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Abstract—This study links direct measurement of Mg-calcite growth kinetics with high-spatial-resolution
analysis of Mg contents in experimental crystals, with particular attention to the effects of temperature on
growth rate and reactant transport conditions on Mg distribution. In contrast to previous experiments on Mg
partitioning into calcite, here the layer-growth mechanism was observed in situ and step speeds precisely
measured with fluid cell atomic force microscopy over a range of temperatures, degrees of supersaturation, and
solution Mg concentrations. Data collected from 15° to 30°C yield an activation energy for calcite precipi-
tation of 33 kJ/mol for solutions with [Mg] = 5 X 10~> molal. Electron microprobe analyses of large hillocks
grown at corresponding conditions demonstrate that Mg has a strong preference for incorporation at negative
(acute) step edges, rather than at positive (obtuse) edges when growth rate is limited by surface reactions. This
preference is reversed when growth is instead limited by diffusion of reactants through a boundary layer at the
mineral-solution interface. These findings show that temperature is not the only strong control on the extent
of Mg incorporation and distribution in calcite; transport conditions during mineral growth may also be a

first-order factor governing the compositions of natural calcite samples.

1. INTRODUCTION

Calcium carbonates are the most abundant of the biogenic
minerals, both in terms of quantities produced and widespread
distributions across taxa (Lowenstam and Weiner, 1989).
Marine algae, whose predominant mineral product is calcite,
contain ~3 X 10'® grams of carbon (Van Cappellen, 2003) and
are thus a significant reservoir in the global cycle of carbon.
Although much of the calcite dissolves in the water column or
on the seafloor, some is permanently buried as sediment. This
is the dominant mechanism by which CO, is removed from the
atmosphere-ocean system to long-term storage in carbonate
rocks (Berner, 1990; Van Cappellen, 2003). Thus biogenic
calcite plays a significant role in global climate control, and the
response of the marine biomass to changing conditions is of
great consequence.

During the growth of biogenic calcite, mineral crystals in-
corporate impurities, the concentrations of which appear to
correlate with environmental conditions of growth for modern
organisms (Chave, 1954; Dodd, 1965; Katz, 1973; Savin and
Douglas, 1973; Fiichtbauer and Hardie, 1976; Cronblad and
Malmgren, 1981; Burton and Walter, 1987; Mucci, 1987;
Oomori et al., 1987; Niirnberg et al., 1996; Rosenthal et al.,
1997; Lea, 1999; Elderfield and Ganssen, 2000; Rosenthal et
al., 2000; Toyofuku et al., 2000; Vander Putten et al., 2000).
The potential for extracting growth conditions of the past from
the chemical signatures recorded in fossil calcite samples mo-
tivates much current effort in paleoclimatology. However, cor-
relations between trace element contents and physical or chemical
conditions are not simple and display interspecies variations (Lea
et al., 1999; Elderfield and Ganssen, 2000; Vander Putten et al.,
2000). In many cases, multiple controls appear to be at work in
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governing uptake of a given impurity. To reliably interpret
trace element-based paleoproxies will require understanding,
with some certainty, the growth behavior of calcite over the
range of relevant conditions.

The trace element signatures in biogenic calcite samples are
complex convolutions of externally imposed, physicochemical
parameters and internally regulated, biologic controls. It is
important to emphasize that, for paleoclimatology, the aim is to
extract information about the former, despite the presence of
the latter. Understanding the variations in calcite growth be-
havior and impurity uptake common to all calcite samples,
regardless of biologic particulars, in response to changes in the
environment is crucial to achieving the ultimate goal. Unless
we know the thermodynamically and kinetically imposed
changes in growth behavior that underlie the complex signa-
tures found in nature, the quest to develop robust paleoproxy
tools will be impeded.

