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Abstract. Experiments involving boron incorporation into 1 Introduction
brucite (Mg(OH}») from magnesium-free artificial seawater

with pH values ranging from 9.5 to 13.0 were carried Ut t0 ;4 is 2 common trace element in corals and the Mg/Ca ratio
better understand the incorporation behavior of boron iNtoL o< heen used to investigate the paleothermometry of seawa-

blrlljdte and the influence of it on Mg/Ca-SST proxy and o, \yatanabe et al., 2001; Mitsuguchi et al., 2008; Wei et
§°"B-pH proxy. The results show that both the concentration, 500g: Allison et al., 2010). The incorporation of Mg into

of bo_rc_)n in deposited brucite (,[BX and Its boron_partmon coral skeleton is controlled by varying factors. Mg can ex-
coefficient Kq) between deposited brucite and final S€aWa-jst in the form of brucite in corals (Smith and Delong, 1978;
ter are controlled by the pH of the solution. The incorpora- \;thdurft et al., 2005) and Mg contentsaleractiniancorals
tion capacity of boron into brucite is almost the same as thal ies petween different genera and localities (Fallon et al.,
into corals, but much stronger than that into oxides and claylggg). Nothdurft et al. (2005) studied brucite in liviagle-
minerals. The isotopic compositions of boron in depOSitedractinian corals colonies Acropora, Pocillopora, Porites

- 11 - . . -
t_m_m'te 6""Ba) aﬁ' h|gher.than th_ose n the assomatec_i ai-from subtidal and intertidal settings in the Great Barrier Reef,
ficial seawater {™Bisw) with fractlonlatlon factors ranging . Australia, and subtidaViontastraeafrom the Florida Keys,
between 1.0177 and 1.0569, resulting from the preferentia| o States. Their results suggested that high containing

incorporation of B(OHj into brucite. Both boron adsorp- 4 ivity combined with high pH and lowCO; led to local-
tions onto brucite and the precipitation reaction gfH®; ized brucite precipitation in organic biofilms of coral skele-

with brucite Ex's,t dulrlng deposition of brucf|tt()a frhom artificial Jons and that brucite in living coral skeletons is an indicator
seawater. The simultaneous occurrence of both processes dgr gy reme microenvironments in shallow-marine settings.

termines the boron concentration and isotopic fractionationThe occurrence of brucite in corals can bring a higher Mg/Ca
of brucite. The isotopic fractionation behaviors and meCh'ratio and be responsible for reported anomalies in Mg/Ca

anisms of boron incorporated into brucite are different fromvs' sea-surface temperature (SST) plots in corals (Nothdurft

those into corals. The existence of brucite in corals can affec[et al., 2005). Defining the source of such anomalies is critical
11 : . . .
thes*"B and Mg/Ca in corals and influences the I\/lglc""'SSTfor using Mg/Ca in corals to reconstruct the paleothermome-

11 ; i i
proxy alnlda B-pH proxy negatively. The relat|on§h|p be- try of seawater (Mg/Ca-SST proxy).
tweens~B and Mg/Ca in corals can be used to judge the . )
existence of brucite in corals, which should provide a reli- " recent years, topics such as the reconstruction of an-
able method for better use 6t'B and Mg/Ca in corals to cient seawater pH using the isotopic composition of boron in
reconstruct paleo-marine environment. corals, the calculation of the pagCO,, and the influence

of these two factors on changes in the ancient climate, have

become important issues for the international boron isotope
geochemistry communityst'B-pH proxy) (Hemming and

Correspondence tov. K. Xiao Hanson, 1992; Gaillardet and Aljre, 1995; Pelejero et al.,
BY (xiaoyk@isl.ac.cn) 2005; Liu etal., 2009; Wei et al., 2009; Douville et al., 2010).
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Table 1. Chemical composition of magnesium-free, artificial seawater.

Chemical composition NaCl Cagl NaHCQ3 KCI NaBr H3BO3 NapSiO3 NapSisO9 H3zPO; AlxClg LiNOj3

Concentration (gt1)  26.7260 1.1530 0.1980 0.7210 0.0580 0.2612 0.0024 0.0015 0.0020 0.0130 0.0013

Whether thes!B of corals is equal to that of B(O)has 2 Methods

emerged as one of the main questions involved in these is-

sues. A series of inorganic calcite precipitation experiments2-1  Reagents and equipment

have shown that B(OH)is the only or dominant species in-

corporated into calcite (Hemming et al., 1995; Sanyal et al.,1-0MHCI, 0.5MNaOH, and 0.5MMgGlwere prepared
1996, 2000). However, Klochko et al. (2009) recently found USing boron-free water with twice distilled HCI (GR), NaOH
that both trigonal and tetrahedral coordinated boron existeéGR)’ and MgC (GR), re'specuve'ly. The cpncentranon of
in biogenic and hydrothermal carbonates. Rollion-Bard etth® C$COs (99.994 % purity) solution used in our study was

1 . .
al. (2011) also found both boron coordination species, but int2-39 CsT™. A suspended graphite solution Wasoprepared
different proportions depending on the coral microstructure,USiNg spectrum pure (SP) graphite mixed with 80 % ethanol

i.e. centres of calcification versus fibres. They suggested thai"d 20 % water. For a mannitol concentration of 1.82|

careful sampling is necessary before performing boron iso @R mannitol mixed with boron-free water was used. The

topic measurements in deep-sea corals (Rollion-Bard et alPoron-free water was obtained by using 18.2\milliQ of
2011). Inorganic calcite precipitation experiment has beenVater exchanged with an Amberlite IRA 743 boron specific
carried out by Xiao et al. (2006a), indicating that 8448 of resin. A GV IsoProbe T-single magnetic sector_thermal ion-
inorganic calcium carbonate was not parallel with the cal-1zation mass spectrometer was used for boron isotope analy-

culated curve of B(OH), but deviated increasingly from sis. A 2100 type and UV-2100 type spectrophotometer from
the parallel trend as pH increased. When the pH was in-Shanghai Unico Ltd was used for boron concentration anal-

creased to a certain value, the isotopic fractionation factor o#/SiS- A D/Max-2200 type X-ray diffraction equipment from

boron between precipitation and solution was greater than 1J2P&n neo-confucianism company was used for XRD anal-

