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Abstract 

 
The observation by Bertram and Cowen [J. Mar. Res. 55 (1997) 577^593] that the strontium content of marine 

barite decreased from the water column to the deep-sea floor suggested that the Sr/Ba ratio in barite was sensitive to 

barite dissolution. Following this observation, we have investigated the potential of using the Sr/Ba ratio in barite as a 

proxy of barite preservation by separating barite crystals from sediment cores collected at different water depths in the 

equatorial Pacific and in the Southern Ocean. Our investigations do not reveal significant downcore variations in the 

Sr/Ba ratios during the Holocene period in the two basins and up to a few hundred thousand years in the equatorial 

Pacific. However, a comparison of the mean Sr/Ba ratios in individual cores suggests that the Sr/Ba ratios in barite 

decrease with increasing water depth, a feature that could be related to dissolution of barite crystals during settling to 

the deep-sea floor and/or at the sediment^water interface. If confirmed, the Sr/Ba ratios in barite could be used to 

infer the intensity of barite dissolution and the state of preservation of barite crystals in sediments. Such information 

could be employed usefully in paleoproductivity reconstructions for the purpose of distinguishing between 

productivity and dissolution signals affecting barite distributions in marine sediments. 
9 2003 Elsevier B.V. All rights reserved. 
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1. Introduction 
 

Over the last decades, many studies have fo- 
cused on the search for reliable geochemical trac- 
ers to reconstruct past oceanic conditions and 
productivity changes that could bring insight 
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into the role played by the oceans in the glacial/ 
interglacial variations of atmospheric CO2 con- 

centrations as recorded in ice cores (Barnola et 
al., 1987; Neftel et al., 1988). From this point of 
view, marine barite (BaSO4) appears to be a 
promising tracer that covers a wide range of ap- 

plications. Barite crystals constitute a universal 
component of suspended matter that carries 
most of the particulate barium in the water col- 
umn (Dehairs et al., 1980; Bishop, 1988). Higher 
barite fluxes characterize intermediate waters and 

deep-sea sediments underlying areas of high pro- 
ductivity (Schmitz, 1987; Dehairs et al., 1992; 
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Gingele and Dahmke, 1994; Paytan et al., 1996a). 
From this observation, relationships between bar- 
ite fluxes derived from sediment trap data, export 
of organic matter and the associated productivity 
in surface oceans have been proposed (Dymond et 
al.,  1992 ;   FrancLois  et  al.,  1995),  thus  allowing 
barite accumulated in sediments to be used as a 
proxy for paleoproductivity reconstructions 
(Schmitz, 1987; Gingele and Dahmke, 1994; Pay- 
tan et al., 1996a;  Nu« rnberg et al., 1997). In addi- 
tion, because of its formation in the water col- 
umn, barite provides the opportunity to record 
seawater elemental composition, like Sr (Paytan 
et al., 1993; Martin et al., 1995; Bertram and 
Cowen, 1997), rare earths (Guichard et al., 
1979; Martin et al., 1995) and S (Paytan et al., 
1998). Being chemical analogues of barium, radi- 

um isotopes (in particular, 226Ra, T1=2 = 1602 a 

and 228Ra, T1=2 = 5.75 a) are also incorporated 

in barite crystals. 226Ra/Ba (Moore and Dymond, 
1991) and 228Ra/226Ra (Legeleux and Reyss, 1996) 
ratios measured in particulate matter collected 
with sediment traps have therefore been used to 
trace both the formation and settling of barite in 
the water column. Finally, the decay of 226Ra ac- 
tivities in barite that accumulates in deep-sea sedi- 
ments provides a means to date Holocene sedi- 
ments (Paytan et al., 1996b; van Beek and 
Reyss, 2001; van Beek et al., 2002). 

Paradoxically, although sedimentary barite has 

been widely used for paleoceanographic investiga- 
tions, many unknowns remain. The mechanism of 
barite formation is still poorly known. Because 
the water column is mostly undersaturated with 
respect to barite (Church and Wolgemuth, 1972), 

barite crystals are assumed to form within micro- 
environments of settling flocs in the upper water 
column (Dehairs et al., 1980; Moore and Dy- 
mond, 1991; Legeleux and Reyss, 1996). It has 
been proposed that barite supersaturation within 

microenvironments was achieved by Ba and S re- 
lease from decomposing organic matter exported 
from the euphotic layer (Chow and Goldberg, 
1960; Dehairs et al., 1980, 1990; Bishop, 1988, 

1991; Stroobants et al., 1991). The dissolution 
of acantharian-derived celestite may also consti- 
tute a signi¢cant source of Ba and S for barite 
formation (Bernstein et al., 1992, 1998). In addi- 

tion, the fate of barite crystals (preservation ver- 
sus dissolution), either within the water column or 
during early diagenesis is poorly characterized 
leading to uncertainties in interpreting sedimenta- 
ry barite records. 

The oceanic distribution of dissolved Ba indi- 

cates biological uptake in the upper water column 
and regeneration at depth (Wolgemuth and 
Broecker, 1970). Because sediment porewaters 
are generally at saturation with respect to barite 
under oxic and suboxic conditions, barite seems 

to be well preserved relative to most of the other 
biogenic phases. Estimates indicate that ca. 30% 
of the barite fluxes to the ocean floor is buried in 
the sediment (Dymond et al., 1992; Paytan and 
Kastner, 1996). Studies carried out using benthic 

chambers nevertheless point to a geographic het- 
erogeneity in barite burial e⁄ciencies (McManus 
et al., 1999). Dymond et al. (1992) suggested that 
barite burial e⁄ciency was likely to vary in rela- 

tionship with the mass accumulation rate: in sedi- 
ments displaying a high accumulation rate barite 
would have a shorter period of time to e⁄ciently 
communicate with undersaturated bottom waters, 
thus enhancing barite preservation. Following this 

argument, a higher barite preservation is expected 
in continental margin environments, a trend that 
is not always found as shown by Kumar et al. 
(1996). Moreover, it has been recently proposed 
through thermodynamic calculations that equilib- 

rium between barite and seawater may be reached 
in several places of the world’s oceans (Monnin et 
al., 1999; Rushdi et al., 2000). These ¢ndings have 
led these authors to de¢ne barite saturation hori- 
zons in the di¡erent regions investigated. The re- 

sulting implication is that barite preservation in 
marine sediments may thus depend on both the 
geographic location and the depth of the sedi- 
ments in the water column. A better understand- 
ing of the geochemical behavior of barite, espe- 

cially during early diagenesis, is therefore required 
before barite can be used with con¢dence in pale- 
oceanographic studies. 

