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1. Introduction

ABSTRACT

The Mg isotope composition of biogenic and inorganic carbonate bears on paleoclimate and
paleooceanography studies because of the potential for constraining temperatures, so-called “vital”
effects, and marine Mg fluxes. Previous work has shown that marine organisms produce a wide range of
Mg isotope compositions that are species dependent, where A%%?4Mg_ .10 fractionations vary from
—1%o to —5%o (e.g., Hippler et al., 2009, GCA). Constraining Mg isotope fractionation during inorganic
carbonate precipitation is important because this serves as a baseline with which to compare biogenic
samples, as well as constrain Mg cycling in natural environments. We report Mg isotope fractionation
factors between Mg-bearing calcite and aqueous Mg (Mg/Ca molar ratio between 3:1 and 13:1) from 20
free-drift and one chemo-stat experiment conducted at temperatures between 4 °C and 45 °C, for
solutions buffered at Pco, between 0.038% and 3%. Pure CaCOs seed crystals were used to promote the
heterogeneous growth of carbonate from solution, and to minimize kinetic isotope effects associated
with nucleation and rapid precipitation from strongly super-saturated solutions. Under these condi-
tions, calcite overgrowths that contained 0.8-14.9 mol% MgCOs precipitated on the seed crystals. The
measured 2°Mg/?*Mg fractionation factors between Mg-calcite and solution (42°Mgcai-so1) are modestly
correlated with temperature, changing from —2.70%. at 4 °C to —2.22%. at 45 °C. The fractionation
factors are not correlated with experimental conditions (chemo-stat vs. free drift), Mg content of the
overgrowth, Pco,, or the Mg/Ca ratio of the solution. The temperature-dependence of the Mg isotope
fractionation is: A42°Mgcas01=(—0.158 +0.051) x 108/T>—(0.74 + 0.56), where T is temperature in
Kelvin. Fractionation of Mg isotopes in calcite is much less sensitive to temperature than oxygen
isotope fractionation, which limits its application as a geothermometer. In contrast, the Mg isotope
fractionations for biogenically precipitated Mg calcite vary greatly, suggesting its potential to discern
“vital” effects in natural samples. Finally, the relatively small temperature effect on Mg isotope
fractionation greatly simplifies use of Mg isotopes in modern or ancient marine systems to constrain
Mg fluxes, including continental weathering.

© 2012 Elsevier B.V. All rights reserved.

from carbonate minerals as paleo-climate proxies (e.g., Fairchild and
Treble, 2009; Lea, 2003; McDermott, 2004). Additionally, workers

Carbonates provide important records for a variety of sedimen-
tological, environmental, and biological processes. Abiogenic carbo-
nates such as speleothems and biogenic marine carbonates are
widely studied as archives of paleo-environmental conditions (e.g.,
Lea, 2003; Wang et al., 2001). The oxygen isotope composition of
biogenic marine carbonates has long been used to infer paleo-
climate (e.g., Emiliani, 1955; Hays et al.,, 1976), and more recent
studies have used carbon isotopes and trace-element concentrations
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have investigated the utility of Ca isotopes as paleo-climate proxies
where, for example, significant §*4/°Ca variation in marine carbo-
nate in the last 500 Ma has been interpreted to reflect changes in
global Ca cycling (e.g., De La Rocha and DePaolo, 2000; Farkas et al.,
2007a; 2007b; Heuser et al., 2005). Magnesium is a minor element
in many carbonates and its isotopic composition has been evaluated
for its usefulness as a paleo-climate proxy in both marine and
terrestrial environments (e.g., Buhl et al,, 2007; Eisenhauer et al.,
2009; Hippler et al., 2009).

Ample field studies have suggested significant Mg isotope
fractionation between carbonate and aqueous solution. Relative
to carbonates, igneous rocks have generally limited variation in
Mg isotope composition, indicating that at high-temperature Mg
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is restricted in its isotopic composition (Fig. 1; e.g., Chakrabarti and
Jacobsen, 2010; Dauphas et al., 2010; Handler et al., 2009; Li et al.,
2010; Liu et al., 2010; Shen et al., 2009; Teng et al., 2010, 2007; Yang
et al., 2009). In contrast, 5**Mg values of low-temperature compo-
nents of the Mg cycle, such as riverine inputs, range from — 3.84%o
to 0.75%o, reflecting isotopic fractionation during weathering, and
variation of catchments, particularly in the proportions of carbonate
to silicate rock (e.g., Brenot et al., 2008; de Villiers et al., 2005; Pogge
von Strandmann et al., 2008a, 2008b; Tipper et al., 2006a, 2008,
2006b; Wimpenny et al., 2011). The weighted average 5*°Mg value
of modern riverine input to the oceans is estimated at —1.09%o
(Tipper et al., 2006b), distinct from the homogeneous 52°Mg value of
ca. —0.8%0 for modern ocean seawater (Fig. 1). This contrast is
attributed to precipitation of marine carbonate that has low §%°Mg
values ranging from —5.3%. to —1%. (Fig. 1; Brenot et al., 2008;
Buhl et al, 2007; Chang et al.,, 2003; de Villiers et al., 2005; Galy
et al., 2002; Hippler et al., 2009; Immenhauser et al., 2010; Jacobson
et al., 2010; Tipper et al., 20063, 2006b).

Previous investigations of different marine organisms of known
habitat demonstrate that fractionation in 2°Mg/>*Mg ratios during
growth of carbonate skeletons in marine organisms range from ca.
—5%0 to —1%, and are species-dependent (Chang et al, 2004;
Hippler et al., 2009; Miiller et al., 2011; Pogge von Strandmann,
2008; Wombacher et al., 2006). In contrast, Mg isotope fractionation
during abiogenic precipitation of carbonate is relatively little studied.
Galy et al. (2002) inferred the 2°Mg/>*Mg fractionation between
carbonate and solution to be —2.80%. to —2.57%o. at temperatures of
4-17 °C, based on analysis of speleothem samples and drip water
from caves, and they suggested that the variation in fractionation
was at most 0.04%./°C. Immenhauser et al. (2010) reported carbo-
nate-solution 2°Mg/>*Mg fractionations of —2.3%. to —1.6%, for
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Fig. 1. Compilation of published Mg isotope data from different geological
reservoirs. 32Mg values of igneous rocks are from Tipper et al. (2006a, 2008);
Teng et al. (2007, 2010), Wiechert and Halliday (2007), Brenot et al. (2008),
Chakrabarti and Jacobsen (2010), Dauphas et al. (2010), Jacobson et al. (2010), Li
et al. (2010) and Liu et al. (2010); 8*Mg values of seawater are from de Villiers
et al. (2005), Tipper et al. (2006a, 2008, 2010), Hippler et al. (2009), Teng et al.
(2010) and Ling et al., (2011); §*Mg values of river water are from de Villiers et al.
(2005), Tipper et al. (2006a, 2006b), Brenot et al. (2008), Pogge von Strandmann
et al. (2008a, b) and Wimpenny et al (2011); §*Mg values of limestone (Mg-
calcite) are from Galy et al. (2002), de Villiers et al. (2005), Tipper et al. (2006a),
Buhl et al. (2007), Brenot et al. (2008), Hippler et al. (2009) and Immenhauser et al.
(2010); 5%°Mg values of dolomite are from Galy et al. (2002), Chang et al. (2003),
Brenot et al. (2008), and Jacobson et al. (2010).

laboratory calcite precipitation experiments at 10.3 °C. Finally, iso-
topic fractionations have been reported in abstracts for two labora-
tory experiments where carbonate was precipitated at 25 °C
(—2.440.2%o, Kisakurek et al, 2009 and —2.2 +0.2%., Saulnier
et al., 2011).