Xiao et al. (2006a) reasoned that the presence ctMy ~ YSIS- A TP310 type pH meter from Beijing Time Power
other microelements was the main reason for this observa®0: LTD was used for pH analysis.
tion and concluded that B(Olljncorporated preferentially ~ 1hroughout all the experiments, vessels of Teflon,
into brucite. If this is true, the isotopic compositions of boron Polyethylene or chert were used for avoiding boron contam-
in corals can be affected by the existence of brucite in coraldnation.
and the preferential incorporation of B(OHpto brucite. If
the brucite-bearing corals were used in 81&B8-pH proxy,
the measured!'B of corals and the calculated pH will be
higher than the normal value, which influences h&8-pH
proxy negatively. However, little attention has been paid to
the mechanism of boron incorporated into brucite and its in-
fluence on the boron isotopic composition of corals.

In this study, experiments on the incorporation of boron

2.2 Magnesium-free artificial seawater

Magnesium-free artificial seawater was prepared by Mo-
cledon prescription. The chemical composition of the
magnesium-free artificial seawater is given in Table 1. In
order to get sufficient quantities of boron for precise isotopic
analysis in the precipitated Mg(O§J)boron concentration

: Al ) ! “lin the artificial seawater was adjusted to 45.9 ppm, approx-
during the deposition of brucite from magnesium-free arti- imately 10 times that of normal seawater4.5 ppm). Ac-
ficial seawater at various pH values were carried out. Thecording to the result reported by Ingri et al. (1957), there

incorporation species of boron into brucite and the the boron,, ¢ o polyborate species present when the boron concen-
isotope fractionation during deposition of brucite were de- otion of aqueous solution was 45.9ppm. The pH value
termined. The influence of brucite in corals on Mg/Ca and 44 horon isotopic composition of the initial artificial sea-

g | : S
the8_ B, Judgment me_tho_d fo_r exu;tfnce of brucite in corals |, ater was 3.64 and-7.00+0.07 %, respectively. Since
and its potential application in th&!'B-pH proxy and the  agnesium-free artificial seawater was used in our experi-

Mg/Ca-SST proxy were discussed. This result will shed ments 1o brucite was deposited while the pH was being ad-
some light on the application of the Mg/Ca-SST proxy andjsted. Brucite was deposited only when Mg@las added

11
thes"B-pH proxy. after the pH adjustments were completed.
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2.3 Experimental deposition of brucite 2.5 Measurements of boron concentration and isotopic
composition
Deposition experiments were carried out in a pH-controlled
system at a temperature of 22.5°C in a super-clean lab- The boron concentrations were determined by the
oratory (100 Class). Firstly, about 200 ml of artificial seawa- azomethine-H spectrophotometric method. One ml of
ter was placed inside a plastic beaker. Solutions of NaOHsample solution, 2ml of buffer solution, and 2ml of
were slowly added to each beaker to achieve the followingazomethine-H solution were added in that order. After
range of pH values: 9.5, 10.0, 10.5, 11.0, 11.5, 12.0, 12.5thorough mixing, each solution was allowed to stand for
and 13. 0. 8 ml of MgCl solution was then added dropwise 120 min. The absorption of the boron-azomethine-H com-
into the artificial seawater with different pH values. During plex was measured at 420 nm using a spectrophotometer.
this process, NaOH was added to keep the pH at the predeFhe external precision of the azomethine-H method used
termined pH values as the brucite was deposited. The pHhere was 2 %.
fluctuations were measured by a pH meter with a precision The isotopic compositions of boron in all samples were
of 0.02. A magnetic stirrer was used during the experimentaimeasured by a GV IsoProbe T single magnetic sector thermal
process to ensure the reactions were completed. The expeibnization mass spectrometer and the P-TIMS method using
iment was terminated after 8 ml of MgOvas added. After Cs,BOj ions with a graphite loading (Xiao et al., 1988).
mixing the deposit and solution well, the mixture was di- Two pl of graphite slurry was first loaded onto a degassed
vided into two parts equally. One was filtrated by pumping tantalum filament, and then approximately 1 pl of sample so-
immediately to isolate deposit from the solution (defined as aution containing about 1-4 pg of boron and an equimolar
repose timely =0 h) and the other was filtrated by pumping amount of mannitol were also loaded. This was followed by
after reposing for 20 h (defined as a repose tifhe 20 h). 1-2 pl of a CsCO;3 solution containing an equimolar amount
The separated solution was placed in air-tight plastic bottlespf cesium. The loaded material was dried by heating the fil-
and the brucite deposit was washed with boron-free water unament at 1.2 A for 5 min.
til CI~ was no longer detected. Then the deposited material The data were collected by switching the magnetic

was dried at 60C and placed in air-tight plastic bottles. field between the masses 3083CsB107) and 309
_ (133cslB101), and the intensity ratios of the ion beams at
2.4 Separation of boron from the samples masses 308 and 309 4f3/308) were calculated. Calibrated

. . 10 .
In preparation for isotopic measurement, boron was extracteéz'th oxyg%noés;;gpisﬁet?iz ifc?riogz,iisor?a:)l?ggrtsg v?/zs
from the artificial seawater and the brucite using a two- 0¥308™ = ' P P

1 i i .
step chromatographic technique (Wang et al., 2002). Aboufnxﬁgéssed as ait'B value according to the following for
0.5 ml of Amberlite IRA 743 boron-specific resin with 80— '

