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Elemental to calcium ratios in calcium carbonate minerals are used to study environmental conditions. In partic-
ular, uranium to calcium ratio (U/Ca) has been proposed as a proxy for seawater carbonate ion concentration
(C03™) and seawater pH. This work is focused on the evaluation of growth rate and its effect on uranium
partitioning between calcite and fluid. We grew inorganic calcite (by diffusion of CO,) isothermally from
NH,4CI-CaCl, doped with uranium. The growth rate of calcite (crystal extension rate, V) was monitored by se-
quentially spiking calcite-precipitating fluids with rare earth element (REE) dopants. The REE was analyzed
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Calcite with secondary ion mass spectrometry (SIMS) at spots matching those where U/Ca was determined. Partition co-
Uranium efficient KY = (U/Ca)cacie / (U/Ca)guia increases with increasing growth rate (V). Specifically, K increases from

Partition coefficient 0.02 to 0.06 when V increases from 0.01 to 0.14 nm/s and remains nearly constant at faster rates. Numerical sim-
Growth rate ulations using the growth entrapment model (GEM) and unified uptake kinetics model (UUKM) were undertak-
SIMS en to explain KY-V relationship in the recent data on calcite.

Disequilibrium
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1. Introduction

Uranium is a trace element commonly present in calcium carbonate
minerals found in both marine and terrestrial environments (e.g.
Reeder et al., 2001; Dunk et al., 2002; Kelly et al., 2003, 2006). The pres-
ence of uranium in calcite is of value to the geological community as it is
utilized in U-series age-dating as a geochronological tool (e.g. Lundberg
and Ford, 1994; Ku et al., 1998; Kelly et al., 2006). Through the preserva-
tion of its signature in calcite, the U/Ca ratio is being used to track geo-
logic events, climatic variations, and the ocean uranium budget (e.g.
Russell et al., 1994; Min et al., 1995; Dunk et al., 2002). Russell et al.
(1994) investigate the applicability of U/Ca ratios in foraminiferal calcite
as a proxy for seawater uranium concentrations. Min et al. (1995) dis-
cover annual variations in the U/Ca ratio coral skeletons and that U/Ca
is inversely correlated with measured temperatures which suggest it
has potential as a paleothermometer. Dunk et al. (2002) provide a
new assessment of the pre-anthropogenic ocean uranium budget for
the Holocene.

It is known from the work of Russell et al. (2004) and supported by
the findings of Keul et al. (2013) that U/Ca ratios in foraminiferal calcite
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decrease by 25 + 7% per 100 pmol kg-sw~! as [CO3 ] in seawater in-
creases from 110 to 470 umol/kg. This is because uranium easily reacts
with aqueous carbonate species, and therefore speciation is dependent
on available [CO3 ] in seawater (Keul et al., 2013). Moreover, as the
abundance of the carbonate ion increases the diversity of uranium-car-
bonate complexes increases (e.g. [UO2(CO3)aq)l, [UO5(CO5)37], and
[U0,(C03)37]) (Keul et al., 2013). Chemical speciation calculations
were performed by Keul et al. (2013) using the Visual Minteq ver. 3.0
software (Gustafsson, 2010). As the sum of the different carbonate com-
plexes increases the percentage of free forms [U03 *]and [UO,(C05)3 ]
decreases (Keul et al., 2013). In addition to the findings of Keul et al.
(2013) it was reported by Dong and Brooks (2006) that [UO,(CO5)3 7]
(>99%) is the predominate uranium species with trace amounts of
[UO,(C05)%~] under experimental settings where the [CO%~] concen-
tration is high. These findings with those of Djogi¢ et al. (1986) that
the most dominate species is [UO,(CO5)4~] with trace amounts of
[UO,(CO3)57 .

In addition, U/Ca has been proposed for determining paleo-pH, using
coral skeletons and polyps, respectively (Min et al., 1995; Inoue et al.,
2011; Raddatz et al., 2013); and ocean redox chemistry proxies using fo-
raminiferal coatings (Boiteau et al., 2012). Foraminiferal coatings are
produced by authigenic uranium within pore waters accumulating on
the foraminiferal shell. It was shown by Inoue et al. (2011) that as pH in-
creases, the U/Caratio decreases in skeletal coral polyps by — 1.5 4 0.2%
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change per 0.1 pH unit. During the glacial periods, the U/Ca ratios in-
creased by nearly 50 to 250 nmol/mol for foraminiferal species G.
bulloides, G. inflata, and Uvigerina spp. (Boiteau et al., 2012).

It was shown that U/Ca is heterogeneous in calcite grown at near-
constant temperature, pH, Eh, and fluid composition (e.g. Reeder et al.,
2001; Raitzsch et al,, 2011). In Sturchio et al. (1998), it was demonstrat-
ed that the distribution of uranium in calcite is heterogeneous by con-
duction of X-ray fluorescence mapping. To better understand the
heterogeneous distribution of uranium in calcite, this study seeks to
evaluate crystal growth rate effect on the partitioning of uranium be-
tween calcite and fluid.