In this study, we investigated Mg isotope fractionation
between carbonate and aqueous Mg solutions from 4 °C to 45 °C
under various Pco, and aqueous Mg-Ca concentrations. Under-
standing the controls on Mg isotope fractionation during inor-
ganic calcite precipitation is important to interpret the variable
Mg isotope data measured from carbonates in nature. Experi-
mental determination of isotopic fractionation between aqueous
solution and carbonate using classical precipitation methods may
be complicated by kinetic effects because initiation of precipita-
tion generally requires solutions that are highly supersaturated to
overcome nucleation energy barriers (Mullin, 2001). Once nucleation
is initiated, very rapid mineral precipitation follows, which in turn
can produce kinetic isotope fractionations that reflect non-equili-
brium isotope transport to the crystal surface (e.g., Lemarchand et al.,
2004). Kinetic isotope fractionations are commonly observed in
carbonate precipitation experiments and have been discussed for
Mg (Immenhauser et al., 2010), Ca (e.g., Lemarchand et al., 2004), O
and C (e.g., Kim and O’Neil, 1997; Romanek et al.,, 1992) in calcite.
Common experimental strategies for assessing kinetic isotope effects
include varying the precipitation rate, where equilibrium isotope
fractionation may be inferred by extrapolation to zero precipitation
rates, or if measured fractionations are invariant with respect to
precipitation rate (e.g., Lemarchand et al.,, 2004; Li et al., 2011). Here
we attempt to circumvent kinetic Mg isotope fractionation through
use of Mg-free calcite seed crystals (Romanek et al., 1992), which
strongly reduces or eliminates nucleation energy barriers, allowing
carbonate precipitation from solutions that are not strongly super-
saturated (Mullin, 2001). Such an approach may more closely
approximate equilibrium isotope fractionation than approaches that
use homogeneous nucleation from super-saturated solutions.

2. Experimental methods
2.1. Isotope analysis

2.1.1. Instrumentation and data reporting

Magnesium isotope measurements were made at the Univer-
sity of Wisconsin-Madison, using a Micromass IsoProbe MC-ICP-
MS. Helium was used as the collision gas for thermalization and
H, was used as a reactive gas to minimize isobaric interferences
at masses 25 and 26, which are thought to be H'2C, and '2C'“N,
respectively. Magnesium solutions were introduced into the Ar
plasma using a self-aspirating 50 or 100 pL/min nebulizer coupled
with a Cetac Aridus II membrane desolvating system. The cone
voltage was set to 20-50 V. These conditions produce a total Mg
ion intensity of 4-8 x 10~ " A using a 3 ppm Mg solution. Wash-
out between samples used a 2% HNOs solution for 6 min. Overall,
the “on-peak” blank acid produced a typical ion intensity of
55x1071%, —5.7x 107! and 4.3 x 10" '® A at masses 24, 25,
and 26, respectively, and these did not change during an analy-
tical session.

Magnesium isotope ratios were determined using a standard-
sample-standard bracketing technique using an in-house Mg
standard (HPS909104, Table 1) as the bracketing standard. Sam-
ples were typically diluted to 3 ppm + 5%. Matrix effects asso-
ciated with Mg concentration were corrected by analysis of the
standard solution diluted over a range of 1.5-4.5 ppm Mg,
following methods discussed by Albaréde and Beard (2004),
which typically resulted in a correction of less than + 0.03%. in
the 2°Mg/**Mg ratio for the samples. Isotopic ratios were
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Table 1

Mg isotope compositions and external precisions of standards and test solutions passed through ion-exchange chromatography. Analyses were made using HPS909104 as

the in-house Mg isotope standard, and data are reported relative to DSM3.

Sample 3%5Mg 2 SD 5%°Mg 2 SD n
Isotope standards (Isoprobe with Aridus)

DSM3 0.02 0.13 0.00 0.09 109
Cambridge1 -2.57 0.12 -1.33 0.10 87
NBS980 —4.09 0.09 -2.10 0.09 13
HPS909104° -0.67 0.13 -0.34 0.08 49
HPS932001? —2.90 0.13 —1.50 0.08 48
Isotope composition of Cambridgel in reference (selected)

Cambridge1 (Galy et al., 2003) —2.58 0.14 -1.33 0.07 35
Cambridge1 (Tipper et al., 2006a, 2006b) —2.60 0.14 -1.34 0.08 168
Cambridge1 (Pearson et al., 2006) -2.57 0.13 -1.34 0.04 69
Cambridge1 (Hippler et al., 2009) —2.58 0.04 -1.34 0.02 56
Cambridgel (Huang et al., 2009) —2.63 0.11 -1.36 0.07 44
Cambridge1 (Isoprobe with spray chamber, Li et al., 2011) —2.57 0.15 -1.32 0.09 48
Test solutions processed through the complete four-stage column chemistry

50 pg HPS909104 -0.79 0.16 -0.48 0.14 1
100 pg HPS909104 —0.68 0.16 -0.37 0.15 4
HMC (50 pg Mg equv.)® —-0.68 0.20 -0.37 0.12 7
LMC-A (50 pg Mg equv.)* -0.71 0.16 —0.40 0.07 10
LMC-B (50 ug Mg equv.)? -0.61 0.13 -0.30 0.05 4
All test solutions —0.69 0.17 —0.38 0.10 26
Hawaiian seawater® -0.87 0.02 -045 0.02 2

In this study, the test solutions were dispersed between samples during the column chemistry.
2 HPS909104 and HPS932001 are pure Mg stock solutions purchased from High-Purity Standards, Inc.

> HMC test solution contains 50 ppm Mg (HPS909104) and 720 ppm Ca.
¢ LMC-A test solution contains 50 ppm Mg (HPS909104) and 3920 ppm Ca.

4 LMC-B test solution contains 50 ppm Mg (HPS909104), 3920 Ca, 50 ppm Na, 50 ppm Al, 50 ppm Mn, and 50 ppm Fe.
€ Seawater was treated twice with step 3 during column chemistry for complete removal of Na.

calculated by subtracting on-peak zeros obtained using a 60 s
on-peak acid blank measurement prior to forty 10s on-peak
integrations of the analyte solution. This measurement routine
results in a typical internal (2 standard error) precision of better
than + 0.04%, for 2°Mg/?**Mg and + 0.02%. for >Mg/**Mg.

Magnesium isotope compositions are reported using the
standard per mil (%.) notation of §2°Mg for the 2°Mg/?*Mg isotope
ratios, where

3°°Mg = [(**Mg/**Mgumpie)/(**Mg/**Mgpsus)—1] x 1000 M

DSM3 is the international Mg isotope standard (Galy et al.,
2003). 52°Mg values for the 2°Mg/>*Mg isotope ratios are reported
using a similar formulation. Fractionation in Mg isotopes between
two phases A and B is expressed as

A% Mg, g = 8°Mg,—52° Mgy ~ 10% Ino202* )

The error in Mg isotope fractionation factors is calculated by
the error propagation function:

ErrAMg,_p = [(ErrdMg,)? + (ErrdMgg)?]' /2 3)

where ErrAMga_g is the error of the Mg isotope fractionation
factor between phases A and B, and ErrdMg, and ErrdMgg are the
errors of measurements of isotope composition of phases A and B,
respectively.

Note in the right side of Eq. (2), the isotopic fractionation
factor (02%/%4") may be related to the reduced partition function
ratio (RPFR) for 2Mg/?*Mg () for phases A and B via:

0‘26/24A—B =fa/Bs “4)

where f5 (or fg) is the RPFR for A (or B), referenced to an ideal gas
of Mg atoms. The f factors for individual phases can be calculated,
for example, using quantum-mechanical methods (Rustad et al.,
2010; Schauble, 2004, 2011). The equilibrium isotope fractiona-
tion factors between A and B therefore can be derived using
Eq. (4) if their f factors are known. Combination of Eq. (2) and

Eq. (4) enables comparison of calculated and experimentally
determined isotope fractionation factors.