Strontium, chemical analogue of barium, is in- 
corporated in barite during its formation in the 
water column. Strontium concentration in barite 
reaches a few percent (Dehairs et al., 1980; Bish- 
op, 1988). Bertram and Cowen (1997) reported a 
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lower Sr content in barite crystals from super¢cial 
sediments relative to those from the water col- 

umn, which they attributed to barite dissolution 
in undersaturated waters. Here we report Sr/Ba 
ratios of barite separated from several cores col- 
lected between 2000 and 5000 m in the equatorial 
Paci¢c and in the Southern Ocean to assess the 

heterogeneity of the Sr/Ba ratio in these two re- 
gions and with changing water depth. Ratios are 
reported for the Holocene period for all cores and 
up to about 600 000 years for two locations in the 
equatorial Paci¢c. These investigations are de- 

signed to provide information on the geochemical 
behavior (preservation versus dissolution) of bar- 
ite crystals during early diagenesis and to test the 
potential of the Sr/Ba ratio in barite of being an 
indicator of the preservation state of barite crys- 

tals. 

 
 

2. Materials and methods 
 

2.1. Ba and Sr contents in barite 

 
Barite crystals were chemically separated from 

equatorial Paci¢c cores (Fig. 1 and Table 1) using 
the protocol proposed by Paytan et al. (1993), 
slightly modi¢ed (van Beek and Reyss, 2001). 
This protocol consists of sequential leaching steps 
that remove the di¡erent Ba-rich phases ^ other 
than barite ^ of the sediment (i.e. calcium carbon- 
ate, oxides and hydroxides, organic matter, opal 
and alumino-silicates). For cores from the South- 
ern Ocean (Fig. 1 and Table 1), a heavy liquid 
separation was applied, employing ‘LST Fast- 
float’ (i.e. a solution of sodium heteropolytung- 

states in water at 2.8 g cm33) as performed by 
van Beek et al. (2002). Sodium polytungstate 
(SPT) with a similar density was applied to sev- 
eral samples from multicore PS1768-1. The dense 
fractions recovered with the latter technique con- 
tain barite crystals that have been separated from 
biogenic silica because of the di¡erence in density 

between barite crystals and opal (4.5 g cm33 and 

2.2 g cm33, respectively). 
Quanti¢cation of Ba and Sr contents in the 

separated samples was performed by instrumental 

neutron activation analysis (INAA). Standards 

 
and approximately 20 barite samples at a time 
were introduced into the Osiris reactor of Saclay 
(Laboratoire  Pierre  Su« e)  for  an  irradiation  of  6 

min at a flux of 0.9U1014 neutrons cm32 s31. 
Standards and samples were then measured for 
their gamma activity using the germanium detec- 
tors placed at the Laboratoire des Sciences du 

Climat et de l’Environnement, Gif-sur-Yvette, 

France. 131Ba (T1=2 = 12 days) and 85Sr (T1=2 = 64 

days) activities were measured at 496.3 and 514.0 
keV, respectively, three weeks after irradiation to 
allow the decay of short half-life radioisotopes 
within the samples. Errors associated with the 
method include (1) error in the weight of the sam- 

ples, (2) error related to the gamma counting 
(counting statistics; counting geometries that 

may be slightly di¡erent in between the samples; 
position of the sample on  the detector during 

counting that may also slightly vary from one 
sample to another), and (3) error that results 

from the comparison in between di¡erent batches 
of samples (as INAA is on 20 samples at a time). 

A BaCO3 standard was employed to quantify 
the Ba content in the samples. In order to use a 
single standard for determining both Ba and Sr 
contents in the samples, the Sr content in the 
BaCO3 standard was quanti¢ed using SGR1 stan- 
dard (Green River shale). BaCO3 and SGR1 stan- 
dards were put together in 10 di¡erent batches of 
samples (reproducibility experiment). A Sr con- 

centration of 20 530 ± 1910 ppm (10 independent 
measurements) was thus obtained for the BaCO3 

standard. The Sr/Ba mole ratio in the BaCO3 
standard can therefore be estimated at 0.0462 ± 

0.0047 (considering a 4% error associated with 
the estimate of the Ba concentration as deduced 
from reproducibility experiments). The use of a 
single standard with a known Sr/Ba ratio allows 
the error on the estimate of the Sr/Ba ratio in the 
barite samples to be minimized. The resulting pre- 
cision of the Sr/Ba ratio measurements in the bar- 

ite samples is estimated at 7%. 

 
2.2. Temporal framework 

 
14C ages in cores ERDC112, PLDS72 and 

PLDS79 were published by Berger and Killingley 
(1982) and Berger et al. (1983). In core KTB03, 
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Fig. 1. Location and recovery depth of cores investigated in this study. (a) Equatorial Paci¢c. (b) Southern Ocean. 

 

 
AMS 14C ages were obtained using planktic for- 

aminifers (Pulleniatina obliquiloculata) (van Beek 
et al., in press). Radiocarbon ages determined on 
the bulk carbonate fraction were available in core 

 
TT013-27 (DeMaster et al., 1996; van Beek et al., 
in press). Sedimentation rate estimates deduced 

from the 226Ra decay in barite (T1=2 = 1602 a) 
for cores KTB03, TT013-27, KTB02, ERDC112, 



 

 
 
 
 
 
 

 
Table 1 

Core locations. Sedimentation rates estimated in the cores either from the 226Raex decay in barite or from cal. 14C ages are also reported (see references) 

Core Location Core type Water depth  Sedimentation rate Ref. 

(m) (cm ka31) 

226 Raex in 

barite 

Cal. 14C 

 
 

PLDS72 1‡01PN, 109‡16PW East equatorial Paci¢c Box Core 3626 2.4 2.7 Berger and Killingley (1982), Berger 

et al. (1983), van Beek et al. 

