Potential of ikaite to record the evolution of oceanic 88O
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ABSTRACT

A challenge in the quest to understand the sensitivity of the climate system is the sep-
aration of the competing effects of ice volume or sea level, salinity, and temperature on
foraminiferal 8180. We present precipitation experiments on the mineral ikaite, a hy-
drated form of calcium carbonate found in organic carbon—rich deep-marine sediments,
that show that the hydration waters within the ikaite crystal capture the 8180 of seawater
(51804,) with a fractionation factor of 1.0029 (£0.0002). The 8180, measures the volume
of continental ice, with an overprint of local salinity. Isolation of 8180, by analysis of
the hydration waters of sedimentary ikaite preserved at temperatures <4 °C could be
exploited to create a record of sea level during the Pleistocene. Preliminary data of 8180,
from hydration waters of ikaite at the Last Glacial Maximum agree with estimates from
modeling of pore waters that Antarctic Bottom Water was +1.4%0 * 0.2%o heavier.
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INTRODUCTION

An independent history of ice volume rel-
ative to ocean temperature is key for the Pleis-
tocene because the climate system response
changed between ca. 900 and 600 ka, from a
40 k.y. beat to alarger amplitude 100 k.y. cy-
cle, without a corresponding change in orbital
forcing (Imbrie et al., 1993). Rapid sea-level
changes may play arole in suborbital climate
fluctuations of the last glacia cycle (Siddall
et a., 2003). These two components of the
climate system, sea level and ocean tempera-
ture, are united within the most prevaent
proxy of the past ocean, 5180 of foraminifera,
which records the 8180 of seawater (5180y,),
a function of continental ice volume and
ocean sdinity. In addition, fractionation of ox-
ygen isotopes during precipitation of calciteis
temperature dependent (Epstein et al., 1953).
Independent measures of sea level range from
dating corals and marine incursions into caves
(e.g., Bard et &, 1990; Antonioli et al., 2004),
to combining temperature proxies with 8180
(eg., Leaet a., 2002), to diffusion and/or ad-
vection models of sediment pore water 5180
(Schrag et al., 1996; Adkins et d., 2002), and
modeling combined with foraminiferal 8180
(Siddall et ., 2003; Bintanja et a., 2005).
Determining a quantitative record of sealevel,
independent of ocean temperature, over mil-
lennial time scales remains a challenge for as-
sessing the sensitivity of the climate system to
changes in atmospheric CO..

Here we present a novel temperature-
independent methodology for reconstruction

of the evolution of 518Qg,. We propose that
ikaite (CaC0Os.6H,0), a hydrated form of cal-
cium carbonate comprising Ca-CO5 surround-
ed by six water molecules, linked together by
hydrogen bonds, captures and preserves the
5180, as hydration water within its crystal
(Fig. 1, Lennie et a., 2004; Dickens and
Brown, 1970). Ikaite is observed in nature at
temperatures between —1.9 and 7 °C in highly
alkaline waters rich in phosphate such as cold
springs in the Ikka Fjord, Greenland (Pauly,
1963; Buchardt et al., 1997), and akaline
lakes such as Mono Lake, California (Council
and Bennett, 1993). From the CaCOs-H,0O
phase diagram, ikaite should not exist at ocean
temperatures and pressures (Marland, 1975;
Bischoff et al., 1993). Nonetheless, ikaite
crystals are found in organic-rich ocean sedi-
ments from the Bransfield Strait (Suess et a.,
1982), Sea of Okhotsk (Greinert and Derka-
chev, 2004), the Laptev Sea (Schubert et a.,
1997), the lower Zaire deep-sea fan (Jansen et
al., 1987; Zabel and Schulz, 2001), the Nankai
Trough (Stein and Smith, 1985), and the Gulf
of Mexico (Hackworth, 2004). Ikaite can pre-
cipitate metastably, but its growth and surviv-
al are restricted to a limited environment.