2.1.2. Column chemistry

Approximately 50 mg of Mg—Ca solution or 10 mg of carbonate
was processed through an ion-exchange chromatographic proce-
dure to purify Mg from other cations while obtaining quantitative
Mg yields. Samples were initially converted to chloride form by
repeated dissolution and evaporation in HCl, followed by a four-
stage purification process. Stage 1 separated Ca and Mg using
3 mL of Biorad AG-MP-50 cation exchange resin in 2.2 M HCl, and
carbonate samples were processed twice through this stage
because of the high Ca/Mg ratio of the samples. Stage 2 removed
Mn using 0.3 mL of AG-MP-50 resin, eluted with a mixture of 93%
acetone and 7% 0.5 M HCI. Stage 3 removed Na, Al, Ti and Fe using
0.3 mL of AG-50W-X8 200-400 mesh cation exchange resin, with
05M, 1M, and 1.5M HNOs. A final stage removed any last
vestiges of Ca using 0.3 mL Eichrom DGA resin in 2 M HNOs.
The details of each column procedure are provided in Appendix 1.
In general, concentrations of matrix elements such as Ca, Mn, Fe,
Na, Al were less than 1% of Mg after the four-stage column
treatment, and tests showed that the matrix effect caused by
these impurities was not discernable in instrumental mass bias.
Recovery of Mg for the total procedure was 96 + 4% (10, n=22), as
determined by MC-ICP-MS analysis of test solutions that were
treated as samples. We note that the slightly less than 100%
recovery may be caused by Mg loss during pipetting and drying
down steps, and does not reflect loss on the columns. This conclu-
sion is supported by the recovery of original Mg isotope composi-
tions for test solutions, as discussed below. Isotope dilution analysis
using a 2°Mg spike indicates that the eluent cut before the Mg cut in
step 3 of the procedure contains 0.6-1.6 ng Mg (n=4), which is
negligible compared with the ~100 pg Mg that was loaded. Total
procedural blanks were also determined using isotope dilution and
found to be negligible (5.6-6.9 ng Mg, n=2).
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2.1.3. Precision and accuracy

The long-term external precision of Mg isotope analysis, deter-
mined by repeat analysis of international Mg isotope standards
against an in-house stock solution over 8 months, is better than
0.13%, for 2°Mg/?*Mg and 0.09%. for 2°Mg/**Mg (n=109, 2 standard
deviation or 2 SD, Table 1), and is comparable with that of the wet-
plasma method as reported by Li et al. (2011). The accuracy of the
total analytical procedure was monitored by analyses of pure in-
house Mg standards and test solutions that were processed along
with samples using the four-stage column procedure described
above. The test solutions were made from in-house Mg standards
and other matrix elements (e.g., Ca) to mimic high-Mg calcite (Ca/
Mg=9:1, molar ratio) and low-Mg calcite (Ca/Mg=49:1, molar
ratio). The measured isotope compositions of the test solutions
match that of the in-house standard, with a reproducibility better
than 0.17%. for 2Mg/?*Mg and 0.10%. for >>Mg/**Mg (2 SD, n=26,
Table 1). As an additional check on accuracy, Hawaiian seawater was
analyzed with this procedure and the Mg isotope results
(5*°Mg= —0.87 + 0.02%o, n=2, Table 1) are consistent with sea-
water values reported by other studies (e.g., Ling et al., 2011; Tipper
et al, 2006b), which further validates the analytical methods in
this study.

2.2. Synthesis experiments of Mg-bearing carbonate

2.2.1. Reagents and analytical methods

Synthesis of inorganic carbonates was carried out at the
University of Kentucky. Experimental solutions were prepared
by mixing different aliquots of stock solutions of MgCl, - 6H,0,
CaCl, - 2H,0, and NaHCOs5 that were pre-equilibrated with pure
COy). Most experiments were run as “free-drift” experiments
while one experiment was run as ‘“chemo-stat” (described
below). The Mg isotope compositions of the initial solutions were
identical in all experiments.

The concentrations of Mg and Ca in the solutions at the
beginning and end of an experiment were determined by ICP-MS
with accuracy better than 6%. The total alkalinity of each solution
was determined by autotitration (905 Titrando) with NIST-traceable
certified titrants to better than 0.1%. The pH of each solution was
measured using an ORION pH meter. The pH electrode (Cole-
Parmer) was calibrated with NIST-traceable standard buffer solu-
tions for slope correction (pH 4 and 7) and temperature compensa-
tion. The accuracy for pH was estimated at + 0.05 (1 SD) based on
periodic measurements of calibration standards. The mineralogy of
the solid products was determined using a Rigaku Gigerflex X-ray
diffractometer. Silicon was used as an internal standard for each
analysis for correction of instrumental offset in 20 value.

A small aliquot of the solid product from each experiment was
mounted in epoxy, polished, and examined using a Cameca SX-50
electron microprobe for determination of crystal morphology and
chemical composition of the Mg-calcite overgrowth. The Mg content
of the overgrowth was determined based on backscatter electron
(BSE) images, wavelength dispersive spectroscopy (WDS) elemental
images, and standard electron microprobe (EMP) spot/point (2-
3 um) analysis. Analysis of areas smaller than the EMP spot size was
accomplished using a refined defocused beam, by selecting WDS
scanning data collected in raster mode at relatively high magnifica-
tion for an area of interest that contained Mg. United States National
Museum carbonate minerals were used as standards. Analytical
uncertainty is about + 1% for major oxides (e.g., Mg and Ca).

2.2.2. Experimental procedure

Prior to each experiment, 500-1000 mL of mixed stock solution
(referred to as master solution hereafter) was equilibrated with
100% CO, gas by bubbling the solution in a reaction vessel. This was

done to ensure that the solution was undersaturated with respect to
calcite, aragonite and dolomite and that no precipitation occurred
before the experiment; after bubbling with 100% CO- gas, the pH of
the master solutions ranged from 5.5 to 5.9. Thereafter the solutions
were re-equilibrated with a CO,/N, gas mixture by bubbling the
solution at constant temperature ( +0.02 °C) in a water bath until
chemical equilibrium was achieved (i.e., pH remained constant for
~1h). This was done to reset the chemical composition of the
solution to attain a metastable state of supersaturation with respect
to calcite at a pre-selected Pco, that precluded spontaneous nuclea-
tion of a solid phase. Once chemical equilibrium was attained, 80 mg
of pure calcite seed crystals were added to the master solution to
initiate heterogeneous surface-controlled growth of solid Mg-calcite
at slightly supersaturated conditions. The seed crystals were Mg-free
within detection limits of EMP analysis ( < 0.005 wt% Mg) and had a
size range of 5-15 pm. The master solution was bubbled continu-
ously with a specified CO,/N; gas mixture (Pco, ranged from 0.038%
to 3%) throughout the experiments (2-8 day). For experiments of
longer duration (38-58 days), an airtight lid was secured to the
reaction vessel, and bubbling was stopped after introduction of seed
crystals. In these free-drift experiments, Mg-bearing calcite was
precipitated from the master solution as overgrowths on the calcite
seed crystals as the chemical composition of the solution drifted
towards chemical equilibrium. Details of the experimental condi-
tions are tabulated in Table 2.