(in press) 

PLDS79 1‡05PN, 122‡15PW East equatorial Paci¢c Box Core 4542 3.3 2.4 Berger and Killingley (1982), van 
Beek et al. (in press) 
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KTB03 0‡02PN, 150‡15PW Central equatorial Paci¢c Multicore 4436 2.3/2.6 1.7/3.3 van Beek and Reyss (2001), van Beek 

et al. (in press) 

KGL03 0‡01PN, 149‡56PW Central equatorial Paci¢c Gravity Core 4469 ^ ^ van Beek and Reyss (2001) 

KGL04 0‡00PS, 149‡51PW Central equatorial Paci¢c Gravity Core 4466 ^ ^ van Beek and Reyss (2001) 

TT013-27 2‡53PS, 139‡50PW Central equatorial Paci¢c Multicore 4550 2.0/2.6 1.8 DeMaster et al. (1996), van Beek et 
al. (in press) 

ERDC112 1‡38PS, 159‡14PE West equatorial Paci¢c Box Core 2169 3.2 2.6 Berger and Killingley (1982), van 
Beek et al. (in press) 

KTB02 0‡14PN, 166‡26PE West equatorial Paci¢c Multicore 4346 1.0 ^ van Beek and Reyss (2001), van Beek 
et al. (in press) 

KGL02 0‡03PN, 166‡45PE West equatorial Paci¢c Gravity Core 4376 ^ ^ van Beek and Reyss (2001) 

PS2102-2 53‡04PS, 4‡59PW Southern Ocean, Atlantic Sector Gravity Core 2390 31.5 ^ van Beek et al. (2002) 

PS1768-1 52‡35PS, 4‡28PE Southern Ocean, Atlantic Sector Multicore 3298 ^ ^ Frank (1996) 

PS1768-8 52‡36PS, 4‡29PE Southern Ocean, Atlantic Sector Gravity Core 3270 ^ 6.4 Frank (1996) 

ANT07 51‡58PS, 61‡07PE Southern Ocean, Indian Sector Multicore 4724 9.2  This study 
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ERDC83, PLDS72 and PLDS79 can be found in 
van Beek et al. (in press). For cores PS2102-2 and 
PS1768-8 collected in the Southern Ocean, AMS 
14C measurements performed on planktic fora- 
minifers were available (van Beek et al. (2002) 
and Frank (1996), respectively). An estimate of 
the sedimentation rate using the 226Ra decay in 
barite in core PS2102-2 can also be found in 
van Beek et al. (2002). A summary of the sedi- 
mentation rates estimated for the cores investi- 
gated in this study either by the 14C technique 
or by measuring the 226Ra decay in barite is re- 
ported in Table 1. 

As no temporal framework was available for 
core ANT07 from the Indian sector of the South- 
ern Ocean, a sedimentation rate was estimated 
using the 226Ra decay in barite, as performed in 
core PS2102-2 (van Beek et al., 2002). 226Ra ac- 
tivities were measured in the dense separated frac- 
tions using low-background, well-type germanium 
detectors located in the underground laboratory 
of Modane in the French Alps (Reyss et al., 
1995). The 226Ra activities were corrected for the 
226Ra in equilibrium with 238U, as measured by 
INAA (Table 2). The resulting excess 226Ra activ- 
ities (226Raex) were then normalized to the barite 

content to remove the variation in the barite con- 
tent from one sample to another due to dilution 
by the dense material (i.e. heavy minerals) that 
remained like barite in the separated fractions. 
Below the upper 10-cm mixed layer, the exponen- 
tial decay of the 226Ra activities in barite with 
sediment depth allows us to estimate a sedimenta- 
tion rate for this core (Fig. 2). This method indi- 
cates that core ANT07 provides a record for the 
last 3000 years. However, it must be stressed that 
the multicore section investigated is not long 
enough (1) to display a pronounced decay of 
226Ra activities in barite that would provide a 
more accurate sedimentation rate estimation and 

(2) to give any information on the 226Ra activities 
that may be produced by unsupported 230Th (see 
van Beek and Reyss, 2001). Because of the uncer- 
tainty on the correction for 226Ra supported by 
230Th, the sedimentation rate estimation given for 
core ANT07 should be considered as an upper 
estimate. 

For all cores, Sr/Ba investigations were con- 
ducted for the Holocene period, with some data 
reported for the end of the last deglaciation. 
KGL03 and KGL02 are gravity cores collected 
at the same location as KTB03 and KTB02, re- 

 

Table 2 

Results of the analysis performed in the dense fractions separated from core ANT07, Indian Sector of the Southern Ocean 

Depth 

(cm) 

226Ra 

(dpm g31) 

dense fraction 

BaSO4 

(%) ( ± 5%) 

dense fraction 

238U 

(dpm g31)  ( ± 20%) 

dense fraction 

226 Raex
 

(dpm g31) 

dense fraction 

226 Raex
 

(dpm g31) 

Barite 

0.5^1.5 557 ± 45 43.9 4.0 553 ± 45 1260 ± 121 

1.5^3.0 864 ± 34 71.7 6 1.3 864 ± 34 1205 ± 77 

4^5 838 ± 57 63.4 2.2 836 ± 57 1319 ± 112 
5^6 980 ± 41 61.2 3.1 977 ± 41 1596 ± 105 
7^8 967 ± 24 67.8 6 1.3 967 ± 24 1426 ± 80 

9^10 901 ± 49 67.5 2.6 898 ± 49 1330 ± 99 

10^11 854 ± 41 63.4 2.5 851 ± 41 1342 ± 94 

11^12 714 ± 56 49.8 6 1.3 714 ± 56 1434 ± 134 
12^13 820 ± 47 66.5 2.8 817 ± 47 1229 ± 94 
13^14 888 ± 56 72.8 1.7 886 ± 56 1217 ± 99 
14^15 656 ± 37 65.5 6 1.3 656 ± 36 1002 ± 75 

15^16 571 ± 35 63.6 4.5 566 ± 35 890 ± 71 
16^17 723 ± 16 63.4 1.3 722 ± 16 1139 ± 63 