100 mesh was placed in a polyethy!ene column with a diam-(suB (%) = [(118/108) S/(MB /108) B 1] « 1000
eter of 0.2 cm. The length of the resin bed was 1.5 cm. About sampl standard

200 mg of brucite was first dissolved using a slightly exces- Here the standard material is NIST SRM 951, the rec-

S|v|e amgltlmé OTtE(XorgfrT.te ';:g 'l\ 57’?1';“0”.’ paszetﬂ throlu?h daommended value of which is 4.04362.00137 (Catan-
column ffied with Ambertte resin, and then €ed ;410 et al., 1970). The measured averad®/1%8 ratio of

using approximately 5 ml of 0.1 MHCI at P&. An amount NIST SRM 951 was 4.0525 0.0027 (Zm, 1 = 5)

of mannitol approximately equimolar to the boron content ' ’

was added to the eluate, which was then desiccated to near

dryness by partial evaporation in a super clean oven withy Results and discussion

laminar flow at 60C (Xiao et al., 2003). The solution was

then loaded again into the column filled with a mixed resin3.1 Dissolved boron species and boron isotope in
composed of 0.5ml cation-exchange resin™(Fbrm) and seawater

0.5 ml anion-exchange resin (ion- exchange Il, HOOrm).

The boron was eluted by 5ml of boron-free water. The elu-The dominant aqueous species of boron in seawater are
ate was evaporated again at’@to produce a solution with  B(OH); and B(OH),. The relative proportions of these

a boron concentration of about 1 pg B fifor isotopic mea-  species are a function of pH (Fig. 1a) and given by the fol-
surement. The procedures for extracting boron in the liquidlowing relation:

samples were the same as those described above. The total

boron blank in chemical process and filament loading wasB(OH)s + H20 < B(OH), + H* 1)
determined by isotope dilution mass spectrometry (IDMS)

to contain 46 ng of boron. Figure 1 shows the theoretical distribution of boron species

as a function of pH for seawater. At low pH (pt7), vir-
tually all of the boron in seawater is in the B(OHjpecies;
conversely, at high pH (pH 10), virtually all of the boron
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Fig. 1. Fraction(a) of the major dissolved boron species B(@QHyreen curve) and B(OR) (red curve) in seawater, usirpKy =8.597
(Dickson, 1990) and stable boron isotope fractionafionbetween them as a function of pH, usiag_3=0.974 (Klochko et al., 2006).

At low pH (pH < 7), virtually all of the boron in seawater is in the B(Qffpecies; conversely, at high pH (pHLO), virtually all of the

boron is in the B(OH) species (Fig. 1a). Only the B(Ofi)incorporated into the marine bio-carbonates is one of the essential hypotheses
for using boron isotopic composition in marine bio-carbonate to reconstruct the paleo-environment (Hemming and Hanson, 1992).

is in the B(OH), species (Fig. 1a). The isotope exchange factor. This finding is consistent with the previous study
reaction between these species is given by: (Liu et al., 2004).

10B8(OH); + nB(OH)Z < H1BOH)3 + 1OB(OH); 2) 2. Whgn the pH is lower than 10, [B}, decreases as the
pH increases, and reaches the lowest value at pH 10
The distribution of species and the isotope exchange re-  (Fig. 2a). This indicates that the amount of boron in-

action are solved simultaneously to give the isotopic com- corporated into deposited brucite increases as the pH in-
position of the individual boron species vs. pH for seawa- creases, and reaches the highest value at pH 1@,[B]
ter (Fig. 1b). The abundances of two stable isotop&s increases quickly at higher pH values, and no smooth
and19B at pH 8 make up approximately 80 % and 20 % of trend is observed, indicating that the amount of incor-

the total boron, respectively. Modern seawater has a boron  porated boron decreases quickly.
concentration of about 4.5ppm, and a consistent, world-
wide §11B isotopic composition of +39.6% 0.04%. relative

to NIST SRM 951 (Foster et al., 2010). The isotopic compo-
sition of B(OH), increases with pH and so does #éB of
carbonates, provided that B(OH)s preferentially incorpo-
rated in the carbonates. As a result, variations of seawater pH
in the past should be traceable by variations 98 in fos- The K4 between brucite deposit and final seawater can be
sil carbonates. This is the basis of the boron paleo-pH proxyshown as:

(Hemming and Hanson, 1992).

3. When pH is lower than 10Ky increases as the pH in-
creases (Fig. 2b). Th&q reaches its highest values of
487.5 and 494.2 fof, =0h and7; =20 h at pH 10, re-
spectively. When the pH is higher than X decreases
and shows a mild trend after pH 12.

Kig= (f x Kaz+ Kaa) /(L + [) (3

K4 ={[B3]solid + [Balsolia}/{[B3]fiuid + [Balfuid},

K43 =[B3]solic/[B3]fluid, Kda=[Ba]solid/[Balfiuid

The boron concentrations and the partition coefficiefig (/= [Balfuia/[Balfia, Kds and Kqs are the partition co-
between brucite and final seawater are listed in Table 2, an&fficient of B(OH} and B(OHY),, respectively.f3 is the ratio

shown in Fig. 2. The results are shown as follows: of B(OH)z to B(OH), in solution. This equation indicates
that Kq is not only related withKy3 and K44, but also

1. The variation trend of the results fof,=0h and with the fraction of B(OH} in solution. TheKy between
T, =20 h are basically the same (Fig. 2a), indicating theclay minerals and seawater is 3.607at 5°C and pH 8.45
incorporation of boron into brucite deposit is instan- (Palmer et al., 1987), but the highds in our experiments
taneous, and the reaction time is not a main limiting is 494 at pH 10, which is much higher than 3.6. It indicates

3.2 The partition coefficient of boron between Brucite
and final seawater

Clim. Past, 7, 693706, 2011 www.clim-past.net/7/693/2011/
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Table 2. Boron concentration (ppm) and partition coefficiéhyf between brucite deposit and final seawater.