The strong influence of growth rate on partitioning of divalent cat-
ions, sulfate, and borate between calcite and fluid has been reported
by several authors (e.g. Lorens, 1981; Busenberg and Niel Plummer,
1985; Tesoriero and Pankow, 1996; Gabitov and Watson, 2006;
Lakshtanov and Stipp, 2007; Tang et al., 2008a; Saulnier et al., 2012;
Mavromatis et al., 2013; Gabitov et al., 2014a). Uranium is different
from the aforementioned elements due to the presence of various aque-
ous chemical species which occur in natural fluids at environmental
conditions (e.g. Djogic et al., 1986; Reeder et al., 2001; and references
therein). Uranium partitioning data are restricted to the work of
Kitano and Oomori (1971) where the calcite growth rate was not deter-
mined and K" was found to vary between 0.0n to 0.2. Although no def-
inition of “n” was observed in their paper, we presume “n” stands for an
integer. KY can be described as the partition coefficient of uranium be-
tween calcite and fluid where KY = (U/Ca)caicite / (U/Ca)fuia. Another
group which looked at uranium partitioning was Meece and
Benninger (1993), though the precipitation of both calcite and aragonite
in many of their experiments complicates the applicability of their work
to this study.

This work is concerned with the dependence of KV on the crystal ex-
tension rate as evaluated in individual calcite crystals. The choice of
KU = (U/Ca)calcite / (U/Ca)ﬂuid instead of KU = (U/CO3)calcite / (U/CO37
)auia Was based on the lack of CO3™ data for experimental fluids during
early crystallization and the wide use of U/Ca in studying of natural cal-
cium carbonates. Growth rate values for this study were determined in-
situ as the width of the layers of calcite divided by growth time of each
calcite zone (e.g. Gabitov et al., 2012). Each calcite zone was identified
using SIMS analysis by the presence of specific rare-earth elements
(REEs) which were added to the growth medium at distinct time
intervals.

To explain the obtained experimental data, we conducted quantita-
tive simulations using growth entrapment (GEM) and unified uptake
kinetics (UUKM) models after Watson (2004) and Thien et al. (2014),
respectively. Elemental partitioning between mineral and fluid is not a
constant value; when K is predicted by thermodynamics (i.e. K at equi-
librium) it corresponds to K measured at very low growth rate. In con-
trast disequilibrium K values are being measured in rapidly grown
calcite. Several models have been developed to account for this non-
equilibrium uptake of trace elements in growing minerals. The UUKM
(Thien et al., 2014) is based on the two models developed by Watson
(2004) and DePaolo (2011), but is implemented in the GEM-Selektor
V3 geochemical modeling package (Kulik et al., 2013). The utilization
of the UUKM allows the user to account for solution changes (e.g. deple-
tion) which can influence the growth rates and therefore the value of K.

2. Experimental and analytical methods
2.1. Calcite precipitation

The calcite growth method used here was based on early works of
Gruzensky (1967) and Paquette and Reeder (1995) but was modified
by the introduction of sub-sampling and multiple REE spikes. Additional
details regarding the experiment are described in previous works
of Gabitov et al. (2012, 2014a, 2014b). The calcite growth medium
was prepared by dissolving NH4Cl in deionized (DI) H,O to the

concentration of 0.5 mol/l, along with minor amounts of reagent grade
CaCl,-2H,0 (0.01), MgCl,-6H,0 (1073), SrCl,-6H,0 (10™%),
BaCl,-2H,0 (2-1073), LIOH-H,0 (5-10~ %), H3BO5 (0.01), and U ICP-
MS standard (10~°) [values in parentheses are concentrations in mol/
1]. ICP-MS standard consisted of 1000 ppm of U dissolved in 2% HNOs.
The pH of the solution was initially adjusted to 5.5 by the addition of re-
agent grade NaOH to match the pH from the study of Paquette and
Reeder (1995). Calcite grew in a seedless Ca-bearing fluid with an initial
volume of two liters (run DC-1, Pyrex® flask, slow growth) and 1.0 1
(run DC-3, polypropylene container, fast growth) by diffusion of CO,
(and NH3) from slowly decomposing ammonium carbonate. Within
the growth vessel a piece of ammonium carbonate (a few cm® in vol-
ume) was allowed to diffuse into a head space of about 200 ml at the be-
ginning of the experiment (Fig. 1). The head space increased over the
duration of the experiment to 700 ml due to the collection of fluid sam-
ples during slow calcite growth experiment. This method yielded
growth of large crystals (>1 mm in size) without stirring of the fluid.
Mixing was applied after addition of each REE spike by repeated injec-
tion and withdrawal of fluid using a 60-ml syringe. REE spikes (Sm, La,
Nd, Tb, and Pr) were sequentially introduced into the growth medium
in the amount of 1 ml of diluted REE-bearing solution after 24, 36, 86,
and 129 days (tgrgg) respectively, counting time from the addition of
Sm (tsy,, = 0) (Table 1). After removal of fluid, flask was rinsed with
DI water and crystals were detached from the inner walls of the flask
with spatula. Only one crystal was measured. However, other cations
(i.e. Mg and Sr) and oxygen isotopes yielded similar distribution within
individual crystals (Gabitov et al., 2012; Gabitov et al., 2014a). The en-
tire time of calcite precipitation was 150 days. The fluids were sampled
periodically for measurement of pH and stored in a refrigerator for fu-
ture use. The pH (NBS-scale) was measured immediately after collec-
tion of the fluid using an OAKTON pH 510 meter with “All-in-One”
pH/Temp electrode calibrated with 7.00 and 10.00 pH buffers stored
at the same temperature as the experiments. The fluid pH increased
slowly during calcite precipitation from 7.96 + 0.06 to 8.17 + 0.02
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Fig. 1. Experimental setup for the coprecipitation of uranium with calcite by CO, diffusion
technique developed by Gabitov et al. (2012) and described in Gabitov et al. (2014a,
2014b). An atmosphere, elevated with respect to CO(g) and NHs(g), in the outer
container diffuses with the Ca-enriched fluid - in the inner polypropylene (or Pyrex
glass) container - through the opening in the lid. The diffusion induced precipitation of
calcite can be expressed by the equation: Ca?>* + CO, + OH™ = CaCO3 + H™.
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Table 1
Composition of the sampled fluids in DC-1 and DC-3 experiment.