A chemo-stat experiment was performed to evaluate the
chemical characteristics of an overgrowth grown at true constant
chemical composition throughout the duration of an experiment
(for details, see Romanek et al., 1992). Synthesis of Mg-calcite
took place in a vessel that contained 500 mL of master solution
that was constantly stirred and bubbled using a CO,/N, mixture
with Pco, of 3%. Titrants (separate reservoirs of MgCl,-CacCl, and
NaHCOs solutions) were fed into the reaction vessel at a constant
rate after addition of 80 mg of calcite seed crystals to maintain
constant pH and compensate for the uptake of ions by Mg-calcite
precipitation (Table 2). By such measures, the solution chemistry,
precipitation rate, and precipitate mineralogy were kept constant
throughout the experiment.

At the conclusion of an experiment the solids were separated
from solution using a 0.45 pum filter, and a 23 mL aliquot of
solution was acidified with 1 M HCI for later Mg isotope analysis.
Solid products were cleaned from all components of the reaction
vessel and filtration apparatus that were in contact with the
solution, and the precipitate was washed briefly with de-ionized
water and methanol on the filter before placing the filter in an
oven to be dried at 40 °C overnight. Recovery of the solid was
between 97% and 100% for control tests.

The aqueous chemistry and saturation state (with respect to
pure calcite) of initial and final solution composition was modeled
using Geochemist’'s Workbench. The observed equilibrium pH
always matched the theoretical value based on solution chemistry
(i.e., aqueous dissolved constituent concentrations determined by
reagent mass and stoichiometry, solvent weight, Pco, of the gas
phase bubbled through the solution and temperature). Final solu-
tion chemistry and saturation state were determined through
analysis of aqueous Ca and Mg (by ICP-MS), total alkalinity (by
titration), pH, and the Pco, of the gas phase bubbled through each
master solution.

3. Results

3.1. Solution composition

In general, solution pH was higher for experiments buffered
with lower Pco,, as expected. For the free-drift experiments, the
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Table 2
Conditions of free drift and chemo-stat experiments.
Exp. T Pco, 4*°Mg Starting Predicted Initial Ca Initial Mg Mg/Ca Initial Exp. End- Seed Overgrowth Final Ca Final Mg Final Mg 1 n Mg content Growth log r Satur. state Satur. state
no. (°C)(%) (%) pH equil. pH conc. conc. molar alkalinity duration ing crystal (mg) conc. conc. alkalinity content SD bulk disolu. rate r of calcite of calcite
(mMol/L) (mMol/L) ratio (N) (h) pH (mg) (mMol/L) (mMol/L) (N) WDS (mol%) (mmol/h/ before Exp. after Exp.
(mol%) m?)

4c® 4 0.038 -2.70 5.59 8.40 2.65 29.74 112  0.002 912 8.32 82.0 16.6 2.46 29.72 0.002 0.8 0428 1.5 4.4 064 24 2.2
10b 10 03 —-2.73 5.71 7.82 1548 47.93 3.1 0.010 192 7.89 87.8 83.8 13.88 47.78 0.006 54 0722 46 98.2 1.99 15.9 8.9
152 15 16 -2.68 5.62 7.54 14.86 49.69 3.3 0.010 168 7.56 85.3 51.2 13.73 49.59 0.008 9.1 2334 8.1 71.0 185 94 7.4
C-2222 3 —2.54 5.84 7.14 14.98 50.21 34 0.010 151 7.14 78.7 56.0 14.65 50.08 0.010 73 0425 73 93.4 197 4.7 4.6
223 22 1.6 -254 555 7.35 14.55 50.50 3.5 0.010 168 732 79.0 2248 10.73 50.33 0.004 8.8 0716 7.6 302.9 253 74 2.2

22¢ 22 3 —2.62 5.85 7.34 15.34 48.70 32 0.010 72 7.37 81.0 27.7 14.76 48.68 0.009 1.9 0516 2.2 93.3 197 7.7 7.2
22d® 22 3 —2.51 5.65 7.10 14.77 49.95 34 0.010 1296 6.75 824 40.5 14.42 49.88 0.007 7.1 1533 6.1 7.5 0.88 4.2 2.9
22e® 22 3 —2.58 5.65 7.00 12.10 39.56 3.3  0.008 1296 6.81 86.0 4.0 12.07 39.55 0.007 14 0520 0.9 0.7 —-0.15 25 14
30a 30 1.6 —245 548 7.48 14.64 49.77 34 0.010 48 7.57 87.7 70.7 13.14 49.63 0.006 10.1 2.128 9.2 3344 2.5212.7 8.7
30b 30 3 —242 5.85 7.40 15.34 48.70 32 0.010 72 7.42 78.2 34.6 14.71 48.64 0.008 3.9 0617 5.0 121.1 2.08 11.1 9.1
32a 32 0.038 —2.45 5.59 8.65 3.89 50.25 129 0.004 1080 8.25 82.1 249 3.54 50.23 0.002 6.1 1920 5.1 5.6 0.74 21.2 4.3
32b° 32 0.038 —2.32 5.59 8.60 3.27 39.52 12.1 0.003 1080 8.20 87.9 19.0 3.17 39.50 0.002 13 0.735 1.7 3.9 0.59 13.9 3.9
32d° 32 3 —249 5.65 7.10 14.77 49.95 34 0.010 1392 6.65 80.2 89.2 13.71 49.79 0.006 11.6 3944115 159 1.20 5.7 1.2
32> 32 3 —235 5.65 6.90 9.06 30.06 33 0.006 1392 6.78 78.9 34.5 8.47 30.03 0.003 14.9 4438 7.7 6.3 0.80 1.7 0.6
35a 35 16 —2.54 5.62 7.46 14.86 49.69 33 0.010 48 7.26 80.5 76.4 13.49 49.42 0.006 12.8 2521124 3954 2.60 14.1 5.1
40a* 40 1.6 —242 556 7.42 15.58 47.38 3.0 0.010 48 7.24 85.8 1209 13.39 47.20 0.006 4.8 1.229 4.0 521.6 2.76 15.6 5.6

40b 40 3 —2.46 5.90 7.42 14.92 50.29 34 0.010 30 7.40 80.0 70.1 13.53 50.16 0.008 8.6 0713 7.1 580.1 2.76 14.7 104
40c* 40 3 —247 585 7.47 15.34 48.70 3.2 0.010 72 7.27 81.7 120.0 12.88 51.07 0.007 6.1 0.716 5.1 363.2 2.6117.1 6.5
45a* 45 1.6 —2.23 548 7.59 14.64 49.77 34 0.010 48 7.33 889 152.9 11.90 49.63 0.005 4.4 1.027 33 636.2 2.8524.3 5.8
45b 45 3 —-222 5.78 7.03 15.41 49.65 32 0.007 52 6.97 81.3 213 15.19 49.60 0.006 2.8 1224 30 99.2 2.00 5.1 3.8
45c¢ 45 3 —2.24 595 7.26 9.65 39.41 41 0.010 52 7.07 86.6 80.1 8.53 39.23 0.006 7.2 0826 4.5 3525 255 8.7 3.1

C-22: Chemo-stat experiment, others are free-drift experiments.

N/A: not analyzed.
2 Experiments have less than 10% aragonite in solid phase, growth rates were calculated using a subtraction of 10% of total overgrowth amount.
 Long term experiment, not bubbled continuously throughout the experiment.
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pH of the solutions decreased over time due to precipitation of Mg-
calcite (Table 2). The final pH of each synthesis experiment was
close to the theoretical estimate, indicating the solution chemistry
was accurately characterized. The change in aqueous Mg concentra-
tion over the course of each experiment was insignificant ( < 0.5%),
because the reservoir of aqueous Mg was large compared to the
proportion precipitated in the solid phase. In terms of Mg, therefore,
the free-drift experiments were essentially precipitating from an
infinite reservoir. In contrast, Ca concentrations decreased by up to
26% during the experiments (Table 2), due to precipitation of
carbonate, accompanied by a decrease in total alkalinity in a 1:2
ratio to maintain charge balance. The chemical composition of the
fluid in the chemo-stat experiment remained constant throughout
the experiment (Table 2), reflecting steady-state conditions.