Trepose PH 9.5 100 105 11.0 115 120 125 13.0

Oh [Blfsw 4.60 192 259 463 103 156 217 229
[Blg 901 938 845 626 658 290 274 250
Ky 196 488 326 135 64.2 186 126 109

20h  [Bliew 5.16 1.93 3.17 580 153 208 21.7 24.6
[Bly 1859 952 885 844 685 413 326 229
Kq 360 494 279 146 448 199 150 9.31

[Blisw @nd[B]q are the boron concentrations in final seawater and deposit, respectively.

25 —

@ @Soldine: T,=0h 0] ) ®Solid line: T,=0h
i f OBroken line: T,=20h o 2 . / OBroken line: T,=20h

[Bls. (ppm)
[B], (ppm)
Ky

final seawater
0 y T y T y T y T 0

9.0 10.0 11.0 12.0 13.0 9.0 10.0 11.0 12.0 13.0

pH pH

Fig. 2. Boron concentration§a) and partition coefficienKy (b) between brucite deposit and final seawaterfor0h and 20h. The

variation trend of the results fai, = 0 h and7Z; =20 h are basically the same (Fig. 2a), indicating that the incorporation of boron into brucite
deposit is instantaneous. [B], decreases firstly and then increases quickly with the lowest value at pH 10 (Fig. 2a), indicating the amount

of boron incorporated into deposited brucite increases firstly and decrease as pH increases, and reaches the highest value at pH 10. TF
variation trend ofK is contrary to that of [Bk, (Fig. 2b).

that theKq3 is much greater thak s, i.e. the incorporation  ability of B(OH), by brucite decreases greatly when the
capacity of B(OHj} into brucite is much higher than that pH is higher than the PZC of brucite. Therefog; should

of B(OH), and theKg3 contribution is dominating. The monotonically decrease with increasing pH as well.

guantity of brucite reaches its highest at pH 10, indicating Boron removal experiments by magnesium hydroxide at
the reaction equivalence point of brucite deposition occursdifferent pH values have been carried out by Liu et al. (2004),
approximately at pH 10. Th&y also reaches its highest at de la Fuente and Mioz (2006) and Yuan et al. (2006). They
pH 10. When pH is higher than 10, tifeand K43 decreases attributed the adsorption of B(ORi)to the magnesium hy-
while K44 increases as the increasing pH. Although the in-droxide. Their results showed that [g} reached its lowest
creasing concentration of OHin solution can influence the values at pH 9.3 or 10, which indicates that adsorption had
adsorption of B(OH) (Keren et al., 1981), the adsorption reached its highest values. The {§]then increased slowly
of B(OH), continues, and th&g, still increases perhaps. at higher pH values. The results of the present study are con-
Because 0K 43 is greater thaik 4, the decreasing afygzis  sistent with their work.

dominating, so that th&y decreases with the increasing pH. ~ There is a slight difference in the variation of [Bjvith

In the study of Xu and Ye (1997), the point of zero charge pH for differentT; values. Wherf; =0h and pH=9.5, [B]
(PZC) of brucite is close to 11.9, which approximates to theis slightly lower than that at pH 10, and the highesi{2ilue
inflexion point (pH 12) in our experiment. When the pH is of 937.8 ppm also appears at pH 10. But whgr20h,
higher than PZC, anions will not be adsorbed by goethitethe maximum [B} may appear at pi 9.5, while the high-

and gibbsite (Kingston et al., 1972), so that the adsorptiorest value at pH 9.5 is 1859 ppm, which is much higher than
951.5 ppm at pH 10. Considering the slight difference in the

www.clim-past.net/7/693/2011/ Clim. Past, 7, 6986, 2011
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40 — 1.0600 — 0.9880 — S 1d l .
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3''B(o/00)

Isotopic fractionation factor

Isotopic fractionation factor
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Fig. 3. Isotopic compositionga) and fractionation factoray_sy) (b) of boron between brucite deposit and solutionfp=0h and 20 h
and(c) between inorganic carbonate and seawater (Sanyal et al., 1996). The variation &Ml fufr 7, =0h and7; =20h are basically
same and all thélle values are enriched in the heavy isotope relative toSHJrBfSW (a). All the ag_isw are greater than 1 and shows a
waved patterrgb), which is entirely different from that of the carbonates depdsits

boron balance time of the deposited Mg(@QHhe value for
Ty =20 h may be more reliable.

The evolution pattern of boron incorporated into the
Mg(OH),, and the variations in partition coefficients with
the pH, are basically the same as those of oxides and clay
minerals. However, the maximum amounts of incorporated
boron in brucite or other hydroxides are much higher than
those of the oxides and clay minerals (Keren et al., 1981;
Keren and Gast, 1983; Goldberg and Glaubig, 1985, 1986;
Lemarchand et al., 2005, 2007), indicating that the incor-
poration capacity of boron on hydroxides is stronger than
that of both oxides and clay minerals. The boron concen-
tration in corals varies from 39 to 117.5 ppm (Vengosh et al.,
1991; Gaillardet and Aligre, 1995; Xiao et al., 2006b; Liu
et al., 2009). If 4.5 ppm of the seawater boron concentration
is used, th&Ky between coral and seawater varies from 8.7 to
26.1. In our experiments, the boron concentration in the ini-
tial artificial seawater is 45.9 ppm, finally the level of boron
concentration in brucite depositions can be divided by 10. In
this case, the expected boron content would range between
22 and 95 ppm (excluding the aberrant value of 185.9 ppm
obtained at pH 9.5), so th€y between brucite and final sea-
water varies from 4.8 to 19.2. Such a range of boron con-
centrations an&y is of the same order of magnitude as the
common boron contents measured in corals.