1.1. Magnesium

Of the minor elements found in calcite, magnesium is most
abundant and displays some of the strongest correlations with
growth conditions. A large number of investigations have
shown that Mg contents in modern biogenic calcite samples are
positively correlated with temperature (Chave, 1954; Dodd,
1965; Katz, 1973; Savin and Douglas, 1973; Fiichtbauer and
Hardie, 1976; Cronblad and Malmgren, 1981; Burton and
Walter, 1987; Mucci, 1987; Oomori et al., 1987; Niirnberg et
al., 1996; Rosenthal et al., 1997; Lea, 1999; Elderfield and
Ganssen, 2000; Rosenthal et al., 2000; Toyofuku et al., 2000;
Vander Putten et al., 2000). However, the relationship between
temperature and Mg content in natural calcite appears not to be
simple. Lea (2003) has noted that two of the most fundamental
issues in development of magnesium paleothermometry are
establishing robust calibrations of the Mg-thermometer and
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determining the influence of environmental factors other than
temperature on Mg incorporation, such as pH, salinity, and
seawater Mg/Ca. Indeed, a review of the literature reveals
differences in the Mg-temperature relationship between species
and sometimes between individual organisms of the same spe-
cies (Lea et al., 1999; Elderfield and Ganssen, 2000; Vander
Putten et al., 2000). In some studies, physicochemical param-
eters other than temperature appear to influence Mg contents as
well as or even more strongly than growth temperature (Dodd,
1965; Lorens and Bender, 1980; Delaney et al., 1985; Niirnberg
et al., 1996; Rosenthal et al., 1997; Lea, 1999; Vander Putten et
al., 2000; Boyle and Erez, 2004). Other factors, such as the
effects of gametogenesis and preferential dissolution of Mg-
rich calcite, add to the difficulty of reconstructing paleotem-
perature records from fossil samples in a robust manner (Lea,
2003). Reliable interpretation of the Mg signatures in biogenic
calcite samples will require more profound knowledge of how
physical and chemical conditions in the environment affect
mineral growth, especially with regard to the mechanisms by
which growth conditions influence mineral composition, both
during and after initial formation.

Even in the absence of complicating biologic factors, much
remains to be understood about Mg and calcite growth in the
inorganic system. Many studies of inorganic calcite growth
have been published, and there is considerable disagreement as
to which controls are important (Katz, 1973; Berner, 1975;
Mucci and Morse, 1983; Burton and Walter, 1987; Mucci,
1987; Oomori et al., 1987; Morse and Bender, 1990; Paquette
and Reeder, 1995; Rimstidt et al., 1998). Again, composition of
inorganic calcite is believed to correlate positively with tem-
perature to some extent (Katz, 1973; Fiichtbauer and Hardie,
1976; Burton and Walter, 1987; Mucci, 1987; Oomori et al.,
1987), but some studies report even stronger control of Mg
contents by other parameters, such as solution Mg/Ca (Berner,
1975; Mucci and Morse, 1983).

1.2. Role of Kinetics and Rate-Controlling Mechanisms

Notably absent from the literature are definite conclusions
regarding the relationships between temperature, growth rate,
and impurity partitioning for Mg in calcite. Published experi-
mental and modeling studies disagree on the importance of
growth rate (Lahann and Siebert, 1982; Mucci and Morse,
1983; Berner, 1987; Watson, 1996; Rimstidt et al., 1998;
Watson, 2004), and only a few bulk precipitation studies have
systematically varied temperature (Katz, 1973; Burton and
Walter, 1987; Mucci, 1987; Oomori et al., 1987; Arvidson and
Mackenzie, 2000). Improved understanding of how growth rate
varies with temperature, supersaturation state, and solution
composition is still needed for deconvolution of the factors
determining mineral composition.

Another factor that is not often considered in experimental or
theoretical work is the rate-controlling mechanism, i.e.,
whether growth rate is limited by diffusive transport of chem-
ical components to the mineral surface or by surface reactions
such as dehydration, adsorption, and formation of lattice bonds
(Morse, 1983; Lasaga, 1998). Variations in rate-controlling
mechanism obviously cause variations in growth rate and
boundary layer thickness and may thus affect the extent and
nature of impurity incorporation during crystal growth. Reac-

tion rates involving growth or dissolution of calcite can be
either transport- or surface-controlled (Morse, 1983; Lasaga,
1998). This distinction potentially has important ramifications
for the Mg contents of natural calcite samples, especially where
biomineralization in different organisms is concerned.

1.3. Objectives and Approach

Because of the ongoing uncertainties about how physical and
chemical parameters affect calcite growth and composition and
the critical importance of quantifying those relationships, we
have investigated the response of calcite growth to temperature
and solution chemistry with an approach similar to that of
Davis et al. (2000), but over a range of temperatures common
for natural waters. The aim of this work is to understand
fundamentally the thermodynamic and kinetic effects of tem-
perature, solution chemistry, and rate-controlling mechanism
on calcite growth in the presence of Mg. The experiments
presented in this paper contribute to knowledge of how exter-
nally imposed conditions affect calcite growth; once this base-
line is established in the inorganic system, superimposed, bio-
logic signatures can be more readily deconvolved from the
complex observations made of natural variations in calcite Mg
contents.

The approach used here includes kinetic measurements of
calcite growth made in situ with atomic force microscopy
(AFM). Use of the AFM enables direct observation of the
near-equilibrium growth mechanism (monomolecular step
propagation, see explanation in Section 2.1) at the scale appro-
priate for characterizing interactions between Mg and calcite
steps. This is the first study of its kind to vary temperature
systematically and precisely in this chemical system. It pro-
vides a critical link between nanoscale, kinetic measurements
with a directly observed, near-equilibrium growth mechanism
and chemical analysis of resulting solid calcite with high spatial
resolution. A potentially important finding is that the distribu-
tion of Mg in calcite growth hillocks changes depending upon
whether growth rate is controlled by diffusive transport at the
mineral-solution boundary or by surface reactions at step edges.
Because the rate-controlling mechanisms are as yet unknown
for biologic mineralizing environments, this phenomenon may
have significant consequences for interpreting biogenic Mg
signatures.