It has been proposed that ikaite may grow
near the sediment-water interface in the ma-
rine environment (Boggs, 1972; England,
1976), and so capture 318Qg,. However, to
reach ikaite saturation, a tenfold increase in
alkalinity above seawater and an inhibition of
calcite or aragonite crystallization by sulfate
or phosphate are required (Burton, 1993; Bis-

choff et al., 1993). Within organic-rich sedi-
ments, diagenesis causes increased nutrients,
dissolved inorganic carbon (DIC), and akalin-
ity. Conditions published for ikaite formation
include ammonia ~5 mM, akalinity of 25—
75 mM, DIC 40 mM, and Ca&* 6-9 mM
(Suess et al., 1982; Stein and Smith, 1985;
Zabel and Schulz, 2001). A compilation of
ikaite $13C values ranging from —18.8%o to
—36.3%0 (mean —27.7%0 * 3.7%o, n = 29)
suggests that anaerobic oxidation of marine
organic matter is a major, but not always the
sole, carbon source (Suess et al., 1982; Jansen
et al., 1987; Stein and Smith, 1985; Zabel and
Schulz, 2001; Schubert et al., 1997). In most
cases a proportion must derive from methane
that has been oxidized to CO, during sulfate
reduction.

Natura ikaite crystals decompose above
4 °C to form water and a mixture of vaterite
and calcite (Lennie et a., 2004). The aim of
this study is to synthesize ikaite in waters of
varying 8180y,, and to determine whether the
5180 of water trapped in the ikaite crysta
structure (8180 itewater) records the §180,,.
With preliminary data from the hydration wa-
ters of pristine crystals from sediments of the
last glacial cycle, we confirm that ikaite has
the potential to provide arecord of 3180, and
improve our understanding of Pleistocene ice-
sheet dynamics and sea-level change.

METHODS
Batches of ikaite were synthesized from an
adapted method of Marland (1975), using me-

Figure 1. Ball and spoke model of ikaite to
show Ca?* coordinated by carbonate ion
and six hydration waters.
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Figure 2. Pristine ikaite crystals under mi-
croscope, immediately after synthesis (A)

and after 20 h and 20 min at room temper-
ature (B).

dia with a range of 380, gium- The reactant
solutions were prepared from volumes of wa-
ter (18 MQ)) between 5L and 1.5 L, and evap-
orated to 1 L on a hot plate at 40-50 °C.
We dispensed 100 mL of 0.3M CaCl, and
0.3M K,CO; at a rate of 6.2 mL/h into a
water-cooled insulated reaction vessel contain-
ing 600 mL of 0.045 M potassium hydroxide;
the experiments ran for ~16 h. The vessel was
stirred continuously and maintained at 2.1 +
0.1 °C, with initial pH 13.35 decreasing to
13.25. Openings into the reaction vessel were
covered to prevent condensation of air mois-
ture. Equipment was cleaned with 2% HNO;
for 24 h, rinsed, and dried prior to synthesis.
On completion of synthesis, the contents of
the reaction vessel were poured into cooled
polypropylene bottles and transferred to a cold
lab (<4 °C). The contents were filtered, and a
sample of the filtrate was frozen for isotopic
analysis. The filtered ikaite crystals were
rinsed with 250 mL of chilled (2 °C) demon-
ized water and methanol, before centrifuging
in a capped tube (6000 rpm, 21 °C, 45 min).
The ikaite decomposed to form crystals (likely
a mixture of vaterite and calcite) and water.
The average yield of ikaite crystals was 91.5%
(5.7 = 0.25 g compared to an expected 6.23
g), and due to incomplete extraction of crystal
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Figure 3. Calibration of 80 of hydration
waters of ikaite (filled circles and solid line)
and 80 of calcite after decomposition of
ikaite (open circles and dashed line), vs.
880 of medium, with residuals from least
squares regression (x symbols). Arrow in-
dicates 880 of added K,CO,.

bound water during decomposition, we ob-
tained 0.9-1.5 mL of hydration water, com-
pared to an expected 3 mL, which was frozen
for analysis. The crystal-bound water is insuf-
ficient to ater the 3180 eqium during the ex-
periment. The carbonate remaining after de-
composition was analyzed for 5180.

Asapreliminary test of the ikaite approach,
we have analyzed the hydration waters of two
frozen crystals of sedimentary ikaite from
contrasting sites: the Zaire Fan (GeoB 4914-
3, water depth 4000 m, sediment depth 1125
cm; Zabel and Schulz, 2001), and the West
Argentine Basin (GeoB 2809-4, water depth
3561 m, sediment depth 940 cm; Hensen et
al., 2003). The ikaite crystals were alowed to
decompose in capped tubes, and the hydration
waters were frozen for analysis.