3.3 Isotopic fractionation of boron between deposited
brucite and solution

Isotopic compositions of boron in deposited brucit&'Bg)
and final seawates{Bysy) are listed in Table 3 and shown
in Fig. 3. The crucial points illustrated in Fig. 3 are summa-
rized as follows:

1. The variation trend of the results fof;=0h and
T;=20h are basically same (Fig. 3a). This indicates

Clim. Past, 7, 693706, 2011

that the isotopic balance between brucite deposit and
solution is instantaneous, and that the results of the ex-
periment are exact. A minor difference betwdgr 0 h

and 7T, =20 h appears as the pH increases from 9.5 to
10.0. When7;=0h, §11B4 and ag_tsw both increase

as the pH increases from 9.5 to 10.0. However, when
T,=20h,811Bg andag_tsw both decrease as the pH in-
creases from 9.5 to 10.0. This is perhaps related to the
fact that the formation of brucite is slower at low pH
than at high pH.

. All the §11Bq values are enriched in the heavy isotope

relative to thes B¢, (Fig. 3a). All the ag_tsw are
greater than 1 (Fig. 3b), which is entirely different from
those of the carbonates deposits (Fig. 3c). As B(Pid)
incorporated preferentially into carbonate deposits, all
the s11B values of carbonates are lower than that of the
parent seawater. Meanwhile, all the isotopic fractiona-
tion factorsacarb-sw between carbonates and seawater
are lower than 1 and increase with pH. In this study,
the ag—_isw between brucite deposit and solution shows
a waved pattern (Fig. 3b), suggesting a complex isotopic
fractionation process.

The §11By, 81Biswz and §Bisws of B(OH)s and
B(OH), in initial seawater, calculated using the dif-
ferentay_3 versus pH values of the parent solutions,
are shown in Fig. 4. Whefl;=0h, thes''Bq val-
ues are equal to or lower than t#é!Bisys calcu-
lated usinges_3=0.9600. When; =20h, thes!1Bgq
values are equal to or lower than th&'Bjsys calcu-
lated usingrs_3=0.9397, but all the11Bq values are
higher thans'Bis,, (Fig. 4). Theas_3 of 0.9600 and
0.9397 is calculated according to the high&stB of
deposited brucite fof; =0h and7;=20h. If §11Bq

is equal t0811Bisws, it implies that only B(OH} is

www.clim-past.net/7/693/2011/
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Table 3. Isotopic fractionation of boron between deposited brucite and solution.

Repose time Oh 20h

pH $11By (%) 511 Bigy (%o) @l 511By (%) 511 Bigy (%o) @l
9.5 3.54£0.1(2F —25.09+0.1(2) 1.0294 31.27(1) —24.27(1) 1.0569
10.0 7.77:05(2) —31.11+0.1(2) 1.0401 8.57(1) —29.53(1) 1.0393
10.5 1.89:0.1(2) —29.38+£0.2(2) 1.0322  —1.20+£0.3(2) —31.85(1) 1.0317
11.0 2.61:0.1(2) —27.33+0.5(2) 1.0308 5.04(1) —29.87(1) 1.0360
115 2.21+0.3(3) —27.38+0.5(3) 1.0304 2.45(1) ~18.15+0.5(2) 1.0210
12.0 8.67:0.1(2) —11.23+0.3(2) 1.0201 8.99(1) —8.55(1) 1.0177
12.5 17.53:0.1(2) —12.86+0.6(2) 1.0308 18.89(1) ~14.92(1) 1.0343
13.0 27.84£0.2(3) —858+0.7(2)  1.0367 28.26:0.4(2) —10.63(1) 1.0393

aThe number in brackets indicate measurement times;

bad_fsw is the isotopic fractionation factor of boron between deposit and final seawater, calculatedsgs= (1000 +5lle)/(1000 +(SlleSW).
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Fig. 4. §11B of brucite deposit {}1By), and §11B of B(OH)3
(6MBiswa) and B(OH), (611Bjswa) in initial seawater calculated
using differentyy_3 versus pH values of the parent solution. When
Tr=0h, the(Slle values (black solid circle) are equal to or lower
than the §11B;g,3 calculated usingrs_3=0.9600 (black line).
WhenT; =20 h, thes1 1By values (red circle)are equal to or lower
than thes11B,g,3 calculated usingrs_3=0.9397 (green line), but
all thes11By values are higher thatt1B;g,, (blue line).

incorporated into Mg(OH), which is impossible under
normal circumstances. Moreover a situation in which
§11By > §11Bjsws would be even more improbable. Ex-
cept for pH 9.5811Bq values are lower thad!!Bisws
calculated using4—3=0.9600 (Fig. 4), so that the true
as—3 would have to be lower than 0.9600, which is a
little lower than the currently expected value between
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0.983 (Sanchez-Valle et al., 2005) and 0.952 (Zeebe,
2005). The pH values used in previous carbonate pre-
cipitation experiments are lower than 9.0, while that of
our experiments are between 9.5 and 13.0. The differ-
ences of the experiments conditions may result diverse
a4-3, but which value is much more reliable or the true
a4_3 is still uncertain. Our results also indicate that
811Byq is not parallel withs11Biswa, but first decreases
and then increases with an inflexion at pH 12. All of the
data indicate that both B(Okl)and B(OH), are incor-
porated into the deposited brucite.