18^19 669 ± 28 59.5 6 1.3 669 ± 28 1124 ± 74 

20^21 645 ± 15 66.1 1.9 643± 15 973± 54 

21^22 614 ± 31 68.0 6 1.3 614 ± 31 903 ± 65 
22^23 318 ± 29 48.6 3.2 315 ± 29 648 ± 68 

23^24 496 ± 19 66.1 6 1.3 496 ± 19 750 ± 48 

24^26.5 449 ± 17 68.5 2.4 447 ± 17 653± 41 
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Fig. 2. Sedimentation rate estimate for core ANT07 as given 

by the exponential decay of 226Ra activities in separated bar- 
ite samples with increasing sediment depth. The 226Ra activ- 

ities measured in the separated samples were corrected for 
238 U (providing excess 226Ra, noted 226Raex) and normalized 
to the barite content. 

 
spectively. These cores therefore allow us to carry 
out Sr/Ba investigations on barite crystals from 

the equatorial Paci¢c up to about 600 000 years 
as deduced from 230Thex sedimentation rates (van 
Beek and Reyss, 2001). 

 
 

3. Results and discussion 
 

3.1. Sr/Ba ratio in marine barite 

 
Sr/Ba ratios measured in the separated barite 

samples are reported in Table 3. Samples sepa- 
rated from the sediment may contain impurities 
– mainly heavy minerals, such as TiO2 minerals, 

monazite, zircon ^ that resist, like barite, the 
chemical treatment (Paytan et al., 1993; Martin 
et al., 1995; van Beek and Reyss, 2001). This is 
particularly true (1) for cores from the Southern 
Ocean because the heavy liquid technique em- 

ployed does not allow the separation of barite 
from the other dense phases of the sediment, 
and (2) for core ERDC112 with a higher content 
of detrital material, which makes barite separa- 

tion more complicated (Table 2 ; van Beek et al., 

in press). However, we expect the Ba and Sr con- 
tributions from these heavy minerals to be insig- 

ni¢cant given that both are major constituents in 
barite crystals. Sr/Ba ratios can therefore be 
strictly related to barite crystals. 

Sr/Ba ratios in barite separated from equatorial 

Paci¢c cores are displayed versus sediment depth 
in Fig. 3, while Fig. 4 puts together the Sr/Ba 
ratios obtained in the Southern Ocean cores. Sr/ 
Ba ratios do not exhibit pronounced variations 
with sediment depth. Some cores display a higher 

scatter in the Sr/Ba ratios (i.e. core PS1768-8) but 
no trend seems to emerge, suggesting rather an 
analytical or a statistical scatter. Some other cores 
may exhibit downcore variability (see cores 
ERDC112, PLDS72, KTB03, TT013-27, PS2102- 

2). However, given the error bars on the ratios, it 
is di⁄cult to de¢ne any clear trend. We therefore 
considered that no signi¢cant variation existed in 
the investigated cores. Mean Sr/Ba ratios were 
determined for each core and are reported in 

Figs. 3 and 4. The estimate of mean downcore 
Sr/Ba ratios allows us to partly remove the statis- 
tical and/or analytical fluctuations, thus providing 
a more accurate value for each core. Mean ratios 
range from 0.0350 to 0.0464 in barite samples 

from the equatorial Paci¢c and from 0.0364 to 
0.0466 in barite samples from the Southern 
Ocean. 

The study of the Sr/Ba ratios has been extended 

up to approximately 600 000 years in the central 
(KGL03/KGL04) and eastern (KGL02) equatori- 
al Paci¢c. Mean Sr/Ba ratios found in cores 
KGL03/KGL04 appear to be identical to those 
found in barite samples from core KGL02. These 

results are also consistent with the ratios found 
during the Holocene period in cores KTB03 
and KTB02 collected at the same location as 
cores KGL03/KGL04 and KGL02, respectively 
(Fig. 5). 

Dehairs et al. (1980) and Bertram and Cowen 
(1997) reported large variations in the Sr/Ba ratio 
of barite collected in the water column (i.e. in 
between 0 and 26 mol% SrSO4 ; Bertram and 
Cowen, 1997), in comparison with our estimates 

that range from 4 to 6 mol% SrSO4. The smaller 
range in this study may result from the method- 
ology, which integrates the ratios of several milli- 
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Table 3 

Sr/Ba mole ratios measured in barite samples 

Table 3  (Continued). 

 Depth Core Separation 

method used 
Sr/Ba 

(cm)   ( ± 7%) 

90 PS1768-8 LST 0.0383 

91 PS1768-8 LST 0.0515 

95 PS1768-8 LST 0.0456 

101 PS1768-8 LST 0.0554 

111 PS1768-8 LST 0.0544 

116 PS1768-8 LST 0.0440 

120 PS1768-8 LST 0.0448 

140 PS1768-8 LST 0.0364 

160 PS1768-8 LST 0.0461 

170 PS1768-8 LST 0.0470 

180 
Mean 

PS1768-8 
PS1768 

LST 0.0465 
0.0463± 0.0050 

0.5^1.5 ANT07 LST 0.0309 

1.5^3.0 ANT07 LST 0.0374 

4^5 ANT07 LST 0.0375 

5^6 ANT07 LST 0.0370 

7^8 ANT07 LST 0.0351 

9^10 ANT07 LST 0.0353 

10^11 ANT07 LST 0.0368 
11^12 ANT07 LST 0.0347 
12^13 ANT07 LST 0.0383  

13^14 ANT07 LST 0.0372 

14^15 ANT07 LST 0.0339 

15^16 ANT07 LST 0.0363 

16^17 ANT07 LST 0.0361 

18^19 ANT07 LST 0.0357 

20^21 ANT07 LST 0.0399 

21^22 ANT07 LST 0.0354 
22^23 ANT07 LST 0.0360 

 

Depth Core Separation 

method used 
Sr/Ba 

(cm)   ( ± 7%) 