2. EXPERIMENTAL AND ANALYTICAL METHODS
2.1. Near-Equilibrium Calcite Growth

As previously described (Paquette and Reeder, 1990; Gratz et al.,
1993; Paquette and Reeder, 1995; Reeder, 1996; Teng et al., 1998),
calcite precipitating from slightly supersaturated solution forms polyg-
onal growth hillocks. Monomolecular steps emanate from spiral dislo-
cations in the crystal lattice at the apices of the growth hillocks. The
structure of the calcite lattice results in four hillock flanks with two
geometrically distinct step types, one with obtuse angles between step
risers and terraces (+) and the other with acute angles (—). Steps of
these two types propagate at different speeds and are affected by
impurities in different ways (Paquette and Reeder, 1995; Reeder, 1996;
Davis et al., 2000; Wasylenki et al., 2005). Step speeds are proportional
to growth rates; thus measurements of step speeds provide direct
quantification of calcite growth kinetics.
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2.2. Atomic Force Microscope Experiments

In these experiments calcite growth was observed and measured in
situ with atomic force microscopy (AFM), using freshly cleaved seed
crystals of calcite and a flow-through fluid cell, through which super-
saturated growth solution was pumped. Methods were the same as
those of Wasylenki et al. (2005) with the following exceptions. Growth
solutions were held at the desired temperature by enclosing the last few
centimeters of tubing within an assembly of brass plates. The plates
contain fittings for circulating water and were heated or cooled by a
water bath. Temperature, which ranged from 15° to 30°C, was moni-
tored in situ with a Type T thermocouple placed in the exit port of the
AFM fluid cell, a few millimeters from the sample. The temperature
fluctuated briefly whenever the solution syringe was refilled, but we
allowed the system to stabilize for several minutes before collecting
data to assure steady state growth within 0.4°C of the temperature of
interest. The pH of each solution was carefully adjusted to 8.50 by
addition of several microliters of 1 M NaOH immediately before
introduction to the fluid cell.

Growth was observed directly as monomolecular step flow in all
cases, and step speeds were measured on steps emanating from spiral
dislocation sources. Fluid flowed at 30 mL/h in all AFM experiments,
and the residence time of solution in the fluid cell was ~6 s. As
determined in previous experiments by Teng et al. (1998), this flow rate
is sufficiently high for the rate-controlling mechanism to be surface
reactions (Lasaga, 1998), rather than transport of chemical components
to the mineral-solution interface. Teng et al. (1998) observed that
below 25 mL/h, calcite growth rate was a function of fluid flow rate, but
above 25 mL/h, fluid flow rate no longer affected step speed. The
growth rates measured in our AFM experiments are therefore maxima,
as compared with the rates that would be observed when diffusive
transport limits growth rate.

While precision of AFM step speed measurements is extremely good
(~0.1 nm/s), accuracy can be affected by a number of factors that are
difficult to assess quantitatively. Thus we have conservatively esti-
mated errors on all step speed measurements to be less than = 2 nm/s
when all sources of error are considered. Step speed measurements are
made by continuously scanning a horizontal path across vertically
oriented step edges, as in Teng et al. (2000). Friction between the
O-ring, the fluid cell, and the sample puck could result in this horizontal
scan being narrower than the nominal scan width by a few percent
relative, leading to overestimated step speeds. A simple calibration for
this effect was performed and applied to the data, but is likely not
perfect in all cases, especially for features away from the center of the
O-ring. Other possible sources of error, when growth is very slow and
morphology is strongly affected by Mg, are the rough edges and
curvature of steps; growth direction may be altered along some seg-
ments of a scalloped step-edge, but the method of calculating step
speeds used here assumes straight edges migrating horizontally. Be-
cause step speed is proportional to the tangent of the angle subtended
by steps in the AFM scans (see Teng et al., 2000), the reported speeds
should be minimally affected for small deviations in step orientation.
Sources of error that could result in anomalously slow step speeds
include partial decarbonation of solution or nucleation of calcite in the
tubing carrying solution to the sample. These errors and variations in
solution composition due to weighing and pipetting are difficult to
quantify; hence the conservative estimate of = 2 nm/s applies to all
measurements reported here.

2.3. Long-term Growth Experiments

The same solution recipes used for AFM were used to grow calcite
hillocks as overgrowths that are thick enough for electron microprobe
analysis of Mg contents. Two types of experiments were conducted. In
the first, growth rate was limited by surface reactions, as in the AFM
experiments; in the second, growth was limited by diffusive transport
of components to the sample surface.