The fractions of B(OH(Fy3) in the brucite deposit
calculated usingv4—3=0.9397 andxs_3=0.9600 are
shown in Fig. 5. It seems thdfys tends to decrease
with decreasingrs—3. Because the adopted_3 is not
true, the calculatedys is not exact. The truéys could

be lower than the value indicated in Fig. 5, but the vari-
ation trend ofFy3 with pH should be certain and much
higher than that of the initial artificial seawatefi{yz).
Thes! !By is the concurrent result 6£1By3 ands11Bya.
Heres11B4 can be shown as:

§1By = fuz x 8MBaz + (1 — fa3) x 8B (4)

where fy3 is the fraction of B(OHj in solid. During

pH 10-12, boths11By3 and §11By4 increases with in-
creasing pH (Fig. 1b). Therefore, tt#é1Bq should

be increased with the increasing pH, but the increas-
ing trend is inconspicuous (Fig. 3a). There are two rea-
sons accounting for this. On the one hand, the increas-
ing 811Bg3 and §11Bg4 can result in the increasing of
§11B4. On the other hand, with the increasing pH, the
dominant decreasing incorporation fraction of B(@H)
and increasing incorporation fraction of B(QHwill
result the deceasing 6f'B4. With the common influ-
ence of these two aspects, the variatiors BBy with

pH is small. When the pH reaches 12 (PZC of brucite),
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1.6 — _ _ factors between calcium carbonates and seawaters were
-®- T, = 0h, o, ,=0.9660 :

_ higher than 1. They reasoned that the presence of
T, = Oh, &, =0.9397 N . :
T=20h. 0. .20.9660 Mg+ or other microelements was the main reason for
5 Trfzoh’ ‘”:0'939 this observation and concluded that the heavier BEH)
v -O- T=20h, o, ;=0.9397 species was incorporated preferentially into Mg(@H)
The results of our study have further confirmed the con-
clusion of Xiao et al. (2006a).

1.4 —

1.0 —

0.8 —

. 4 Model of boron incorporated into brucite

4.1 Model 1: boron adsorption by minerals

Fraction of B(OH);

0.4 —

The boron adsorption by minerals can be explained by phe-

7] nomenological equation (Keren et al., 1981). It is supposed

00 —] that when B(OH}, B(OH), and OH" coexist in solution,
Fus in final seawater they can be adsorbed by Mg(Ofl)metal oxides and clay
02 . I . I . I . I minerals, and the affinity coefficient&ss, Kg4 andKop are
o 10 " 12 13 Kg3 < Kpa < Kon for B(OH)3, B(OH), and OH", respec-
pH tively (Keren et al., 1981). They compete for the same ad-

sorption site on solid. When the pH is less than 7, B(gx1)
Fig. 5. FractionFy3 of B(OH)3 in brucite deposit and final seawater dominant. Becaus& g3 to clay mineral is very low, the
calculated according t6'1Bg with differenta_3. The variation  poron adsorption is relatively minor. Under this pH value,
trend of Fy3 for a different repose time is_ basically_ the sani@g the concentration of B(OH) and OH" is very low. Al-
tends to decrease with decreasing s and is much higher thanthat - hoygh they have a relatively stronger affinity to clay, their
of the initial artificial seawater (blue curve). contribution to the total boron adsorption is still very small.
When the pH increases to 9, B(Ofgoncentration increases
rapidly. Compared with B(OH), OH™ concentration is still
lower. So the adsorbed boron increases rapidly. When the
pH further increases, OHconcentration will increase evi-
dently, and the boron contribution decreases because of the

3. The manner in whichxg_tsw changes with pH for compe_tition for adsorption si_te with B(O) .
7,=0h and 20 h is shown in Fig. 3b. Except for pH 9.5 In this study, when the pH is lower than 18y increases as

; the pH increases (Fig. 2b). TH&; reaches its highest values
both patterns are basically the same for edghand L
match the change ifig3 shown in Fig. 5. Therg_fsw at pH 10. When the pH is higher than 1Ky decreases and

values decrease as the pH increases from 9.5 to 12 an%wows a mild trend after pH 12. The variation characteristics
reaches the lowest point at pH 12. Them rew values’ of Kq with the pH can also be explained partly by this model.
increase rapidly. Thed_ sy reflects the relative ratio of But isotopic fractionation characteristics of boron, the max-

B(OH)s to B(OH); in brucite. imum adsorption valut_a anlly value of brucite deposit can
not be explained by this totally.

The explanation o61'B4 with pH can be also used The incorporation of B(OH) into brucite may be related

for the explanation of the boron fractionation factor to adsorption. Previous studies (Liu et al., 2004; Garcia-Soto

between brucite and solution. When the pH rangesand Camacho, 2006; Yuan et al., 2006) have indicated that

from 10 to 12, the incorporation fraction of B(Okile-  the incorporation of boron into brucite or MgO was an ad-

creases continuously (Fig. 5), which is contrary to thatsorption process. When Mg exists in solution, it can be ad-

of B(OH), . This lead to the deceases ratio of B(Qitt) sorbed by brucite crystallite, and the resulting positive charge

B(OH),, so thexg_sw decreases. When pH reaches 12 can adsorb the negatively charged B(QHYhe equation is

(PZC of Mg(OHy}), the adsorption quantity of B(ORl) ~ shown as follows:

decreases suddenly, and the relative ratio of BEXH) 20 20t _
B(OH), increases (Fig. 5), so the_tsw also increases. {[Mg(OH)Z]m - n Mg + xB(OH), ®)

the adsorption quantity of B(Olf)decreases suddenly,

while that of B(OH} increases (Fig. 5). So thi21Bgq
increases.

Our results indicate that B(Okl)s preferentially incor- — {[Mg(OH)2] - n Mg®* - XB(OH)Z}ZH_X 1
porated into the solid phase during the deposition of

brucite. In a precipitated experiment of calcium car- If model 1 is applied, the?''Bg should be lower than
bonates from artificial seawater, Xiao et al. (2006a) ob-8§11B;s, and ag_sw should be lower than 1. In this study,
tained the result that the boron isotopic fractionation however, the results show that at!By are higher than
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Fig. 6. The fraction(a) ands11B (b) of boron species calculated using differgity versus pH values. The influence 5 on fraction
ands11B of boron species is big for a solution with the pHLO. When the pH- 10, the influence opKa is insignificant. For example,
the 51lBiSW3 calculated usingKa 7.0, 8.0 and 9.0d4/3=0.975) are 16.08 %o, 5.57 %o anek.74 %o, respectively for pH 8 and 18.44 %o,
18.21 %0 and 15.89 %o, respectively, for pH 10. When thespHL, there are basically no differences among them (Fig. 6b).