Oxygen isotope ratios of the water samples
from crystal-bound water from natural and
synthetic ikaite and the medium at the end of
the experiment were analyzed, after off-line

TABLE 1. 380 VALUES OF MEDIUM WATERS AND IKAITE WATERS WITH STANDARD DEVIATIONS
FOR REPLICATE ANALYSES OF THE SAME SAMPLES.

380 medium StDev 3180 St Dev Fractionation 3180 of 3180 of CaCo,
(%SMOW) (%SMOW) ikaite water (%SMOW) factor CaCO, (%.SMOW)
(%SMOW) & (ikaite-water) (%.PDB)

—3.6 0.021 -1.0 0.014 1.0026 —19.8 10.5
2.3 0.014 6.0 0.007 1.0037 -19.5 10.7
5.1 0.028 8.4 0.007 1.0033 —19.5 10.8
55 0.042 9.2 0.042 1.0036 —-19.5 10.8
5.5 0.042 8.4 0.007 1.0029 —19.3 10.9
8.3 0.092 11.8 0.007 1.0030 -19.4 10.8
9.2 0.021 11.8 0.007 1.0026 —-19.4 10.9
9.9 0.042 13.4 0.007 1.0035 -19.4 10.8

10.1 0.071 13.4 0.007 1.0033 -19.4 10.8

11.8 0.021 13.9 0.042 1.0021 —18.6 11.7

14.0 0.014 16.7 0.050 1.0027 —-19.4 10.9

17.9 0.085 19.9 0.000 1.0020 -19.0 11.3

Note: The fractionation factor o y,jte-water) IS Calculated using: & aice.watey = Bikaite T 1000)/(8 56, + 1000), where
880, aite IS the 880 of ikaite structural water and 880, is the %0 of water in the precipitating solution. 80
of calcite (relative to SMOW) is calculated using the formula §*¥0 gy, = 1.030868'80 5,5 + 30.86.
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equilibration with CO,, using a Europa-PDZ
Geo 20/20 isotope ratio mass spectrometer
with a precision of +0.06%. and 3180 calcu-
lated relative to the standard North Sea Water
(0.132%o0). The carbonate from decomposition
of the experimental ikaite was analyzed online
using a VG lIsocarb device and a Prism mass
spectrometer with a precision of *£0.1%.. A
Carrera marble standard was run and used to
calculate 3180 and 313C relative to Peedee
Belemnite (PDB).

RESULTS

The crystals produced from our precipita-
tion experiments were euhedral and elongate,
as large as 0.3 mm (Fig. 2), colorless under
transmitted light, and decomposed at room
temperature to yield the correct stoichiometry
of CaCOs3:H,0, which verified that ikaite had
been synthesized. After decomposition, pore-
like structures appeared in the crysta as de-
scribed by Larsen (1994).

From a least squares linear regression, the
3180 sitewater (r€lative to standard mean ocean
water, SMOW) of the hydration water in the
ikaite crystal is linearly correlated with the
3180 pegium (rélative to SMOW) from which
the ikaite precipitated (Fig. 3; Table 1), with
an R2 = 0.993. We obtain a caibration equa-
tion of:

8180 megium (%0) = —3.3 (£0.3)
+ 1.04 (+0.03)
X 8]'aoiI<ait<—:~water(%°)- (1)

Quoted errors on the intercept and slope are
the standard error. The gradient is close to 1,
and it is reasonabl e to assume that the gradient
is1, asitisunlikely that the fractionation fac-
tor (etiyaitewater) fOr iSOtopes between the ikai-
te-bound water and the medium water depends
on the 8180, egium- With this constraint, our
calibration equation becomes:

8180, egium(%o) = —2.9(+0.2)
+ 818Oikaitewater(c%"’)- (2)

The 3180, tewaer 1S COnsistently enriched
in H,180 relative to the medium waters by an
Qikaitewater Of 1.0029 (£0.0002).

By contrast, the 3180 of the carbonate re-
maining after decomposition of the ikaite
shows no dependence on the composition of
the medium waters. The isotopic values for
this carbonate are depleted considerably
(—19%0 PDB) compared to marine carbonates.