Sub-sample t U/Ca 10 pH DIC Cco3~ Q
days mmol/mol umol/kg pmol/kg

Slow growth run

DC-1

Initial -43 0919 0.065 5.5 low low low

Nd-spike 36 0.786 0.055 8.06 2410 170.2 1.95

Tb-spike 86 1.18 0.084 8.15 2685 229.9 2.40

Final 150 1.66 0.117 8.17 2775 247.8 1.71

Fast growth run

DC-3

Initial -2.71 0.946 0.067 7.59 - - -

Sm-spike 0 113 0.080 7.83 - - -

Nd-spike 217 399 0.282 7.88 - - -
417 8.76 0.619 791 - - -

Final 14.06 26.5 1.874 813 - - -

Initial solution is the same for all experiments.

t is the time of crystallization from the addition of Sm spike. Initial time was estimated as
43 days prior Sm addition by visual monitoring of the experimental flask with naked eye
every 1-2 days.

Sm, Nd, and Tb correspond to the fluid sub-sample collected just before addition of REE.
pH of the fluid at the onset of crystallization was estimated to be 7.96 + 0.06, which is the
average of pH values at t = —8 and t = 0 days. See Fig. S-1 in Gabitov et al. (2012) for the
whole pH record.

€03~ and Q calculations were performed using an excel implementation of CO2SYS (Lewis
and Wallace, 1998), modified to use measured calcium concentrations. The constants of
Millero (1995) were used for the carbonate and sulfate system, respectively. Salinity (S)
of 29.4%, was estimated by the amount of salts added into the initial fluid. The solubility
product of calcite (Ks,) was calculated using the expression developed by Mucci (1983),
yielding pl(s’l; of 6.46. The analytical + dilution errors for U and Ca are 5% and were used
to calculate error for U/Ca. DIC was not measured for fast growth run DC-3.

(Table 1). Oxygen reduction potential was measured in a similar exper-
iment and yielded oxidation conditions with an Eh of 0.127 V. These
measurements were made using a Hanna Instruments HI5521-01, SN:
D0079301 equipped with a refillable combination oxidation reduction
potential (ORP) electrode HI3131B which was calibrated using HI7021
240 mV ORP solution and HI7022 470 mV ORP solution.

2.2. Analyses of fluids

Elemental analyses of the fluids were performed using Thermo Ele-
ment XR, ICP-MS at the University of Cambridge (UK), Department of
Earth Sciences with the precision of 5% (10). Dissolved inorganic carbon
(DIC) was determined using the coulometric SOMMA (Single-Operator
Multi-Metabolic Analyzer) system in the Biogeochemistry Laboratory at
UCLA with an accuracy of + 2.1 pmol/kg (for details see Johnson et al.,
1993).

2.3. In-situ analyses of calcites

XRD analyses and microscopy confirmed the precipitated phase was
calcite. The crystals of the largest sizes were mounted in epoxy
(EpoxiCure®, Buehler) such that the pyramid base (the crystal side ad-
jacent to the substrate during growth) was exposed for SIMS measure-
ments. The mounts were polished with Buehler SiC paper of 400, 600,
800, and 1200 grit following by 1-um size diamond paste. SIMS analyses
were conducted with CAMECA ims 1270 ion microprobe at UCLA (USA),
first to determine REE/Ca, and next to evaluate U/Ca. REE/Ca analysis is
described in Gabitov et al. (2012). Briefly, individual crystals were ana-
lyzed with a 3-18 nA '°0~ primary beam at 20-30 um lateral dimension
on the sample surface. Positive secondary ions corresponding to mass/
charge stations of 41.7 (background), >Ca, 87.5 (background), ®sr,
13914, 141pr, 143Nd, 149Sm, and '>°Tb were measured (see Gabitov et al.,
2012 for details). To reduce molecular interferences of Sr>* and REE
molecular species, Ca and REE were analyzed with a sample voltage off-
set of —60 eV, and using the energy bandwidth of 50 V (total voltage
was 10 keV). It was shown that energy filtering reduces molecular inter-
ferences during measurements of “?Ca and 38Sr from carbonate

materials down to 0.3% using different ion probes including ims-1270
(Herzog et al., 1973; Shimizu et al., 1978; Allison, 1996; Hart and
Cohen, 1996; Denniston et al., 1997; Gaetani and Cohen, 2006;
Monteleone et al., 2007; Gabitov et al., 2013). REEs were analyzed for
identification of spiked REE zones only.