3.2. Synthesis products

The mass of Mg-calcite produced in the experiments was
calculated by subtracting the weight of seed crystals from the
weight of recovered solid products (Table 2). SEM and XRD analyses
confirmed that calcite and Mg-calcite were the only minerals in the
solid products for the chemo-stat experiment and most of the free-
drift experiments. In four experiments, minor aragonite was identi-
fied in the solid products (Table 2). Grains of the final solid were
typically between 5 pm and 15 pm in diameter and had euhedral to
subhedral shapes (Fig. 2). Unlike the seed material, surfaces of the
solid products were rough and displayed numerous steps and
domains. Incorporation of Mg in newly precipitated calcite was
verified by a shift in the (104) d-spacing for calcite in XRD patterns.
BSE and WDS mapping of Mg in polished sections of the solid
products indicated the formation of Mg-calcite overgrowth on the
pure calcite seed crystals (Fig. 2). The thickness of Mg-bearing calcite
overgrowth varied from 0.1 pm to 2 pm. The mole percentage of
MgCOs in the overgrowth was determined by bulk dissolution, EMP
spot analysis and defocused beam analysis, and the values ranged
from 0.8 to 14.9 mol% (Table 2). No correlation was found between

the Mg content and/or weight of the overgrowths with pH, reaction
time, and composition of solution (Table 2).

Table 2 reports average precipitation rate in pmolm=2h~!
based on the mass of overgrowth, the mole percentage of MgCO;
(as determined by WDS analysis in the overgrowth), the surface area
of the seed crystals (0.5m? g~ '; Romanek et al, 1992), and the
duration of the experiment. It is important to note that the
instantaneous precipitation rate during an experiment likely varied
from the average rate for all the free drift experiments. For example,
the average precipitation rate likely underestimates the instanta-
neous rate early in the experiment, whereas it is overestimated close
to the termination of an experiment. If there was an initial rapid
precipitation that produced a kinetic isotope fractionation, this could
mask possible equilibrium isotope fractionation later in the experi-
ment, depending on the mass of solid produced during different
stages of growth. Therefore, the average precipitation rate provides
only broad constraints on possible kinetic effects on isotope fractio-
nation. In contrast, the chemo-stat experiment is not hampered by
such problems because the overall conditions of the experiment do
not change over the duration of the experiment.

Variations in Mg WDS intensity mapping of polished carbonate
samples from free-drift experiments indicate compositional hetero-
geneity in the Mg-bearing calcite overgrowth (Fig. 2). For samples
that have > 10 mol% Mg overgrowth, multiple EMP spot analyses
and defocused beam analyses revealed a 2.1-4.4 mol% standard
deviation, whereas samples that have < 10 mol% Mg overgrowth
(Table 2) have 0.4-3.5 mol% standard deviation. Compositional
variability of Mg-bearing overgrowths in free-drift experiments
has been reported previously, and has been attributed to changes
in solution composition over time (Jimenez-Lopez et al., 2004).

3.3. Magnesium isotope composition of reactants and products

A single Mg stock solution was used for all experiments and the
average 52°Mg value of 11 replicate samples was — 1.73 + 0.08%o (2
SD; Table 3). The Mg isotope composition of the solution at the end of

Fig. 2. (A) Secondary electron image (SEM) of Mg-free calcite seed crystals displaying rhombic habit. (B) Representative SEM image of final solid products with Mg-calcite
overgrowth (from Exp. 30a). C1, C2, and C3 are representative backscatter electron image and wavelength dispersive spectroscopy (WDS) scan maps of Ca and Mg for the
final solid products (from Exp. 30a), respectively. Mg WDS map clearly shows no Mg in the core of the crystals.



Table 3

Magnesium isotope composition of solutions and carbonates in synthesis experiments and corresponding isotope fractionation factors.

Exp no. Pco, (%) Mg/Ca T(°C) Solution Carbonates Fractionation

§5%624Mg 2SD §%P4Mg 2SD §%°°Mg 2SD n N §8%Mg 2SD $§%°*Mg 2SD $§%52°Mg 2SD n N AP4Mg 2SD APP4*Mg 2SD A%%2°Mg 2 SD
Initial solution

-1.73 0.08 -0.89 005 -0.84 004 39 11
Final solution
4c 0.038 11.2 4 -1.78 001 -0.84 011 -0.92 009 2 1 —4.48 024 -2.29 0.14 -2.19 009 3 1 -270 024 -145 0.18 -1.27 0.13
10b 0.3 3.1 10 -1.72 0.15 -0.88 0.13 -0.82 002 3 1 —4.45 005 -2.32 026 -2.17 010 6 2 -273 016 -1.44 029 -1.35 0.10
15a 1.6 33 15 -1.71 0.17 -0.88 012 -0.84 008 5 2 —-439 006 -2.25 005 -2.14 006 6 1 -268 018 -1.41 0.13 -1.30 0.10
C-22 3.0 34 22 -1.68 022 -0.87 012 -0.82 010 7 2 —423 015 -2.17 0.09 -2.06 010 10 2 -254 027 -1.30 0.15 -1.24 0.14
22a 1.6 3.5 22 -1.69 0.02 -091 006 -0.78 005 2 1 —4.23 009 -2.19 005 -2.04 007 17 4 -254 009 -1.28 0.08 -1.26 0.09
22¢ 3.0 3.2 22 -1.79 0.16 -0.92 009 -0.87 007 3 1 —4.42 0.08 -2.28 011 -2.15 009 7 2 -262 0.18 -1.36 0.14 -1.28 0.12
22d 3.0 34 22 -1.75 0.16 -0.89 013 -0.84 001 2 1 —4.25 016 -2.18 0.12 -2.06 009 3 1 -251 022 -1.29 017 -1.22 0.09
22e 3.0 33 22 -1.73 0.08 -0.89 005 -0.84 004 7 —4.33 013 -2.23 0.10 -2.11 010 17 1 =259 015 -1.34 0.11 -1.28 0.11
30a 1.6 34 30 -1.83 0.16 -0.94 0.11 -0.89 005 6 2 —-4.28 0.06 -2.19 0.07 -2.08 004 4 1 -245 017 -1.26 013 -1.19 0.06
30b 3.0 3.2 30 -1.73 009 -0.88 0.06 -0.85 006 7 2 —-4.14 020 -2.15 0.13 -2.00 012 13 3 -242 022 -1.27 0.14 -1.15 0.13
32a 0.038 12.9 32 -1.73 0.08 -0.89 005 -0.84 004 7 —4.20 017 -2.17 0.06 -2.06 012 3 1 -247 0.18 -1.27 0.08 -1.22 0.13
32b 0.038 121 32 -1.82 0.16 -0.96 022 -0.83 009 2 1 —4.15 0.08 -2.16 0.04 -2.02 004 2 1 -232 0.18 -1.20 022 -1.19 0.10
32d 3.0 34 32 -1.74 003 -0.87 004 -0.84 001 2 1 —4.23 018 -2.17 0.05 -2.06 016 3 1 -249 0.18 -1.29 0.07 -1.22 0.16
32f 3.0 33 32 -1.77 0.10 -0.90 0.03 -0.88 008 2 1 -4.13 008 -2.14 0.07 -2.00 005 3 1 -235 013 -1.24 0.08 -1.13 0.10
35a 1.6 33 35 -1.67 019 -0.87 0.07 -0.80 013 6 2 —422 016 -2.16 0.08 -2.06 007 12 4 -254 025 -1.30 0.10 -1.25 0.15
40a 1.6 3.0 40 —1.68 0.06 -0.86 0.07 -0.82 006 4 1 —4.10 0.16 -2.10 012 -1.99 0.07 10 2 -242 017 -1.24 014 -1.17 0.09
40b 3.0 34 40 -1.73 0.15 -0.89 0.08 -0.84 0.10 16 4 —-420 024 -217 0.15 -2.03 013 20 4 -2.46 028 -1.28 0.17 -1.19 0.16
40c 3.0 3.2 40 -1.72 0.10 -0.88 0.03 -0.83 008 14 3 —-4.18 021 -2.16 0.14 -2.03 0.10 20 5 -247 023 -1.29 0.14 -1.20 0.12
45a 1.6 34 45 -1.81 0.14 -0.94 0.06 -0.90 006 2 1 —4.04 0.09 -2.08 0.05 -1.98 0.08 11 2 -223 0.16 -1.14 0.08 -1.08 0.10
45b 3.0 3.2 45 -1.80 0.18 -091 0.09 -0.90 013 3 1 —4.02 016 -2.10 0.07 -1.93 009 5 1 -222 024 -1.18 0.11 -1.02 0.16
45c¢ 3.0 4.1 45 -1.77 020 -0.91 0.15 -0.88 007 6 1 —4.02 028 -2.08 012 -1.96 020 4 1 -224 034 -1.17 0.19 -1.07 0.21