DISCUSSION

Our experiment demonstrates that the
Slgoika'te-waier records faithfully BlSOmedium
and is enriched relative to the medium by
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2.9%o (£0.2%0). Enrichment in H,O is rea
sonable because the hydration of Ca2*+ favors
the heavier oxygen isotope of water.

The precipitation of ikaite takes place by
the assembly of calcium-hydration spheres,
Ca(H,0)7 o g2+ (Naor et a., 2003), into a
hydrogen-bonded crystall ographic framework.
Two coordinating oxygens of the Ca2*-
hydration sphere water molecules are dis-
placed by two oxygens from a carbonate
ion, and hydrogen bonding links these
CaC03.6H,O moieties to form the ikaite
crystal structure (Lennie et a., 2004). Oxy-
gen isotopic fractionation during hydration
(Cthydration sphere-water) likely accounts for the
entire 2.9%. oxygen isotope enrichment in
3180, itewater DECAUSE there is a strong equi-
librium fractionation of oxygen isotopes into
the hydration shell of solvated cations relative
to single H,O molecules within liquid water.
The oxygen isotope activity ratios of water in
CaCl, solutions are lower than the composi-
tion ratios, which confirms that H,O8 is pref-
erentially incorporated into the hydration
sphere of Ca2* (Horita et al., 1993). By con-
trast, there is minimal fractionation during
crystal assembly because the reduced mass
difference between Ca(H,0)g o 7(H,180)2*
and Ca(H,'%0);  g2* is negligible.

Quantum and statistical mechanical models
of the oxygen isotopic fractionation between
water molecules and the hydration sphere of
a cation ((xhydration Spherewater) suggest that the
isotope fractionation results from the influence
of the field of the cation on the internal vibra-
tional modes of the water molecules in the
first hydration shell (Driesner et al., 2000). A
simple model (Bopp et a., 1974) caculates
Qhydration spherewater @Nd Shows preferential en-
richment of H,O%8 in the hydration waters of
Li+ and Na*, and depletion for K+ and Cs*.
Cations with a high charge/radius ratio inter-
act with H,O18 in preference to H,0 during
hydration (Taube, 1954). We could find no lit-
erature vaue for apygration sphere-water fOF
Ca(H,0)7 o g2, but the charge/radius ratio of
0.016 for Ca2* in eightfold coordination is
similar to that of Li* in fourfold coordination
(0.014), which yields Qhydration sphere-water of
~1.005 at 4 °C (Bopp et al., 1974). This
value is similar t0 ajyaitewater Of 1.0029, and
Qgypsum-water FOr CaS0,4.2H,0 of 1.003-1.0041
(Horita, 1989; Gonfiantini and Fontes, 1963).
A critical point is that the anygration sphere-water
is temperature independent (O’'Neill and
Truesdell, 1991). Our approach is the first di-
rect measurement of the apygration sphere-water
for calcium, and studies of minera phases
similar  to ikaite [eg., lansfordite
(MgCO3-5H,0) and hellyerite (NiCO5-6H,0)]
may validate quantum mechanistic models for
the hydration of other divalent cations.

GEOLOGY, June 2006

TABLE 2. PRELIMINARY DATA FROM THE HYDRATION WATERS OF PRESERVED
CRYSTALS OF IKAITE

Core Location 618Omodern ocean (%0, GEOSECS) 81solka\te water (%") 618Opasl ocean (%0)
GeoB4914-3 Zaire Fan 0.13 3.3 £0.02 0.3 £0.16
GeoB2809-4 West Argentine Basin 0.02 4.3 = 0.04 1.4 = 0.17

Note: The GEOSECS data is taken from the closest stations. The range of 320 represents repeated analyses
of different parts of the same crystal. The 3'80,,,; ocean IS Calculated from the 380 jyaie-watery

Kinetic control on isotopic fractionation is
likely responsible for the 8180 of the carbon-
ate remaining after ikaite decomposition. If
our carbonate system attained equilibrium
with respect to COz2- and water, at a pH of
13, the carbonate 8180 values should be offset
from the waters by ~18.4%. (Usdowski and
Hoefs, 1993). However, at this pH the oxygen
isotopic equilibration time between CO42~ and
water is >167 h (Zeebe and Wolf-Gladrow,
2001). Thus in our experiment, isotopic equi-
librium is not achieved between CO42- and
water. The 3180 of the K,CO; used was
—17.8%0 PDB (12.5% SMOW), and 880
values of decomposed carbonate are 1%0—2%o
depleted in 180 by comparison. The light iso-
tope partitions preferentialy into the ikaite in
accord with a kinetic control and <100%
yield of ikaite.