U/Ca analysis was conducted at X-Y coordinates similar to those in
REE analysis. U/Ca analytical profiles 1 and 2 correspond to REE/Ca pro-
files 4 and 5 reported in Gabitov et al. (2014a). *>Ca and 228U were col-
lected within 10 cycles using axial electron multiplier. To reduce
molecular interferences of Sr>* Ca was analyzed with a sample voltage
offset of —60 eV, and using the energy bandwidth of 50 V (total voltage
was 10 keV); no energy offset was applied for U measurements. The re-
producibility was first tested on NIST-612 glass where 1 s.d. of 238U/*2Ca
was 1.2% between 9 spot analyses during the analytical session. The
chemical match between standard and unknown is required to mini-
mize instrumental mass fractionation in SIMS analyses, therefore, refer-
ence calcite LAS-20 was used for evaluation of U/Ca in our sample. The
reference value for U/Ca in LAS-20 (U/Ca 119.3 4 7.4 umol/mol) was
adopted from ICP-MS data reported in Table 1 of Sano et al. (2005).

Twenty-five spot analyses of LAS-20 yielded standard deviation
(1 s.d.) of 23.5%, which was reduced to 9.0% after removal of three out-
lier data, where uranium contents were lower than the average value by
factors of two and ten (see appendix). No correlation between
backscattered electron intensities collected with scanning electron mi-
croscopy and U/Ca SIMS data was evaluated. Our reproducibility value
(1 s.d. = 9.0%) is consistent with that found in the literature on LAS-
20 data collected by ICP-MS, LA-ICP-MS, and Nano-SIMS; where 10 =
6.2%, 9.8%, and 13.4% respectively (Sano et al., 2005).

2.4. Geochemical simulations

Two models GEM (Watson, 2004) and UUKM (Thien et al., 2014)
were applied to explain uranium partition data, which cannot be
modeled using thermodynamics only. The above-mentioned models
consider deviation of trace element concentration from equilibrium.
The GEM - or, as it is referred to by Thien et al. (2014), Surface (growth)
Entrapment Model - accounts for the distribution of trace elements
upon incorporation into the crystal lattice once it has been buried be-
neath the surface. The GEM assumes crystal growth from uniform and
infinite reservoir. The UUKM is a unified model which incorporates
both the GEM and Surface Reaction Kinetics Model (SRKM) (DePaolo,
2011), which is based on the dynamics of precipitation-dissolution re-
actions at the crystal surface. In addition, the UUKM predicts changes
in the composition of fluid and speciation throughout the course of an
experiment. The SRKM model is based on the dynamics of precipita-
tion-dissolution reactions at the crystal surface.

24.1. Simulation using the growth entrapment model (GEM)

Simulations were conducted using a new version of the GEM code
(GEM2) running with QB64. The model presented here is based upon
the work of Watson and co-workers (Watson, 1996; Watson, 2004;
Watson and Liang, 1995) and the successful use of the model (Stoll et
al., 2002; Gaetani and Cohen, 2006; Tang et al., 2008a, 2008b; Gabitov
et al.,, 2008; Gabitov et al., 2014b). The model can be described by the
following relationship:

C(x) = Coq - FPX/1) (1)

where C(x) is the concentration of uranium in the crystal at some dis-
tance x from the surface, C,q is the concentration reflecting the equilib-
rium partitioning of uranium between the growth medium and the
crystal lattice, F is the surface enrichment factor, and ! (0.5 nm) is the
half-thickness of the enriched surface layer. The choice of 0.5 nm was
based on successful application of GEM in fitting of experimental data
on cation partition coefficients versus crystal growth rate (e.g.
Watson, 2004; Gaetani and Cohen, 2006; Tang et al., 2008a, 2008b).



148 J.M. Weremeichik et al. / Chemical Geology 450 (2017) 145-153

The surface enrichment factor was calculated using the following
equation:

F = (Cs/Ceq) = (Ks/Keq) 2)

where Cs is the concentration of uranium in the surface layer of calcite,
K is the partition coefficient between surface layer and fluid, i.e. the U/
Caratio at the surface of the crystal divided by the U/Ca ratio measured
in the fluid, K, is the equilibrium partition coefficient of uranium which
is equal to the U/Ca ratio at equilibrium in the lattice (by considering an
aqueous-solid solution between calcite, CaCO5;, and the mineral
rutherfordine, UO,COs) divided by the U/Ca ratio of the fluid. The defi-
nition of K., we considered is:

(XRurherfordme /
Xcalcite

(4 en)

where x are solid molar fractions, and a are the aqueous activities. In the
consideration of experimental conditions (i.e. fluid composition, Eh, pH,
temperature), the aqueous concentration of Ca' is nearly equal to the
total dissolved Ca; the aqueous concentration of all the U(VI) species
is practically equal to the total concentration of dissolved uranium. It
is, therefore, more convenient to use total dissolved concentrations in
Ca and U, especially when pH of the fluid changes within an individual
or between different experiments. The GEM calculates KV as a function
of V with a complex differential equation that is mathematically derived
from (Eq. 1), as described in Thien et al., 2014.