N/A: not analyzed.

n: number of analyses.

N: number of replicates.
* Only one measurement was carried out, used long tern external reproducibility of Mg isotope analysis for analytical error.
** Did not analyze solution, used the average Mg isotope composition of starting solution.

ore
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Fig. 3. Variation of Mg isotope composition of Mg-bearing calcite overgrowth
versus temperature (A) and Mg content in carbonate (B).

each experiment was measured and its isotope composition
(6%°Mg= —1.75 + 0.09%o; 2 SD, N=19; Table 3) was identical to that
of the starting solution, reflecting the fact that during precipitation of
Mg-bearing calcite >99% of the Mg budget is retained in the
solution. In contrast, the precipitated carbonates have §2°°Mg values
that range from —4.02%. for Exp. 45b to —4.48%. for Exp. 4c
(Table 3). Multiple experiments were run at temperatures of 22 °C,
30 °C, 32 °C, 40 °C and 45 °C, and, in general, Mg-bearing carbonates
synthesized at the same temperature have similar Mg isotope
compositions (Table 3, Fig. 3a), despite differences in Pco, and Mg
concentration in the initial solution, as well as the mole percentage of
Mg in the overgrowth (Fig. 3b; Table 2). Overall, temperature appears
to have the strongest control on Mg isotope composition of the
overgrowth, and there is a positive correlation between the §2°Mg
measured in carbonate and temperature (Fig. 3a), although this
control is mild, as discussed below.

4. Discussion

4.1. Temperature dependence of Mg isotope fractionation between
calcite and aqueous solution

The Mg isotope fractionation factor between calcite and aqueous
Mg was calculated using the difference in isotopic composition
between calcite and the final isotopic composition of aqueous Mg,
defined as 42%*Mg..so (EqQ. (2); Table 3). There is a negative
correlation between 42%2*Mg.,,_co1 and 10°/T? (Appendix 2), and the
best fit to these data as calculated using IsoPlot (Ludwig, 1999) is

A%24\Mg = (—0.158 +0.051) x 105/T>—(0.74 + 0.56)

with a mean square weighted deviation (MSWD) of 0.95, where T is
in Kelvin. The Mg isotope fractionation factor between calcite and
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Fig. 4. Comparison of experimental determined A2°Mg_.;.so1 Values (where multi-
ple experiments were done at the same temperature, an average value is plotted)
with fractionation factors reported by other experimental and field studies. Errors
of these data are typically within 0.1-0.2%.. The precipitation rates (r) for
synthesized Mg-bearing calcite reported by Immenhauser et al. (2010) are noted.
Immenhauser et al. (2010) reported three groups of samples from natural
environments, among which, Group 1 are slowly precipitated speleothem sam-
ples, and Group 2 are surficial calcrete (calcareous crust) of a speleothem that are
suggested to be precipitated at higher rates; Group 3 data are omitted because of
potential contamination concerns (A. Immenhauser, personal communication,
2012).

aqueous Mg therefore has a small, but significant temperature
dependency, where the fractionation factor varies by 0.011%./°C in
25Mg/**Mg over the temperature range 4-45°C (Fig. 4). This is
consistent with Galy et al. (2002) who reported the fractionation
factor as a function of mean annual cave temperature. Importantly,
our 42524Mg_ .1« fractionations at a given temperature do not show
a correlation with Mg content in the overgrowth or Pco,, suggesting
that the fractionation factor is relatively insensitive to compositional
variations, at least over the range of values explored in the current
study.

It is important to note that the temperature dependence mea-
sured for the A42524Mg_ .1 fractionations matches that expected for
an equilibrium relation, where the fractionation increases with
decreasing temperature (e.g., Schauble, 2004). If the temperature
dependency of the current experiments is extrapolated to infinite
temperature, the intercept is —0.76 + 0.51 (Appendix 2). Despite the
very large temperature extrapolation, the intercept is close to the
expected zero fractionation at infinite temperature, a relation that is
consistent with theory for equilibrium isotope fractionation (e.g.,
Schauble, 2004).

4.2. Kinetic effects

The kinetic isotope effects observed during carbonate precipita-
tion for various stable isotope systems reflect isotopic fractionations
produced by rate-limiting steps. Kinetic isotope effects have been
recognized to be associated with precipitation rate for O (e.g., de
Villiers et al,, 1995) and C isotopes (e.g., McConnaughey, 1989a) in
carbonates. In the case of C, the rate-limiting step is isotopic
exchange between gaseous and dissolved C, and for O, isotopic
exchange between dissolved carbonate and water (Kim et al., 2006;
McConnaughey, 1989b). The kinetic fractionation inferred for Ca
isotopes (e.g., Lemarchand et al, 2004) likely reflects transport
processes to the crystal surface. Unlike C and O isotopes, Ca and
Mg isotope fractionation is expected to be relatively insensitive to
the dissolved inorganic carbon (DIC) content because CO, is not a
repository for Ca and Mg, and ion pairing (complexation) between
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DIC and Ca?* and Mg?* is negligible in aqueous solution under
most ambient conditions compared to free aqueous metal contents.

In this study, carbonate synthesis experiments at 32 °C were
carried out under conditions where Pco, varied by nearly two orders
of magnitude (0.038% for Exp. 32a—c to 3% for Exp. 32d-f; Table 2),
the Mg content of solutions varied nearly two-fold (~30 mM L~ for
Exp. 32c to ~50 mML~" for Exp. 32a), and the Mg/Ca molar ratio
varied four-fold (3.0 for Exp. 32f to 12.1 for Exp. 32b). On the other
hand, the fractionation factors measured for these experiments are
similar (Table 3). This confirms the expectation that Mg isotope
fractionation is unrelated to carbon dioxide-carbonate ion exchange.
This is consistent with the observations of Saulnier et al. (2011), who
reported that the A?°Mgamsor fractionation of —2.2 +0.2%. is
independent of pH and Mg/Ca ratio of solutions in their experiments.

Kinetic Mg isotope fractionation due to solution transport to the
crystal interface, as well as dehydration from solution, may explain
the sensitivity of Mg isotope fractionation to precipitation rate
observed by Immenhauser et al. (2010), who reported 4252*Mg.,..
sol fractionations at 10 °C that varied from —2.33 to —1.63%. as a
function of precipitation rate (200-800 umol m~2 h~!; Fig. 4). More-
over, large variations in the fractionation factor have been deduced
from speleothem studies by Immenhauser et al. (2010), who report
less negative 4252*Mg.,;.so1 fractionations for speleothem formed at
more rapid precipitation rates. Analysis of bulk speleothems and
cave water in which precipitation rates were inferred to have been
relatively slow (Galy et al, 2002; Immenhauser et al., 2010)
produced A2%?*Mg ..co1 fractionations that are similar to those
determined in our synthesis experiments (Fig. 4).