3 PS2102-2 LST 0.0428 

10 PS2102-2 LST 0.0482 

20 PS2102-2 LST 0.0435 

30 PS2102-2 LST 0.0492 

36 PS2102-2 LST 0.0422 

40 PS2102-2 LST 0.0517 

50 PS2102-2 LST 0.0532 

52 PS2102-2 LST 0.0468 

60 PS2102-2 LST 0.0512 

70 PS2102-2 LST 0.0451 

80 PS2102-2 LST 0.0484 

90 PS2102-2 LST 0.0466 

92 PS2102-2 LST 0.0413 

100 PS2102-2 LST 0.0431 

110 PS2102-2 LST 0.0536 

119 PS2102-2 LST 0.0478 

129 PS2102-2 LST 0.0496 

139 PS2102-2 LST 0.0537 

149 PS2102-2 LST 0.0465 

159 PS2102-2 LST 0.0441 

169 PS2102-2 LST 0.0438 

179 PS2102-2 LST 0.0453 

189 PS2102-2 LST 0.0458 

199 PS2102-2 LST 0.0461 

205 PS2102-2 LST 0.0509 

212 PS2102-2 LST 0.0532 

225 PS2102-2 LST 0.0478 

245 PS2102-2 LST 0.0467 

255 PS2102-2 LST 0.0402 

265 PS2102-2 LST 0.0462 

275 PS2102-2 LST 0.0385 

285 PS2102-2 LST 0.0392 

295 
Mean 

PS2102-2 
PS2102-2 

LST 0.0464 
0.0466 ± 0.0042 

2^3 PS1768-1 LST 0.0524 

5^7 PS1768-1 LST 0.0474 

7^10 PS1768-1 LST 0.0431 

7^10 PS1768-1 SPT 0.0428 

10^13 PS1768-1 SPT 0.0384 

 

23^24 ANT07 LST 0.0353 

24^26.5 

Mean 

0^4 

ANT07 

ANT07 
ERDC112 

LST 

 
CT 

0.0419 

0.0364 ± 0.0023 
0.0463 

2^4 ERDC112 CT 0.0522 

6^8 ERDC112 CT 0.0528 

10^12 ERDC112 CT 0.0491 

12^14 ERDC112 CT 0.0429 

16^18 ERDC112 CT 0.0487 

18^20 ERDC112 CT 0.0499 

20^22 ERDC112 CT 0.0431 

24^26 ERDC112 CT 0.0410 

26^28 ERDC112 CT 0.0407 

28^30 ERDC112 CT 0.0470 

32^34 ERDC112 CT 0.0484 

34^36 ERDC112 CT 0.0468 

38^39 ERDC112 CT 0.0403 
Mean ERDC112  0.0464 ± 0.0042 
2^3 PLDS72 CT 0.0413  

 

16.5^20 PS1768-1 SPT 0.0449 

20^24 PS1768-1 SPT 0.0402 

24^28 PS1768-1 LST 0.0450 

24^28 PS1768-1 SPT 0.0379 

32 PS1768-8 LST 0.0487 

35 PS1768-8 LST 0.0479 

37 PS1768-8 LST 0.0502 

40 PS1768-8 LST 0.0458 

45 PS1768-8 LST 0.0468 

50 PS1768-8 LST 0.0543 

55 PS1768-8 LST 0.0453 

65 PS1768-8 LST 0.0472 

70 PS1768-8 LST 0.0523 
85 PS1768-8 LST 0.0485 

 

4^5 PLDS72 CT 0.0393 

7^8 PLDS72 CT 0.0409 

11^12 PLDS72 CT 0.0374 

18^19 PLDS72 CT 0.0445 

21^22 PLDS72 CT 0.0432 
24^25 PLDS72 CT 0.0363 
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Table 3  (Continued). 
 

Depth Core Separation 

method used 
Sr/Ba 

(cm)   ( ± 7%) 

28^29 PLDS72 CT 0.0369 

34^35 PLDS72 CT 0.0412 

38^39 

Mean 

0.5 

PLDS72 

PLDS72 
KTB03V 

CT 

 
CT 

0.0412 

0.0402 ± 0.0028 
0.0401 

1.5 KTB03V CT 0.0366 

3.5 KTB03V CT 0.0364 

4.5 KTB03V CT 0.0355 

6.5 KTB03V CT 0.0373 

7.5 KTB03V CT 0.0424 

9.5 KTB03V CT 0.0406 

10.5 KTB03V CT 0.0377 

12.5 KTB03V CT 0.0432 

14.5 KTB03V CT 0.0420 

16.5 KTB03V CT 0.0378 

18.5 KTB03V CT 0.0409 

19.5 KTB03V CT 0.0378 

20.5 KTB03V CT 0.0429 

22.5 KTB03V CT 0.0394 

24.5 KTB03V CT 0.0357 

26.5 KTB03V CT 0.0421 

30.5 KTB03V CT 0.0347 

31.5 KTB03V CT 0.0336 

32.5 
Mean 

KTB03V 
KTB03V 

CT 0.0359 
0.0386 ± 0.0030 

6 KGL03 CT 0.0375 

14 KGL03 CT 0.0392 

44 KGL03 CT 0.0367 

46.5 KGL03 CT 0.0352 

50.5 KGL03 CT 0.0356 

57 KGL03 CT 0.0314 

86 KGL03 CT 0.0361 

156 KGL03 CT 0.0435 

306 KGL03 CT 0.0360 

367 KGL03 CT 0.0400 

455 KGL04 CT 0.0380 

456 KGL03 CT 0.0360 

502 KGL03 CT 0.0424 

546 KGL03 CT 0.0378 

606 KGL03 CT 0.0419 

605 KGL04 CT 0.0379 

756 KGL03 CT 0.0375 

918 KGL03 CT 0.0385 

1066 KGL03 CT 0.0352 
Mean KGL03/04 0.0377 ± 0.0029 

 

1.5 KTB02 I CT 0.0337 

2.5 KTB02 I CT 0.0378 

4.5 KTB02 I CT 0.0352 

6.5 KTB02 I CT 0.0396 

7.5 KTB02 I CT 0.0354 

9.5 KTB02 I CT 0.0382 

10.5 KTB02 I CT 0.0391 

11.5 KTB02 I CT 0.0416 

Table 3  (Continued). 
 