Keq = 3)

2.4.2. Simulation using the unified uptake kinetics model (UUKM)

Additional efforts were undertaken by running simulations using
the UUKM. This model is combined with the GEM-Selektor v.3 geo-
chemical modeling package (Wagner et al., 2012 and Kulik et al,,
2013). The entrapment in the UUKM can be described by the following
equation:

F-Keg

D
Tt gy (F-D)

K= (4)

This equation reports that K varies between 2 limits, as a function of
the growth rate: Keq, and F-Keq which corresponds to the composition of
the surface layer, controlled by sorption mechanisms. Co-precipitation
experiments carried out at larger growth rate range are necessary for
robust evaluation of Keq and F. The surface diffusivity parameter D
(nm?/s) can be fitted if no relevant experimental data is available. The
linear growth rate (i.e. extension rate of individual crystal) V, was
recalculated at each time-step by using a kinetic equation modified
from Wolthers et al. (2012). More explanations about this equation
and its implementation in GEM-Selektor v.3 are provided in Thien et
al. (2014).

The GEM-Selektor v.3 calculates the activities of the different aque-
ous species and complexes, and mineral phases, at each calculation
step. The chemical thermodynamic system was set up for B, Ba, C, Ca,
Cl, H, Li, Mg, N, Na, O, Sr, charge, assuming the overall charge neutrality.
The list of components, species and phases used in the calculations and
their corresponding thermodynamic data come from the Nagra-PSI da-
tabase (Hummel et al., 2002). Aqueous activity coefficients calculations
were done by using the extended Debye-Hiickel equation with the com-
mon ion size parameter of 0.372 nm. The solid-solution between
rutherfordine and calcite was added in the database. It includes the
standard thermodynamic properties of the two end-members (i.e.
rutherfordine and calcite), and an interaction parameter (i.e. non-ideal-
ity). The solubility of the two end-members depends on their respective
thermodynamic properties, as well as the interaction parameter of the
solid-solution. We adjusted the interaction parameter so that the results

would fit with the experimental data. More details about solid solutions
and their implementation in GEM-Selektor v.3 are given in Kulik et al.
(2010) and Wagner et al. (2012).

The entrapment equation (see Eq. 4) is implemented as a process
simulation script in GEM-Selektor v.3, and a precipitation kinetic equa-
tion of the considered mineral which provides the value of V for calcite
(Wolthers et al., 2012). In the GEM, the mineral growth rate (V) is an
input parameter; in the UUKM it is recalculated at each time step as a
function of the solution composition.

The GEM predicts K as a function of the mineral growth rate assum-
ing constant reservoir composition, so no long-term prediction of min-
eral composition can be obtained because the solution in a closed
medium might be subject to depletion effects. The UUKM is more com-
plex to use because it requires input in regards to the set-up of the
chemical system, but after having circumvented this difficulty, it pre-
dicts the whole-time evolution of the system: mineral growth rate, min-
eral composition, and solution composition.

3. Results
3.1. Composition of fluids

Over the course of the experiment, Ca concentrations in the solution
decreased from 307.6 4+ 15.4 ppm to 110.9 & 5.5 ppm (see Fig. 2a). It is
important to note that t = 0 in Fig. 2 (a, b) denotes the time at which
crystallization within the solution was first observed and Sm was intro-
duced. U/Ca evolution is presented in Fig. 2b, which demonstrated the
following fluid U/Ca relationship with respect to time (t) in days:

U/Ca (mmol/mol) =4-107° . 2—2-10"* . t+8.19-107" + 1.82
21073, R?

=0.97, y-intercept =9.09-10"!+1.66-107" (5)

The initial fluid had low DIC and CO%~, which increased to an un-
known value before the onset of crystallization. After that, DIC and
C0%™ increased by 13 and 31% between 36 and 150 days after precipita-
tion started (Table 1).

3.2. SIMS data

A SIMS profile was preformed which spanned the crystal (see Fig.
2¢). The profile for which the data was collected is referred to as SIMS
profile-1 and data related to the profile can be found in Table 2. SIMS
analyses identified the crystal zones marked with REE, in which the ap-
pearance corresponds to the sequence of REE addition to the fluid (see
Fig. 3). The growth rates were determined by the width of each zone
(Ax) in each SIMS profile divided by the time between REE spikes
(At). Determined V values showed that crystals grew fast in their inte-
rior slowing down toward the edges, i.e. V decreased from 0.1 to
0.01 nm/s in the Sm-La and Tbh-Pr zones, respectively (Table 3).
Scattered U/Ca ratios increase from the edge toward the center of
slow (run DC-1) and fast growing (run DC-3) calcite crystals. It is impor-
tant to note that the DC-3 crystal grew prior to the addition of 1-st REE
spike. Therefore, the averaged value of U/Ca was used to calculate KY for
this profile. The variability of the U/Ca ratios in mmol/mol are presented
in Table 2 and can be seen in Fig. 2. The SIMS analysis for the crystals was
performed as profiles where the sampling distance, (L) in um, ranges
from 65 to 1729 um for profile-1, 15 to 1284 um for profile-2 and 40
to 603 pm for the DC-3 profile as a function of the sampling distance
from the edge of the crystal (Table 2). The topography of individual
crystals and standard grains was measured with interference micro-
scope (PHASE SHIFT MicroXAM Surface Mapping Microscope Crystal).
The results suggest that observed U/Ca trend in calcite samples is not
an analytical artifact - i.e.,, observed U/Ca is not the result of <1 um relief
between center and edge of the crystals.
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Fig. 2. Fluid and SIMS data. The evolution of Ca (a) and U/Ca (b) concentrations in solution throughout the duration of the experiment where (t) is the duration of the experimentand t = 0
is the time at which crystallization was first observed in the solution. Uranium concentration (mmol/mol) in a single calcite crystal.