The precipitation rate for the chemo-stat experiment at 22 °C is
well constrained at 93 pmol m~2h~". This is significantly lower than
the rates reported by Immenhauser et al. (2010), which may explain
their generally less negative A42624Mg_ .., fractionations. As noted
above, precipitation rates for the free-drift experiments are difficult
to constrain for comparison, but the average precipitation rates at
22 °C ranged from <1 to 303 umol m~2h~! (Table 2). Despite the
uncertainty in rate, all of these experiments produced identical 4%/
24Mg..1so1 fractionations. It is noteworthy that Kisakurek et al. (2009)
reported that the A%%?*Mg.,., fractionation did not vary over
precipitation rates ranging from 100 to 10,000 pmol m~2h~1. We
conclude that although kinetic effects are potentially important, it is
unlikely to be the major source of variability in Mg isotope
fractionation during calcite precipitation for our experiments.

The combination of: (1) relatively low precipitation rate of the
chemo-stat experiment, (2) the use of seed crystals to lower the
activation energy for heterogeneous nucleation, and (3) the atten-
dant decrease in the degree of supersaturation required to promote
calcite precipitation (Mullin, 2001), suggests that our experimental
data may estimate equilibrium Mg isotope fractionation for the Mg-
calcite system. Because carbonate precipitation is a unidirectional
process, it is not possible to rigorously prove that isotopic equili-
brium was attained. As an analog, Ca isotope fractionation between
calcite and aqueous Ca has been debated for years, and very different
Ca isotope fractionation factors have been proposed from experi-
mental (e.g., Lemarchand et al., 2004) and field (e.g., Fantle and
DePaolo, 2007) studies. Nevertheless, we note that the Mg isotope
fractionation factors between calcite and aqueous Mg determined in
this study are consistent with those deduced by analysis of solid
carbonate and cave water for slow growing speleothems (Galy et al.,
2002; Immenhauser et al., 2010; Fig. 4), and the consistency of our
results over wide ranges in experimental conditions suggests that the
results may approximate equilibrium conditions.

4.3. Comparison with calculated fractionation factors

In contrast to the agreement between 42%2*Mg..s fractiona-
tions determined from our experiments and those deduced from

analysis of bulk speleothems and cave water, the Mg isotope
fractionation factors between calcite and aqueous Mg calculated
by ab initio methods are distinct (Fig. 5a). The calculated 425/
24Mgca1so1 fractionations using the f values from Rustad et al.
(2010) for calcite and aqueous Mg are greater in magnitude (more
negative) than those measured in the current study. An even
more negative 42%?*Mg.,1o fractionation is calculated when the
p value for aqueous Mg from Schauble (2011) and the f value for
calcite from Rustad et al. (2010) are combined (Fig. 5a). The
fractionation factors calculated for other Mg-bearing carbonates,
including magnesite and dolomite, all have higher 4%%2*Mg .po.
nate-sol fractionations, where both Rustad et al. (2010) and
Schauble (2011) predict that 4252*Mggoiomite-sot > 42**Mgmagne-
sitesol. There is, however, little agreement between carbonate-
solution fractionation factors for specific minerals. For example,
Rustad et al. (2010) predicts that A25/24Mgguoiomite-sol > 0, Whereas
Schauble (2011) predicts 425/2*Mggoiomitesoi < O (Fig. 5a). Based
on Mg isotope compositions of deep-sea sediment pore-fluids and
dolomite from ODP drill cores 1082 and 1012, Higgins and Schrag
(2010) suggested that 42%2*Mg4oiomitesol Varies between — 2.0%o
and —2.7%., which is closer to the modeling results of Schauble
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Fig. 5. (A) Comparison of theoretically predicted Mg isotope fractionation factors
between carbonates and solution (426/2*Mgin.so1) With data determined from this
experiments and previous field studies. The fractionation factors for calcite, dolomite,
and magnesite were calculated by Rustad et al. (2010) using two different models
(BP86 and B3LYP). Schauble (2011) also calculated A426/2*Mg,,irso1 for dolomite and
magnesite. In addition, the f3 factor for calcite calculated by Rustad et al. (2010) using
BP86 model is combined with the § factor for aqueous Mg by Schauble (2011) to
generate a third prediction of A2%2*Mg o for calcite (denoted as “Calcite S-R
combined"). The apparent 425/2Mg,in.so1 for dolomite from ODP drill cores are from
Higgins and Shrag (2010), temperature is arbitrarily assumed at 6 °C. The apparent
A%%124\g, i <o for dolomitecalcite speleothem sample was reported by Galy et al.
(2002). (B) Comparison of theoretically predicted Mg isotope fractionation factors
between magnesite and dolomite (42%2*Mgnag.401) calculated by Schauble (2011)
and Rustad et al. (2010), the latter used two different models (BP86 and B3LYP) in
their calculation.
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(2011) than those of Rustad et al. (2010). The fractionation factor
inferred by Galy et al. (2002) from a speleothem that was
composed of a mixture of calcite and dolomite and cave water
yields a A%%/2*Mg arbonate-sol Of +0.33%0, which seems to agree
better with the dolomite-fluid fractionation factors calculated by
Rustad et al. (2010).

A possible explanation for the disparity between experimen-
tally determined and calculated 425/?4Mg.,1so1 fractionations is
differences in Mg bonding as a function of composition; such an
effect is expressed for O and C isotopes, where 480,01 and
A'3Cearso fractionations correlate with Mg content in calcite
(Jimenez-Lopez et al., 2006, 2004). In the Rustad et al. (2010)
calculations for Mg isotope fractionation in calcite, Mg was
modeled as an infinitely dilute Mg2* solid solution in calcite,
therefore a pure calcite lattice configuration was used. In contrast,
substitution of Ca?* with Mg2* has a significant impact on the
calcite lattice (e.g., Bischoff et al., 1983; Zhang et al., 2010), and
indeed the shift in the (104) d-spacing is roughly proportional to
the amount of Mg in the calcite structure. Such d-spacing changes
should produce changes in relative bond strengths and angles,
and hence could impact calculated isotope fractionation factors
(O’Neil, 1986). Contrary to this line of argument, however, is the
observation in our experimental results that at a given tempera-
ture there are no significant changes in 42%/?*Mgc,1_so fractiona-
tions from 0.8 to 14.9 mol% Mg in calcite, so it is unclear what
effect calcite lattice changes caused by Mg substitution have on
Mg isotope fractionation factors.

There is closer agreement among calculated Mg isotope
fractionation factors between two minerals as compared to
mineral-fluid fractionation factors. The A2%2*Mgagnesite-dolomite
fractionation calculated by Rustad et al. (2010) using two differ-
ent models agree closely with each other, and they are within
1.2%0 of the A%%?*Mg 1enesite-dolomite fractionation calculated by
Schauble (2011) (Fig. 5b). This contrast between experimental
and calculated fractionation factors has also been observed for Fe
isotopes. Calculated fractionation factors of mineral-fluid systems
are difficult to evaluate due to the effects of multiple hydration
spheres around an aqueous metal species (e.g., Rustad et al., 2010;
Beard et al., 2010). We speculate that these effects are part of the
reason for differences in the calculated fractionation factors
between dolomite, magnesite, and aqueous Mg as compared to
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the dolomite-magnesite system. Such effects may be com-
pounded by crystal lattice changes that may influence isotopic
fractionation. We conclude that further work is clearly needed to
reconcile experimentally determined and calculated Mg isotope
fractionation factors for carbonates. Such reconciliation is impor-
tant, because calculated fractionation factors, if pinned at specific
experimental conditions, allow extrapolation to conditions that
may be unapproachable by experiments.