Depth Core Separation 

method used 
Sr/Ba 

(cm)   ( ± 7%) 

12.5 KTB02 I CT 0.0352 

14.5 KTB02 I CT 0.0373 

16.5 KTB02 I CT 0.0400 

18.5 KTB02 I CT 0.0420 

19.5 KTB02 I CT 0.0369 

20.5 KTB02 I CT 0.0429 

22.5 KTB02 I CT 0.0375 

24.5 KTB02 I CT 0.0375 

25.5 KTB02 I CT 0.0339 

27.5 KTB02 I CT 0.0428 

28.5 KTB02 I CT 0.0364 

30.5 KTB02 I CT 0.0385 

31.5 

Mean 

11.5 

KTB02 I 

KTB02I 
KGL02 

CT 

 
CT 

0.0438 

0.0383 ± 0.0030 
0.0381 

14.5 KGL02 CT 0.0396 

46 KGL02 CT 0.0354 

56 KGL02 CT 0.0349 

76 KGL02 CT 0.0394 

111 KGL02 CT 0.0359 

140 KGL02 CT 0.0412 

154 KGL02 CT 0.0412 

166 KGL02 CT 0.0366 

190 
Mean 

KGL02 
KGL02 

CT 0.0357 
0.0378 ± 0.0025 

2^3 PLDS 79 CT 0.0369 

4^5 PLDS 79 CT 0.0360 

5^6 PLDS 79 CT 0.0450 

8^9 PLDS 79 CT 0.0374 

13^14 PLDS 79 CT 0.0395 

16^17 PLDS 79 CT 0.0397 

19^20 PLDS 79 CT 0.0352 

21^22 PLDS 79 CT 0.0386 

23^24 PLDS 79 CT 0.0347 

26^27 PLDS 79 CT 0.0372 

29^30 PLDS 79 CT 0.0330 

32^33 PLDS 79 CT 0.0309 

34^35 PLDS 79 CT 0.0380 

36^37 
Mean 

PLDS 79 
PLDS 79 

CT 0.0396 
0.0373 ± 0.0034 

3^4 TT013-27 CT 0.0367 

6^7 TT013-27 CT 0.0392 

9^10 TT013-27 CT 0.0353 

12^13 TT013-27 CT 0.0316 

15^17 TT013-27 CT 0.0332 

19^21 TT013-27 CT 0.0327 

21^23 TT013-27 CT 0.0383 

23^25 TT013-27 CT 0.0349 

25^26 

Mean 

TT013-27 

TT013-27 

CT 0.0331 

0.0350 ± 0.0027 

CT: chemical treatment (after Paytan et al., 1993). 

LST and SPT: heavy liquid separation (van Beek et al., 

2002). 
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Fig. 3. Pro¢les of Sr/Ba mole ratios measured in barite samples separated from equatorial Paci¢c cores. Mean Sr/Ba ratios for 
each core are shown. Conventional 14C are also reported. * Age estimate based on the sedimentation rate deduced from the 
226 Ra decay in barite (V1 cm ka31 ; van Beek and Reyss, 2001). 

 

grams of barite as opposed to ratios determined 
on a single crystal using an electron microscope in 
previous studies. However, our data appear to fall 

at the low end of the range found in barite col- 
lected in the water column. This result suggests 
that Sr-rich barite crystals were dissolved prefer- 
entially in the water column during settling to the 

deep-sea floor and/or at the sediment^water inter- 
face. 

 
3.2. Sr/Ba ratio: an indicator of barite 

preservation? 

 

Comparison between the mean Sr/Ba ratios in 

barite allows us to investigate both water depth 
and geographic e¡ects on the Sr/Ba ratios. Ba- 
rium and strontium concentrations in surface 

waters do not vary signi¢cantly in the Paci¢c 
(Wolgemuth and Broecker, 1970; Bernat et al., 
1972; Chan et al., 1976; Bernstein et al., 1987). 
One can therefore assume that the Sr/Ba ratio 

recorded by barite crystals does not vary with 
longitude in relationship with di¡erent hydrolog- 
ical patterns. The same assumptions were made 
for the ratios from the Atlantic and Indian sectors 
of the Southern Ocean. 

In addition, Monnin et al. (1999) and Rushdi et 
al. (2000) used thermodynamic models based on 
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Fig. 4. Pro¢les of Sr/Ba mole ratios measured in barite samples separated from Southern Ocean cores. Mean Sr/Ba ratios for 

each core are shown. Conventional 14C ages are also reported. Note the di¡erent depth and time scales in between the three 

cores. Results from multicore PS1768-1 (upper 30 cm) were plotted together with those from the gravity core PS1768-8 consider- 

ing that 30 cm of the gravity core top was lost during coring operations (Frank, 1996). * Age estimate based on the sedimenta- 

tion rate deduced from the 226Ra decay in barite (see Fig. 2). 

 
 
 

 

 

 

 

  
 

 

Fig. 5. Pro¢les of mole Sr/Ba ratios measured in barite samples separated from the gravity cores KGL03-KGL04 (central equato- 

rial Paci¢c) and KGL02 (western equatorial Paci¢c). Mean Sr/Ba ratios for each core are shown. Ages deduced from the 230Thex 

sedimentation rates (KGL03: 1.9 cm ka31 ; KGL02: 0.3 cm ka31 ; van Beek and Reyss, 2001) are shown in the ¢gure to provide 

a time reference. Gravity cores KGL03 and KGL04 were collected at the same location as multicore KTB03, whereas gravity 

core KGL02 was collected at the same location as multicore KTB02. As a comparison, the mean Sr/Ba ratio in barite separated 

from core KTB03 is 0.0386 ± 0.0030 whereas the ratio from core KTB02 is 0.0383 ± 0.0030. Note the di¡erent depth scales in be- 

tween the two cores. 
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pure barite and Sr-enriched barite, respectively, to 
quantify the saturation state of seawater with re- 

spect to barite. Surface waters from the Southern 
Ocean appear to be at equilibrium with barite or 
slightly supersaturated, as previously shown by 
Jeandel et al. (1996). At depths between approx- 

imately 1500 and 2500 m, waters from the South- 
ern Ocean become undersaturated. On the other 
hand, thermodynamic calculations suggest that 
surface waters from the Paci¢c Ocean are under- 
saturated. Barite saturation is reached at depths 