3.3. Uranium partitioning data

The U/Ca calcite values show that as time increases the incorporation
of uranium into calcite, in mmol/mol, decreases conversely to U/Ca in
the fluid which increases with time (Table 3). Table 3 shows an elevated
growth rate (V) during the first 36 days of growth for both slow growth
profiles. The partition coefficient of uranium between calcite and fluid
was calculated as KY = (U/Ca)caicite / (U/Ca)fuia, where (U/Ca)carcite i
defined as the averaged SIMS data from particular REE-spiked zones
within the calcite. The uncertainty in (U/Ca)caicite Was calculated as the
standard error (1 s.e.) of the data from individual REE-spiked zone. (U/
Ca)guig was determined using Eq. (5). The error for growth rate is esti-
mated as s.e. between V data from opposite sides of the crystal (Tables
2 and 3). In the fast precipitation run (DC-3) the data for each crystal
were averaged as most of the crystal growth occurred before the addi-
tion of the first spike. KY was determined from the average U/Ca be-
tween the initial fluid and when the Sm spike was added.

3.4. Modeling

By using GEM, modeling the experimentally measured values of K as
a function of V (Fig. 4) implies an average value of Kq of 0.02. This
means that a small amount of uranium is incorporated with calcium car-
bonates at equilibrium. It is worth mentioning that Heberling et al.
(2008) measured the same value of K for a calcite growth rate equiva-
lent to 0.0025 nm/s. Regarding Fig. 4, such a growth rate is close to equi-
librium, and this experimental result is therefore consistent with our
simulation. To obtain the aforementioned result with the GEM Selektor
code the user must input an interaction parameter of 1000 J/mol for the
aqueous-solid solution between calcite and rutherfordine. The solution
is slightly undersaturated with respect to rutherfordine. It nevertheless
precipitates; when two minerals form a solid-solution their solubility's
are less important than when one considers the single mineral's solubil-
ity. For more information regarding aqueous-solid solution we refer the
reader to Kulik et al. (2010) and Wagner et al. (2012).

Table 2

SIMS analytical profiles of U/Ca.
L (um) U/Ca (mmol/mol) Se. L (um) U/Ca (mmol/mol) Se. L (um) U/Ca (mmol/mol) Se.
SIMS profile-1¢ SIMS profile-2¢ SIMS profile-DC-3
65 0.0308 0.0023 15 0.0419 0.0021 40 0.0307 0.0021
94 0.0319 0.0016 55 0.0351 0.0025 90 0.0407 0.0028
130 0.0495 0.0032 95 0.0379 0.0025 140 0.0281 0.0013
174 0.0367 0.0017 155 0.0371 0.0024 190 0.0499 0.0018
219 0.0313 0.0014 215 0.0374 0.0019 240 0.0682 0.0027
264 0.036 0.0019 275 0.0389 0.0020 290 0.0775 0.0040
309 0.0371 0.0019 335 0.0416 0.0032 340 0.0638 0.0024
353 0.0432 0.0032 395 0.0369 0.0025 390 0.065 0.0030
398 0.0399 0.0035 455 0.0551 0.0028 440 0.0452 0.0017
443 0.0408 0.0016 945 0.0518 0.0033 490 0.0337 0.0017
493 0.0599 0.0031 1005 0.0388 0.0026 540 0.0365 0.0015
537 0.0561 0.0025 1065 0.0443 0.0017 603 0.0133 0.0014
591 0.0405 0.0016 1128 0.0260 0.0018
1140 0.0495 0.0032 1189 0.0471 0.0022
1183 0.0541 0.0019 1239 0.0376 0.0015
1225 0.0467 0.0025 1284 0.0396 0.0023
1267 0.0451 0.0017
1310 0.048 0.0021
1352 0.0435 0.0023
1395 0.0507 0.0031
1437 0.0486 0.0022
1480 0.0456 0.0026
1522 0.0388 0.0019
1564 0.0352 0.0019
1607 0.0285 0.0021
1649 0.0257 0.0017
1689 0.0449 0.0032
1729 0.0385 0.0016

SIMS analyses were performed as profiles between the edges of the crystals. For example distance L of 65 and 1729 pum corresponds to the opposite edges of the crystal, i.e. start and end of
analytical profile. S.e. of U/Ca is the standard error at 10 level which consists of the single spot s.e. (n = 10) and s.e. from multiple analyses on LAS-20 reference material (n = 20).
2 Growth rate data are from Gabitov et al. (2014a) (DC-1 Crystal-1 profile-4 and profile-5 respectively).
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Fig. 3. (a) Optical microscopy image(s) of a calcite crystal from this study and Gabitov et al. (2012 and 2014a, b). The image was collected after SIMS analysis to determine REE/Ca ratios.
The black spots are burn-marks from the six analytical profiles. SIMS profile-1 (b) and profile-2 (c) were performed on a single crystal in which the profiles span the crystal (SIMS profile-1
and profile-2, see Table 1.). No REE indicates the zone of crystal growth before the injection of any REEs to the solution. It also indicates the area where SIMS analysis was not conducted for
this profile. The labels ‘Sm, La, Nd, Tb’ are makers which show when each REE-spike was added to the solution.