81Bjsw andag_sw values are higher than 1. This suggests4.2 Model 2: chemical reaction of B(OH} with
that model 1 is not suitable to explain all the data in our study. Mg(OH)»

The apparent pH dependence of the fractionation between
carbonates and clays can be described in terms of4hg Rodionov et al. (1991) reported that when limewater was
and thepK of the boric acid-borate equilibrium (Sanchez- added to seawater, CaB®,0s - nH,O was deposited. This
Valle et al., 2005). This model explains the B isotopic frac- reaction is shown as follows:
tionation data for inorganically and biologically precipitated
carbonates and clays, and suggests that in minerals like clayHsBOs + CaOH)2 + ag — Ca0- B2 O3 - nH20 + aq (6)
and other layered hydroxides, surface charge properties play

. ; . > During deposition of brucite, a similar reaction may occur.
an important role by changing the apparent acid-base equgO B,03 - nH0 may also be deposited. This hypothesis
librium constant. '

. . _ was confirmed by the XRD analyses of brucite. Compared
In our studypK, of the boric acid-borate (_a_qumbrlum May  with Fig. 7b, the brucite peak in Fig. 8 is clear, with ap-
be affected due to the presence 0&1;1? positive charge on thBarent peaks of pinnoite (Mg(B®: - 3H,0) and szaibelyite
Mg(OH), surface. The fraction ané*B of boron species MaBO,(OHY). Judaing f th tit d intensity of
calculated using differemiKy versus pH values is shown in (MgBO>(OH)). Judging from the quantity and intensity o

Fia. 6. which s that the infl ¢ these peaks, pinnoite content should be higher than that of
i0. 8, which suggests that the influencepi, on frac- szaibelyite. As the pH increases, the borate peak gradually

tion ands''B of boron species is big for a solution with . : : .
4 . weakens (Fig. 7c—h). When the pH is 12.5 (Fig. 7h), its peak
the pH<10. When the ph-10, the influence opKa is is very close to that of Mg(OH) though the characteristic

- . . l ) .

insignificant. For example, thé*'Bisws calculated using pinnoite peak is still observed. The pinnoite is the result of
PKa 7.0, 8.0 and 9.0d4/3=0.975) are 16.08 %o, 5.57 % and following reaction between brucite angBOs:

—4.74 %0, respectively for pH 8, and 18.44 %o, 18.21 %0 and

15.89 %o, respectiyely for pH 10. When the pHL1, there 2 H; BO3 + Mg(OH), — Mg(BO,)2 - 3 HO + Ho0  (7)

are basically no differences among them. The pH values of

our experiments are higher 10, so the isotopic fractionation The above reaction cannot occur for B(QH)Thus, Fy3

characteristics of boron are not attributed to the change ofan exceedFiswz due to the preferential incorporation of

pKa. H3BOs into Mg(OH),, which enriches the deposited brucite
in 11B. The presence of szaibelyite may be the result of
B(OH), adsorption.

If model 2 is applied, theé*!By should be higher than
s11Bjswandag_sw values should be higher than 1. Further-
more, 1By andag_sw should decrease with increasing pH
values. In our study, all th&''Bq values are enriched in the
heavy isotope compared relative to t1éBss,, (Fig. 3a), and
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Fig. 7. X-Ray diffractogram of brucite deposited from artificial seawater at different pH va{agXRD of brucite standardb) XRD of
brucite from boron-free artificial seawater at pH 1q—(h) XRD of brucite in our experiments. The brucite peak in our samples is clear
compared with the brucite standda).

all the ag_1sw are greater than 1 (Fig. 3b), which are con- incorporated into brucite should be little. But thgs is much
sistent with model 2. But they_isw Shows a waved pattern higher than theFisws (Fig. 5). This may be related to the
(Fig. 3b), which indicates a complex isotopic fractionation transformation of borate to boric acid. After B(OH} in-
process and cannot be explained completely by model 2.  corporated into bruciteFisys decreases. In order to keep
The fraction of boric acid in solution is negligible at the balance of the B(OB)B(OH), ratio, B(OH), in solu-
high pH values (Fig. 1a), so that the amount of B(@H) tion would transform to B(OH) Meanwhile, the total boron
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Fig. 8. X-Ray diffractogram of brucite deposited from B-containing artificial seawater at pH 9.5. Itis a magnified figure of Fig. 7c. Compared
with Fig. 7b, the brucite peak in Fig. 8 is clear, with apparent peaks of pinnoite (MgBBH,0) and szaibelyite (MgB&OH)). Judging

from the quantity and intensity of these peaks, pinnoite content

should be higher than that of szaibelyite. As the pH increases, the borate

peak gradually weakens (Fig. 7c—h). When the pH is 12.5 (Fig. 7h), its peak is very close to that of Mgt@idard (Fig. 7a), although

the characteristic pinnoite peak is still observed.

quantity in solution decreases compared with initial solution.with §11Bjsy3, but changes from decrease to increase with an

When a new equilibrium is reached, B(GHjontinues to
incorporate into brucite, and B(OJ)in solution will trans-
form to B(OH); to keep the equilibrium. This process will
repeat, and finally the/y3 is much higher than théigys.

inflexion at pH 12 (Fig. 3b). This indicates that both B(QH)
and B(OH} are incorporated into brucite, and the latter is
incorporated into brucite preferentially. Boron incorporation
into brucite may be controlled by two processes: chemical re-

However, the total boron quantity in solution is much less action of B(OH} with brucite and B(OH) adsorption onto

than that in the initial solution.

