1993] argues that the main carbonate sink from the modern
oceans is not via deep carbonate oozes, but rather is via shallow
water carbonates in reefs, banks and tropical shelves, as ara-
gonite and high magnesium-calcite. If correct, the 6* Ca of
the main Ca sink from the oceans could differ by up to 0.2%o
from that of the bulk carbonate ooze [Bohm et al., 2006;
Gussone et al., 2005] compromising the simple interpretation
above. However, the coincidence in 62 Ca between the riv-
erine data set presented here, and the carbonate data set of
De La Rocha and DePaolo [2000] Fantle and DePaolo
[2005, 2007] and Sime et al. [2007] is remarkable, and lends
itself to the simple conclusion that the 5% Ca of the main
inputs and outputs from the oceans are very similar. In this
case the isotope data constrain that any differences between
the input and output fluxes of Ca from the oceans is likely to
be less than 10-15% in the modern system. Although such an
imbalance might seem small, this would easily be enough to
account for the proposed three-fold variations in oceanic Ca
concentrations over the Tertiary [Horita et al., 2002]. It would
appear to be a very fortuitous coincidence that the principal
input and outputs of Ca had very similar isotopic composi-
tions if the system was far form steady state, and although the
interpretation is non-unique, the data seem to strongly suggest
that the oceanic balance of Ca, must be close (if not neces-
sarily at) steady state. The isotopic composition of the riverine
flux of Ca therefore brings a significant mass balance con-
straint to the oceanic budget of Ca.

5. Conclusions

[34] Ca isotope ratios were measured in a global compi-
lation of 52 water samples, including 17 of the largest rivers
in the world. These rivers account for more than one third of
the total input of Ca into the oceans in the present day. They
drain a range of tectonic, climatic and geological environ-
ments. To assess variability between samples, more than one
sample was analyzed from each basin, in many cases, includ-
ing samples from different water stages. The Ca isotope data
show no systematic relationship with hthology ,(consistent
with previous data sets). However, the range in 5% Ca values
from the large rivers coincides well with the range in 6% Ca
values of limestones, consistent with much of riverine Ca
being derived from limestone weathering. Additional vari-
ability could be induced by the large range in evaporite Ca
isotope compositions and by fractionation during weathering.
The range in the 6# Ca of the large rivers is very small
(0.27%o). This small variation enables the flux-weighted mean
of the 62 Ca of continental runoff to be reliably estimated at
0.38 = 0.04%o.

[35] Riverine Ca provides the main input of Ca to the
oceans and the data enable the marine budget of Ca to be
refined. The average riverine 6# Ca is within uncertainty
of the main output of Ca from the oceans (bulk carbonate
ooze younger than 5Myr, with mean 5% Ca of 0.33 + 0. 13,
2S.D.). The similarity in the &% Ca values of the inputs and
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outputs from the oceans data strongly suggests that the
oceanic budget of Ca must be close to steady state, and that
the input and output fluxes are unlikely to differ by more
than 15%. The ocean-carbonate system could however have
been perturbed by a transient event with a time-scale much
shorter than the residence time of Ca (ca. 1 M.yr), in which
case the ocean-carbonate system will not yet have responded.
An imbalance in the oceanic budget of Ca of 10-15% in the
modern system would easily be sufficient to account for large
changes in the Ca concentration of seawater over geological
time-scales. Although the interpretation is not unique, the data
do constrain one of the main variables in the modern oceanic
budget of Ca.
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