between approximately 1000 and 3500 m, with a 
return to undersaturation below these depths. For 
both the Southern Ocean and the Paci¢c Ocean, 
the degree of barite saturation below the satura- 
tion horizon decreases with increasing water 

depth. 
These results also suggested that waters from 

the entire Paci¢c Ocean (from 45‡S to 50‡N) dis- 
played similar barite saturation states. Conse- 
quently, the barite saturation state of the water 

column from the eastern, central and western 
equatorial Paci¢c that are the regions investigated 
in this study can be considered as identical. Mean 
Sr/Ba ratios in barite from the equatorial Paci¢c 
cores can therefore be plotted together versus 

water depth (Fig. 6). Similar barite saturation 
states have also been found in di¡erent regions 
of the Southern Ocean, south of 50‡S. We there- 

fore consider that waters from the Indian and the 
Atlantic sectors of the Southern Ocean have the 

same barite saturation state. Mean Sr/Ba ratios in 
barite from Southern Ocean cores can also be 
plotted together versus water depth (Fig. 6). 
Note that because waters from the Paci¢c Ocean 

and from the Southern Ocean display slightly dif- 
ferent saturation states with respect to barite ^ 
especially when upper waters are considered ^ 
the results obtained in the two oceanic areas are 
shown separately. 

All cores from the equatorial Paci¢c deeper 
than 4000 m display comparable Sr/Ba ratios in 
barite, in agreement with no or little longitudinal 
e¡ect on the ratio (Fig. 6). Core PLDS72 collected 
at 3626 m gives an intermediate value between 

that obtained above 3000 m in core ERDC112 
and those below 4000 m. Our data therefore sug- 
gest that the Sr/Ba ratios in barite from the equa- 
torial Paci¢c decrease with increasing water 
depth. The obtained slope is signi¢cantly di¡erent 

from zero at the 99% con¢dence level. Regarding 
Southern Ocean cores, the mean Sr/Ba ratios also 
show a decreasing trend with increasing water 
depth (Fig. 6). The obtained slope is also signi¢- 
cantly di¡erent from zero at the 99% con¢dence 

level. When the Paci¢c and Southern Ocean val- 
ues are compared together, ratios below 4000 m 
and those above 3500 m are similar. This suggests 

 
  

 
 

 

  
Fig. 6. Mean Sr/Ba mole ratios in barite obtained for each core and reported versus the core water depth, for both the equatorial 
Paci¢c and the Southern Ocean. The linear regressions (y being the Sr/Ba ratio and x, the water depth) obtained considering the 

error bars are for the equatorial Paci¢c: y = 34.049U1036x+0.055 (a = 7.731U1037, b = 0.004) and for the Southern Ocean: 

y = 34.789U1036x+0.059 (a = 1.204U1036, b = 0.006), a and b being the standard error of the slope and the standard error of 
the intercept, respectively. 
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a comparable geochemical behavior versus water 

depth within the two oceanic basins. Note that 
similar ratios obtained in barite separated using 
two di¡erent protocols suggest that the chemical 
treatment employed does not a¡ect the Sr/Ba ra- 

tio in barite, even when strong acids are used. 
This pattern agrees with the idea that Sr-rich bar- 
ite crystals dissolve mostly in the water column 
and/or at the sediment^water interface and are 
therefore not recovered in deep-sea sediments. If 

Sr-rich barite crystals were to accumulate in the 
sediment, one would expect them to be more sen- 
sitive to the chemical treatment used in equatorial 
Paci¢c sediments (i.e. acids) compared to the one 
employed in Southern Ocean cores (i.e. heavy liq- 

uid). 
Sr/Ba ratios of barite from the equatorial Pacif- 

ic and the Southern Ocean decrease with increas- 
ing water depth (Fig. 6). In these two basins, 
Monnin et al. (1999) and Rushdi et al. (2000) 

reported a decrease in the degree of barite satu- 
ration with increasing water depth below the bar- 
ite saturation horizon. The decreasing trend in the 
Sr/Ba ratios may therefore be related to increasing 

dissolution of barite crystals within undersatu- 
rated seawater, with a preferential removal of Sr 
compared to Ba. This trend is in good agreement 
with that obtained by Bertram and Cowen (1997), 
who compared Sr contents of barite crystals from 

the water column and the deep-sea floor. To some 
extent, this pattern may be comparable to that 
observed by McCorkle et al. (1995) when studying 
elemental ratios (i.e. Cd/Ca, Ba/Ca, Sr/Ca) in 
benthic foraminifers. These authors gave evidence 

of a preferential loss of Cd, Ba and Sr during the 
dissolution of foraminiferal calcite. The original 
Sr/Ba ratio recorded in barite crystals within the 
upper water column may therefore be a¡ected 
during settling to the sea floor and/or at the sedi- 

ment^water interface. 
However, Dymond et al. (1992) suggested that 

barite preservation might be increased by rapid 
accumulation rate. Although such a pattern has 
not always been observed (Kumar et al., 1996), it 
needs to be considered in this study. Cores inves- 
tigated in the equatorial Paci¢c do not show a 

wide range of sedimentation rates (Table 1). Esti- 
mates deduced from the 226Ra decay in barite 

range from 2.0 cm ka31 for core TT013-27 

(4550 m) to 3.3 cm ka31 for core PLDS 79 
(4542 m), with core KTB02 (4346 m) displaying 
a slightly lower sedimentation rate (about 1 cm 

ka31). Sr/Ba ratios in barite from cores TT013- 
27, PLDS79 and KTB02 collected at similar water 
depths are not signi¢cantly di¡erent, in spite of 
the discrepancies observed in the sedimentation 
rates. 