4.4. Comparison to biologically-catalyzed carbonate precipitation

This study experimentally assessed the influence of temperature,
solution composition, Pco,, and precipitation rate on 4%524Mg,; ¢
fractionations, and therefore provides a baseline for inorganic carbo-
nate formation that may be used to compare with Mg isotope studies
on biologically catalyzed carbonate precipitation. For marine calci-
fiers, the A2%2*Mg . ponatesol fractionations vary from —534 to
—0.24%0 (Chang et al., 2004; Hippler et al., 2009; Miiller et al,
2011; Pogge von Strandmann, 2008; Ra et al., 2010; Wombacher
et al., 2006, 2011; Fig. 6). Although some of the Mg isotope variability
may be a function of the temperature (Hippler et al., 2009; Fig. 6),
most of the variability is attributed to species differences and
mineralogy (Chang et al., 2004; Wombacher et al., 2006; Pogge von
Strandmann, 2008; Hippler et al., 2009; Ra et al., 2010; Miiller et al.,
2011; Wombacher et al., 2011; Fig. 6). In general, the most negative
A?%?4Mg...s01 fractionations are reported from low-Mg calcite, and
the least negative A%%/?*Mg.,. s, fractionations are reported from
aragonite, although there is some concern that Mg is not in the
aragonite lattice (A. Immenhauser, personal communication, 2012).
Moreover, high-Mg calcite tends to have intermediate fractionations
(Wombacher et al., 2006, 2011; Hippler et al., 2009; Fig. 6), raising
the possibility of formation via distinct pathways. In addition, there
are significant variations in Mg isotope composition that are species
dependent, where the most negative 426/*Mg.,,...i fractionations are
associated with planktonic foraminifera, and the A4252*Mge.isol
fractionations become more positive in the order of bivalves < red
algae < echinoids < brachiopods. In addition, the A4252*Mg arbonate-sol
fractionation for benthic foraminifera, coral, sponges, and coccolith
ooze vary by several per mil, but they all have more positive 42°/
24Mg arbonate-sol Values than planktonic foraminifera.
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Fig. 6. Compilation of Mg isotope fractionation observed from marine organisms with known habitat temperature. Solid symbols note aragonite (ARG), open symbols note
low magnesium calcite (LMC), symbols filled with light colors note high magnesium calcite (HMC). For comparison, experimentally determined (this study) and

theoretically predicted Mg isotope fractionation factors are also plotted.
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Existing data highlight so-called “vital” (biological) effects on
Mg isotope fractionation during growth of marine calcifiers. The
experimentally and theoretically determined A%/2*Mgc . bonate-
sol— T trends for Mg-bearing inorganic calcite provide an impor-
tant framework for further study. Certain species of benthic
foraminifera (Triloculina sp., milliloid sp.; Wombacher et al.,
2011), calcitic coral (Keratoisis sp.; Wombacher et al. 2011), and
sponges (Acanthochaetetes wellsi; Wombacher et al., 2011) lie on
the experimentally determined A42%2*Mg arbonate-sol— T trend for
inorganic carbonate in Fig. 6, which may imply that little or no
“vital” effect is involved during skeletal growth. The majority of
marine species plot above the inorganic carbonate trend, and,
notably, data points for red algae and echinoids follow two trends
that are parallel to the inorganic calcite trend, but offset by ca. 0.3%.
and 0.8%o, respectively. These observations suggest that distinct
“vital” effects may characterize Mg isotope fractionations between
species. Many mechanisms may account for the observed fractiona-
tions, such as kinetic isotope effects (Immenhauser et al., 2010) that
are biologically promoted during skeleton growth, isotope fractiona-
tion during transport of Mg through the cell membrane (Black et al.,
2008; Hippler et al., 2009), Mg isotope fractionation caused by
bonding with bio-molecules within cells (Black et al., 2006, 2007;
Bolou-Bi et al., 2010), and involvement of amorphous calcium
carbonate as a transient precursor phase during skeleton growth
(e.g., Wombacher et al., 2011, and reference therein). It is important
to note that to date, only two faunal groups (planktonic foraminifera
and bivalve mollusks) produce Mg isotope fractionations that are
more negative than inorganic calcite. This is significant because this
may imply that these two groups utilize a distinct mechanism for
skeletal growth, which shifts Mg isotope fractionation in an opposite
direction as compared with most other marine organisms.

5. Summary and conclusion

The Mg isotope fractionation between Mg-bearing calcite and
Mg in aqueous solution has been measured over a range of
temperatures using Mg-free seed calcite crystals to minimize
kinetic effects that may be induced by spontaneous nucleation
and highly supersaturated solutions. Synthesis of Mg-bearing
calcite was conducted using a series of free-drift experiments
and one chemo-stat experiment, the later providing a constant
fluid composition during precipitation. The Mg isotope fractiona-
tions between Mg-bearing calcite and solution (42%?*Mgca_s01)
correlate positively with temperature, varying from —2.70%, at 4 °C
to —2.22%o at 45 °C and this defines a function of A2%?*Mgc,_so1=
(—0.158 + 0.051) x 10°/T?>—(0.74 + 0.56), where T is temperature in
Kelvin. Magnesium isotope fractionation factors do not correlate
with Mg content in the carbonate overgrowth, suggesting that over
the range of Mg contents studied (0.8-14.9 mol% Mg in calcite), the
Mg isotope fractionation is constant. In addition, the measured Mg
isotope compositions were independent of changes in Pco, and
therefore invariant with respect to dissolved carbonate. The small
temperature effect on A426/2Mg_.1.so1 fractionation and the insensi-
tivity of A%2*Mg.,01 t0 Pco,, solution chemistry, and calcite
composition greatly simplifies the use of Mg isotopes in modern
or ancient marine systems to constrain Mg fluxes, including con-
tinental weathering.

Because Mg isotope fractionation appears to be independent of
Pco, and Mg concentration in carbonate, we believe these experi-
ments may approximate an equilibrium Mg isotope fractionation
between Mg-bearing calcite and aqueous Mg. Importantly, we
note that the fractionation factor for the free drift experiments is
similar to the results of a chemo-stat experiment conducted
under similar conditions. Moreover, the fractionation factors
measured in this study at an individual temperature closely

match those of previous synthesis experiments and those
deduced from natural samples in cave environments where fluid
and carbonate compositions were measured. There is, however,
> 1%o difference between the experimental and theoretically
determined Mg isotope fractionation factors. This might indicate
unresolved kinetic isotope fractionation in our experiments.
Alternatively, the calculated reduced partition function ratios for
calcite may need refinement by including a larger number of Mg
atom substitutions, or better modeling of Mg?* in solution.

Although there is a statistically significant correlation of the
Mg isotope fractionation factor with temperature (0.011%o/°C)
from 4°C to 45°C, the temperature effect is small and so
application of Mg isotopes as a geothermometer may be difficult.
In particular, this temperature effect is dwarfed by the range in
Mg isotope fractionations produced by biologically-catalyzed
carbonate formation in marine organisms, where 425?*Mgca1_so1
fractionations of —5.34%. to —0.24%. have been observed from a
variety of species living at a temperature range of —1 °C to 33 °C.
Nevertheless, the trend of A%%/24Mg.,so1 Versus temperature as
experimentally determined in this study serves as a fundamental
baseline for assessing and interpreting effects of Mg isotope
fractionation by different marine species. If the isotopic fractiona-
tions measured experimentally represent equilibrium, the wide
range measured for biologically-produced carbonates demon-
strate extremely large “vital” effects for Mg isotopes.
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