8180 sitewater: A PROXY FOR
OCEANIC 8180,

Our experimental results demonstrate that
the isotopic composition of the hydration wa-
ters captured within an ikaite crystal record
the 8180y, with an ajpsiewae Of 1.0029
(£0.0002). The ikaite approach, and our cal-
ibration, isratified further by preliminary field
data of 818Qg, from two ikaite crystals (Table
2). The change in 8180, (A8%80paq-present) iS
+0.2%0 = 0.2%0 for GeoB4914-3, currently
bathed by North Atlantic Deep Water
(NADW), and +1.4% = 0.2% for
GeoB2809-4, currently bathed by Antarctic
Bottom Water (AABW). The Zaire Fan ikaite
is not directly dated, but derives from a sedi-
ment package containing ikaites from 36 kato
older than 49 ka, and the A8180 .y precent ISIN
the range of expected seawater values for the
last glacial cycle (Siddall et al., 2003). The
sample from the West Argentine Basin is dat-
ed as ca 25 ka (C accelerator mass spec-
trometry), close to the Last Glacial Maximum
(LGM), and the A8,y present Of +1.4%0 *
0.2%o isidentical to the LGM value of +1.3%o
+ 0.2%0 derived from modeling of pore wa-
ters at Ocean Drilling Program (ODP) Site
1093 in AABW (Adkins et a., 2002).

Our preliminary evidence of preservation of
the full amplitude of the signal of the LGM
3180, USiNg OUr qjysitewater |€NDS confidence
to our approach; in order to record 88Qg,,
ikaite must form near the sediment surface be-
fore the primary $18Q, signal attenuates

(McDuff, 1985). While early precipitation of
ikaite is also supported by the young ages of
ikaites (ca. 2-3 ka) from around Antarctica,
the timing of ikaite precipitation within the
pore waters, as well as the source of carbon
for the ikaite and the potential for postdepo-
sitional water exchange, are al important ca-
veats that require further investigation.

The advantage of ikaite over the pore-water
method is that, depending on its abundance
within the sediment, it could allow reconstruc-
tion of 318Qg, and 3D for time dlices other
than the LGM. Other potential sites for ikaite
reconstruction of 818Qg, include (1) the
Bransfield Strait, with ikaite at 2.05 and 7.14
ka, assuming typical sedimentation of 1 mm/
yr (Suess et al., 1982), and (2) the Nankai
Trough, with ikaites from ca. 35 to 140 ka,
assuming sedimentation of 22.5 cm/k.y. (Stein
and Smith, 1985). Discovery of <1 mm crys-
tals throughout a Zaire Fan pelagic core (Jan-
sen et a., 1987) begs the question of how
prevalent small grains of ikaite that decom-
pose before inspection may be within marine
cores.

The concept of amineral preserving theiso-
topic signature of 3180y, is not exclusive to
ikaite. An dternative crystalline solid, meth-
ane clathrate, which captures a methane mol-
ecule within a cubic lattice of water mole-
cules, may be disadvantaged by its shallow
occurrence (between ~300 and 1100 m), lim-
ited reconstruction of the deep ocean, its rapid
decomposition upon recovery, and the danger
of drilling in clathrate abundant areas. The hy-
dration waters of ikaite are the optimal can-
didate for reconstructing a continuous evolu-
tion of 8180,

CONCLUSIONS

Laboratory precipitation experiments dem-
onstrate a consistent qgitewater (1.0029%0 *
0.0002%o) between the 380 of the hydration
water incorporated into the ikaite and the 3180
of the medium. The crystal-bound water in the
ikaite structure is enriched isotopically com-
pared to the medium waters as a result of pref-
erential incorporation of H,O® into the hy-
dration sphere of the Ca2+ ion, which is
locked into the ikaite crystal. The isotopic
fractionation associated with the hydration
process is comparably insensitive to temper-
ature (~0.01%0/°C). The potential for the hy-
dration waters of marine ikaite to record the
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Pleistocene evolution of 880, is confirmed
by preliminary datafrom an LGM ikaite crys-
tal that agree with pore-water reconstructions.
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