On the other hand, core PS2102-2 displays the 
highest sedimentation rate of the three cores in- 

vestigated in the Southern Ocean (31.5 cm ka31, 
van Beek et al., 2002). The mean Sr/Ba ratio in 
barite also appears to be high in this core. Such a 
pattern may therefore be related to the high sed- 
imentation rate found at this location, which may 
have led to enhanced barite preservation. How- 
ever, core PS1768-8, which is characterized by a 

much lower sedimentation rate (6.4 cm ka31 ; 
Frank, 1996), does not show a mean Sr/Ba ratio 
signi¢cantly di¡erent from that of core PS2102-2. 
Finally, core ANT07 displays a sedimentation 
rate close to that of core PS1768-8 (9.2 cm 

ka31, this study). However, the mean Sr/Ba ratio 
in barite appears to be lower in core ANT07, a 
core that was collected deeper in the water col- 
umn. The higher Sr/Ba ratios in barite are there- 
fore not associated with higher sedimentation 
rates and vice versa. Sr/Ba ratios rather seem to 
exhibit a water-depth dependence that may be 
associated with the dissolution of barite crystals 
in undersaturated waters (as the undersaturation 
with respect to barite increases with increasing 
water depth). 

 
3.3. Sr/Ba ratio of barite in waters at equilibrium 

with respect to barite 

 

Thermodynamic calculations considering pure 
barite (Monnin et al., 1999) and Sr-enriched bar- 
ite (Rushdi et al., 2000) indicated that equilibrium 
between barite and seawater might be reached in 
some areas. These results suggested that while in- 
termediate waters of the Paci¢c and upper waters 

from the Southern Ocean were at equilibrium 
with respect to barite, a return to undersaturation 
occurred below approximately 3000^3500 m in 
the Paci¢c and approximately 2000^2500 m in 
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the Southern Ocean. If these results can be ex- 
trapolated to marine barite, one may expect to 

¢nd such a trend in the Sr/Ba ratio in barite, in 
case this ratio is a reliable indicator of barite pres- 
ervation. Barite crystals from cores bathed in 
waters at equilibrium with respect to barite should 

indeed not be a¡ected by dissolution. Conse- 
quently, constant Sr/Ba ratios in barite are ex- 
pected to be found at intermediate depths in the 
Paci¢c Ocean (between about 1000 and 3500 m) 
and in the upper 2500 m in the Southern Ocean. 

Below these depths, the Sr/Ba ratio should de- 
crease with increasing water depth, once barite 
crystals reach undersaturated waters. However, 
additional data are needed to con¢rm or discount 
such a trend. More cores should obviously be in- 

vestigated, especially in the upper 3500 m in the 
Paci¢c and in the upper 2500 m in the Southern 
Ocean. It would also be interesting to study other 
oceanic areas characterized by di¡erent barite sat- 
uration states [e.g. Bay of Bengal characterized by 

supersaturated deep waters (Monnin et al., 1999)] 
so that the behavior of the Sr/Ba ratio in barite 
can be further tested. 

 
3.4. Paleoceanographic implications 

 
Paleoceanographic investigations often assume 

that Ba or barite distributions in deep-sea sedi- 
ments solely reflect a productivity signal while 
barite preservation is considered constant with 

time   (Schmitz,   1987;   Nu« rnberg   et   al.,   1997; 
Thompson and Schmitz, 1997). However, accep- 
tance of this pathway is largely the result of the 
absence of any information regarding the geo- 
chemical behavior of barite in the past. Only a 

few reconstructions take barite dissolution into 
account. In particular, the relationship proposed 
by Paytan et al. (1996a) in the equatorial Paci¢c is 
based on barite samples separated from core top 
sediments which allow these authors to incorpo- 

rate the dissolution e¡ect. Reconstructions per- 
formed using the algorithm of Dymond et al. 
(1992) may also to some extent take barite disso- 
lution into account by including a correction fac- 
tor that considers the mass accumulation rate and 

the seawater barium concentrations at the inves- 
tigated sites. However, such a correction does not 

take into account the di¡erent barite saturation 
states that characterize each oceanic basin. 

The relationship between Sr/Ba ratios in barite 
and water depth suggests that the Sr/Ba ratio in 
barite is sensitive to dissolution. The Sr/Ba ratio 
in sedimentary barite may therefore be useful for 

the purpose of distinguishing between changes in 
productivity versus changes in barite preservation 
when barite distributions are investigated in the 
sediment. However, as the range of the Sr/Ba ra- 
tios in barite between shallow and deep sediments 

is narrow, one may expect to ¢nd only little var- 
iation associated with the changes in barite pres- 
ervation. Slight changes in the Sr/Ba ratios may 
thus not be easily detected. Investigations con- 
ducted with ICP/MS may help reduce the errors 

on the ratios. 
Caution should be nevertheless given when 

comparisons of barite accumulation rates are to 
be made for the purpose of paleoproductivity re- 
construction between cores collected at di¡erent 
water depths and/or in di¡erent oceanic basins. 
A correction for barite dissolution may indeed 

be required. Such a correction should depend on 
the barite saturation state of the water column at 
the investigated site. Similar conclusions were giv- 
en by Fagel et al. (2002). 

 
 

4. Conclusion 
 

Pro¢les of Sr/Ba ratios in barite separated from 
sediment cores from the equatorial Paci¢c and the 
Southern Ocean display little downcore variation. 
The Sr/Ba ratios in sedimentary barite appear to 
fall at the low end of the range found in barite 

collected in the water column, indicating that Sr- 
rich barite crystals dissolve preferentially in the 
water column during settling to the deep-sea floor 
and/or at the sediment^water interface. 

Our results suggest that the Sr/Ba ratios in bar- 

ite from the Paci¢c Ocean and the Southern 
Ocean decrease with increasing water depth. In 
these two basins, thermodynamic models showed 
that, over the water depths investigated in this 

study, the degree of barite saturation in the water 
column decreased with increasing water depth 
(Monnin et al., 1999 ; Rushdi et al., 2000). This 
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suggests that the dissolution of barite crystals in 
undersaturated waters may a¡ect the Sr/Ba ratio. 

This relationship makes the Sr/Ba ratio a poten- 
tial indicator of the preservation state of barite 
crystals. However, further investigations obvi- 
ously need to be conducted (i.e. shallow cores 

from the equatorial Paci¢c and the Southern 
Ocean; cores from other oceanic areas character- 
ized by di¡erent barite saturation states) to con- 
¢rm the pattern observed in this preliminary 
work. This, in turn, will allow better understand- 

ing of the factors that control the preservation of 
marine barite. 
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