4.3 Model 3: both chemical reaction and adsorption of
boron incorporated into brucite

Many studies have indicated that only B(QHis incorpo-

brucite. The simultaneous occurrence of these two processes
decides the boron concentration and isotopic fractionation of
brucite. The mechanisms of boron incorporated into brucite
are distinct from those of carbonates and oxides or clay min-
erals.

rated preferentially into corals marine carbonates (Vengosh
et al.,, 1991; Hemming and Hanson, 1992; Hemming et al. 5  Judgment method for the existence of brucite in

1995; Spivack et al., 1993; Sanyal et al., 1996, 2000). Un-
der this circumstance, all th#1B values of carbonates are

considered to be paralleled with the theoretitdBg,,3 and
are lower than that of the parent seawat@gp—sw between

corals and its potentialapplication in §*'B-pH proxy
and Mg/Ca-SST proxy

The incorporation of Mg into coral skeleton was controlled

carbonates and seawater are Iowe_r than 1 and ir_10rease Wiy varying factors. Fallon et al. (1999) suggested that vari-
pH. When boron is adsorbed by oxides or clay minerals, theations in Mg data irPorites could be a result, not of tem-

adsorption ability of B(OH) is much stronger than that of
B(OH);. The B(OH), is also incorporated preferentially
into oxides or clay minerals, causing the enrichment®af
in oxides or clay minerals. Our results show thatB is
higher thans!!B;s,, and parallels neither witB11Biswa nor

www.clim-past.net/7/693/2011/

perature changes but of possible micro-scale heterogeneities.
Mitsuguchi et al. (2003) reported an Mg/Ca offset and be-
lieved to be a result of a biological/metabolic effect. Wein-
bauer et al. (2000) studied the potential use of Mg as an envi-
ronmental indicator in the cor@orallium rubrum founding
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Fig. 9. Relationship(a) between Mg/Ca and!!B in inorganic calcite(b) between Mg/Ca and seawater pH (Xiao et al., 2006a), and (c)
between Mg/Ca ané'1B in corals in Sanya Bay (Xiao et al., 2006b). The Mg/Ca was positive B in inorganic calcite and increased
with the seawater pH.

that overall Mg incorporation was controlled by temperature.of brucite in corals can negatively influence the Mg/Ca-SST
But the physiology within the coral colony may account for proxy and thes1B-pH proxy. How to judge the variation
differing amounts of Mg among skeletal structures. A re- of §11B and Mg/Ca in corals caused by brucite is important
cent study (Nothdurft et al., 2005) showed that brucite existsfor the §11B-pH proxy and the Mg/Ca-SST proxy. Abnor-

in a wide range of common reef-building coral in Great Bar- mal boron isotope fractionatiomdarysw > 1) was observed

rier Reef and Florida. Elevated Mg concentrations in modernin an inorganic calcite precipitation experiment carried out
scleractiniangmay promote the formation of high-Mg calcite by Xiao et al. (2006a). They reasoned that the simultaneous
cements, as observed in Holocene corals from Heron Reedeposition of brucite with inorganic calcite was the main rea-
(Nothdurft et al., 2005), and then cause the deviation fromson for this observation. Under this circumstance,sH&

the normal SST-Mg/Ca curves. Samples of brucite-bearingand Mg/Ca of inorganic calcite have a good positive relation-
corals could be responsible for anomalies Mg/Ca vs. SSTship with correlation coefficients of 0.98 (Fig. 9a). In addi-
plots in corals (Nothdurft et al., 2005). Thus, corals shouldtion, Mg/Ca was independent of SST, but increased with sea-
be cautiously used, especially brucite-bearing corals, to rewater pH (Fig. 9b), indicating the high Mg/Ca ratio aiidB
construct SST. If the variation of Mg/Ca can not be definedwere due to the increasing brucite deposition as seawater pH
exactly, the Mg/Ca-SST proxy would become more complex.increases. These observations provide a new method for dif-
In addition, the influence of brucite in corals on #1éB-pH ferentiating the existence of brucite in corals. The weak neg-
proxy is more severe. Because one of the essential hypothetive relationship between 1B and Mg/Ca in corals in
ses for thes11B-pH proxy is that only the B(OH) incorpo-  Sanya Bay (Fig. 9b) indicated there is no brucite existing in
rated into corals, that i€B incorporated into corals prefer- corals in this area. Thus, the relationship betwé¥i and
entially (Vengosh et al., 1991; Hemming and Hanson, 1992;Mg/Ca in corals can be used to judge the existence of brucite
Sanyal et al., 1996). Under this circumstance, the boron isoin corals, which should provide a reliable method for better
tope fractionation factor between coral and seawater is lesgse of§'B and Mg/Ca in corals to reconstruct paleo-marine
than one. When brucite deposited from seawdttB, en-  environment.

riched into brucite, the fractionation factor between brucite
and seawater is greater than one, which is entirely differen
from those into corals (Fig. 3). The occurrence of brucite in
coral can change the isotopic composition of boron in coral
due to the heavier B(OH)species incorporated preferen-
tially into brucite and the deviant high boron isotopic compo-
sition of corals may associate with the occurrence of brucite. 1. Boron concentration of deposited brucite and partition
If the brucite-bearing corals were usediB-pH proxy, the coefficientKy between deposited brucite and resultant
measured!'B of coral and the calculated pH will be higher seawater is controlled by the pH of solution. The incor-
than the normal value. Rollion-Bard et al. (2011) suggested poration capacity of boron into brucite is much stronger
that careful sampling is necessary before performing boron  than that into oxides and clay minerals.

isotopic measurements in deep-sea corals. So the existence

% Conclusions

Based on the above experimental results, the following con-
clusions can be drawn:
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