Based on the discussion of Eq. (1) outlined above, F (surface enrich-
ment factor) was found to be 3. The numerical simulation of the growth
rate of calcite with incorporated uranium can be seen in Fig. 4. To
achieve the desired fit while using the GEM a multiplier parameter
(m) was used. This multiplier parameter was set to infinity which im-
plies that diffusivity is equal to diffusion in the near-surface region
(Ds) at the distance much greater than the thickness of the near-surface

layer. This is because in the model when the value of diffusivity in the
calcite lattice (D) is much less than D the value of D; becomes less im-
portant to the model. To fit experimental data, Ds was adjusted to
0.01 nm?/s. The value of obtained Ds is much higher than D; which
was assumed to be 10~ '8 nm?/s based on the values used in previous
work (i.e. Gabitov et al., 2014a) due to the lack of experimental data
for uranium diffusion to calcite. To confirm that the value selected for

Table 3

U partitioning data.
REE t \Y \ U/Ca Se. U/Ca Se. KY Se.

days nm/s error calcite fluid
mmol/mol mmol/mol

Slow growth run DC-1, profile 1
Tb-Pr 86-129 0.011 0.001 0.0337 0.0024 1.258 0.358 0.0268 0.0079
Nd-Tb 36-86 0.055 0.008 0.0381 0.0020 0.956 0.232 0.0398 0.0099
La-Nd 24-36 0.143 0.031 0.0466 0.0022 0.850 0.026 0.0549 0.0031
Sm-La 0-24 0.121 0.011 0.0503 0.0026 0.823 0.018 0.0611 0.0034
Slow growth run DC-1, profile 2
Nd-Tb 36-86 0.040 0.004 0.0378 0.0193 0.956 0.232 0.0395 0.0098
La-Nd 24-36 0.089 0.006 0.0367 0.0038 0.850 0.026 0.0431 0.0047
Sm-La 0-24 0.086 0.010 0.0445 0.0055 0.823 0.018 0.0540 0.0067
Fast growth run DC-3
Sm 0 >1.8 n/a 0.0509 0.0053 1.024 0.209 0.0497 0.0114

Growth rate data are from Gabitov et al. (2014a) (Table 2: slow growth run DC-1, Crystal-1, profile 4; slow growth run DC-1, Crystal-1, profile 5; Fast growth run DC-3, Cr1).

U/Cain calcite is the average of a few spot analyses in particular REE spiked zones; s.e. (10) is the standard deviation of multiple spots divided by the square root of the number of spots (n)
in each REE spiked zone. n varies from 3 to 6 in all REE-spiked zones except Tb-Pr zone, where n = 1.

In fast precipitation runs most of the growth occurred before the addition of 1st spike (Sm) therefore average U/Ca between initial fluid and Sm addition is considered in the run DC-3.
Error for growth rate is estimated as s.e. between two V data from the opposite sides of the crystal.
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m = 600, and a Ke; = 0.02 were used to calculate the GEM model curve seen in this figure. Error for KY was determined in the following manner

VO o + TTea) % (O P i)™

D, does not affect the simulation results as far as D; < <Ds; simulations
were run using a D; of 10~ nm?/s which changed the KV by 0.001%,
which was far smaller than the minimum KY error for SIMS analytical
precision (5.6%, see Table 3). These findings agree with XPS works con-
ducted by Stipp et al. (1992) and Hoffmann and Stipp (2001) and elab-
oration of Watson (2004) suggest that the diffusion of divalent cations
in the near surface region of calcite is many orders of magnitude faster
than in calcite lattice.

The UUKM input parameters were nearly identical to those used in
GEM: Keq = 0.02 and F = 3. D = 0.017 nm?/s. This model provides
the composition of the mineral as a function of the time (Fig. 5). It is im-
portant to note that when using the UUKM, the uranium speciation is
nearly constant (i.e. maximum variation of 1% during the simulation)
in that practically only two species appear (i.e. CaUO,(C0O3)3 ™~ - 53%
on average and UO,(CO3)3™ - 45% on average). All the dissolved U spe-
cies present in the system belong to the U(VI) group.

4. Discussion
The information provided by Fig. 4 suggests that 100% entrapment
occurs at V > 1.0 nm/s at KV of about 0.06 meaning that a maximum

KY is reached at V > 1.0. This is inconsistent with the data of Kitano
and Oomori (1971) who observed a maximum K" value of 0.2 at similar
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Fig. 5. The U/Ca ratio in calcite (mmol/mol) as a function of time. This graph presents the
modeling results of UUKM in addition to the values presented in Table 3 for Slow growth
run DC-1, profile 1 and 2 and Fast growth run DC-3.

pH values. An explanation for the differences in the maximum K re-
ported for the two studies most likely stems from the fact that Kitano
and Oomori (1971) used a different definition for their partition coeffi-
cient (KY©*"). The partition coefficient used by Kitano and Oomori
(1971) only considered UO3™ in their calculations whereas in our
study we considered the total dissolved uranium concentration. The
fact that UO3™ is not the major uranium species when pH > 6 (Djogi¢
et al,, 1986), mathematically implies that KY®*" obtained by Kitano
and Oomori (1971) are higher than those obtained in this study. Con-
versely, Meece and Benninger (1993) considered the same definition
as this study and did not omit any species or complex during measure-
ment because they measured radioactive activity. After having
corrected for the effect of contaminating aragonite (calcite and arago-
nite do not have the same KY values), they established a minimum
value of KY of about 0.046. For comparison, the growth rate range of
the synthetic calcite produced in our study is 0.01-0.14 nm/s (0.86-
12.10 um/day). These values overlap with values reported for naturally
occurring CaC0s (3.13-107°-3.30 nm/s or 2.7- 10~ #-285.12 um/day) in
benthic foraminifera (e.g. Ter Kuile and Erez, 1984), coccolithophorids
(e.g. Stoll et al., 2002), scallops (e.g. Krantz et al., 1984; Owen et al.,
2002), and speleothems (e.g. Baker et al., 1998; Genty et al., 2001;
Winograd et al., 2006).

The pH values reported in the experiments of Meece and Benninger
(1993) (8.25 to 9) were higher than those reported for our experiments
(8.0 to 8.2) and do not lead to a different speciation of U (Krestou and
Panias, 2004). This phenomenon is exclusive to uranyl tricarbonate-
like complexes in the presence of carbonates and similar U aqueous con-
centrations (Elzinga et al., 2004; Krestou and Panias, 2004). Nonethe-
less, in the experiments of Meece and Benninger (1993), the solution
contains much more Mg (sea-water concentration) than in our experi-
ments. According to the GEM-Selektor v.3., under the conditions
achieved by Meece and Benninger (1993), MgUO,(CO5)3~ becomes a
dominant species with CaUO,(CO3)5~ and UO,(CO3)3~. We do not
know if one of those species can be better incorporated or sorbed by cal-
cite and at which pH, but excluding MgUO,(C05)3 ™~ from the definition
of KV the value of KY would not change >20%.

Both models - GEM and UUKM - can reproduce quantitatively the
uranium incorporation in calcite we measured (Figs. 4 and 5). The
GEM assumes uniform reservoir composition, which is not the case for
our experiments, and therefore KV instead of U/Ca was used for fitting
with GEM. The UUKM accounts for the change of U/Ca in fluid providing
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the absolute composition of the calcite. U/Ca for REE-spiked zones of
calcite calculated with UUKM match U/Ca determined experimentally
(Fig. 5) implying the ability of growth entrapment phenomena to ex-
plain uranium incorporation into calcite from a finite reservoir. High
surface enrichment factors (F> 1) in calcite is consistent with F values
proposed for Sr, Ba, and Se (Watson, 2004; Gabitov and Watson, 2006;
Thien et al.,, 2014), suggesting a similar entrapment mechanism. How-
ever, the enrichment of uranium could be underestimated, thus, more
experimental data at growth rates slower than in our experiments are
necessary to determine I(Eq and F values.

The partition coefficients that can be observed in Table 3 were
calculated using KY-CO%" calibration for foraminifera (Keul et al.,
2013). The values of CO3~ were calculated as averages between three
sub-samples collected during the addition of Nd and Tb spikes and
final fluid (200 and 239 pmol/kg for Nd-—Tb and Tb-final respectively).
The obtained KV values decrease from 0.129 to 0.108 with increasing of
C0% from 200 to 239 pmol/kg, which is consistent with our data
where KY decreases from 0.040 to 0.027 (see Table 3, Nd-Tb and Tb-Pr
spiked zones). However, absolute values of KV are different by a factor
of three. The low K in our work relative to foraminifera (Keul et al.,
2013) and inorganically precipitated calcite (Meece and Benninger,
1993) could be explained by the difference in chemistry of our fluids
and high uranium content (10> mol/l) whereas the uranium content
in seawater is ~1.5 - 102 mol/I. It may also be possible that during
biomineralization uranium is preferentially concentrated during DIC
transport. For example, as foraminifers' uptake DIC, uranyl-DIC
complexes may also be incorporated with calcifying fluid as part of
this process. A third explanation proposed by Kelly et al. (2003)
suggests that slowly grown natural calcites allow for an ordering of
incorporated uranyl during growth whereas comparatively rapid
grown synthetic calcites favor disordered incorporation of uranyl
which may potentially explain the difference of the absolute values of
KY. More work is needed to clarify and isolate the cause of the depressed
absolute KV values.

5. Conclusions

It was shown for the first time that uranium incorporation in calcite
increases with the growth rate of individual crystals. The phenomenon
can be explained with the concept of growth entrapment proposed by
Watson (2004). Though there are discrepancies between the current
study and previously published values for maximum KV (i.e. Kitano
and Oomori, 1971) it has been determined that the minimum KY
value reported by Meece and Benninger (1993) is consistent with the
KY values of this study. A plausible explanation for the differences in
the maximum KV reported for the present study and that of Kitano
and Oomori (1971) is that they used a different definition for their par-
tition coefficient (KY®""). To explore the provided explanation would re-
quire more experimental effort, especially on aqueous uranium species
measurements. It was also demonstrated that both models (GEM and
UUKM) fit the experimental data assuming similar equilibrium partition
coefficient of uranium, its diffusivity in the near-surface region of calcite,
and identical surface enrichment factor. This study provided an oppor-
tunity to show that the UUKM coupled with GEM-Selektor is able to pre-
dict trace element concentration in growing minerals when U/Ca in
solution increased by the factor of two during the experiment.
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