For surface-controlled experiments, seed crystals were cleaved as for
AFM experiments and placed in Plexiglas replicas of the AFM fluid
cell without cantilevers. Solutions of NaHCO;(s) and CaCl, - 2H,O(s)
were loaded in parallel syringes and pumped continuously at 30 mL/h
(2 X 15 mL/h) through the sample chambers for several hours to
accelerate the process of hillock growth and coalescence until a few,

relatively large features remained on the surface. Following this, sy-
ringes were filled with NaHCO; and CaCl,+MgCl,+NaCl such that
when these two components mixed, they replicated the recipes used in
the AFM experiments. Solutions were not recycled.

Because the NaHCO; and chloride salt solutions did not mix until
they reached the length of tubing between the syringe pump and sample
chambers, it was not possible to adjust pH of the entire solution to
exactly 8.50. Small, equal amounts of NaHCO; and chloride salt
solutions were mixed before the experiment commenced, and the
number of microliters of 1 M NaOH needed to achieve pH of 8.50 was
noted. This amount of NaOH was scaled up and added to the remaining
chloride salt stock. Before the syringes were reloaded with fresh
bicarbonate solution and additional chloride salt stock, the pH of a
mixture of equal amounts of the two solution components was checked
and found to be within 0.05 of 8.50.

Samples and syringe pumps were kept in an incubator and temper-
ature held within 0.5°C of the nominal experimental temperature, as
measured with the same thermometer used for AFM experiments.
Samples grew for 48—96 hours to precipitate overgrowths thick enough
for electron microprobe analysis. At the conclusion of each experiment,
samples were dried as quickly as possible under a stream of pressurized
nitrogen to minimize evaporite precipitation on the surfaces. Crystals
were then mounted on glass slides with double-sided carbon tape and
carbon coated.

For diffusion-limited growth, seed crystals were placed within flasks
of growth solution on a shaker table precessing at 120 rpm within an
incubator. Flasks were filled with fresh solution every 12 hours for
several days. Solution pH was adjusted to 8.50 with NaOH. Glass rods
extending into the necks of the flasks displaced most of the air within
the flasks to reduce decarbonation. At the conclusion of each experi-
ment, samples were dried in nitrogen as above.

2.4. Solution Chemistry and Modeling of Supersaturation

Growth solutions supersaturated with respect to calcite were pre-
pared from high-purity, reagent grade CaCl, - 2H,O, NaHCO;,
MgCl, - 6H,0, and NaCl in distilled, deionized (18 MQ) H,O. Super-
saturation was defined as o, where

| dcgr X Aco? |
o=In|——|,
X (1

sp
and K, is the equilibrium solubility product for pure calcite at the
temperature of interest, calculated from the equations of Plummer and
Busenberg (1982). Values of o ranged from 0.20 to 1.20 (see Table 1).
For each solution composition, the ratio of activities of Ca®* and CO3~
was constrained to 1.0 and the pH to 8.50. NaCl concentration was 0.1
molal in all solutions; each solution had an ionic strength of 0.11.
Concentrations of CaCl, and NaHCO; for each desired value of o at
each temperature were determined with The Geochemist’s Work-
bench®, after substitution of equilibrium constants for calcite and
related species from Plummer and Busenberg (1982) into the program’s
database. Iterative calculations for each value of o at each temperature
yielded the desired solution “recipes.”

Mg was added to some solutions at concentrations of 2.5 X 1075 or
5.0 X 107> molal as indicated in Table 1; values of ¢ reported in this
paper are not corrected for addition of Mg. As each solution was
prepared, its pH was adjusted to 8.50 by addition of several microliters
of 1M NaOH. Experiments were run within 0.5°C of the nominal
temperature. We assumed a closed system with respect to CO,; thus
exposure to air was limited as much as possible during preparation and
use of the growth solutions.

2.5. Electron Microprobe Analysis

Magnesium concentrations in calcite growth hillocks were measured
using the Cameca SX-50 electron microprobe at Virginia Tech. Accel-
eration voltage was 10 kV. We attempted analyses at 5 kV, but could
not sufficiently excite Mg X-rays; Mg concentrations in these samples
are quite low. Analyses at 15 kV produced lower and more variable Mg
concentrations than 10 kV, indicating beam penetration into the essen-
tially Mg-free calcite seed crystal. Beam current at 10 kV was 20 na,
chosen to optimize counts while minimizing damage to the sample
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Table 1. Solution recipes used in growth experiments.*

Temp (°C) o [CaCl,] X 10* [NaHCO;] X 10° ace+ X 10° acor- X 10°
15 0.50 2.62 9.90 7.81 7.84
15 0.60 2.77 10.42 8.22 8.24
15 0.70 2.93 10.90 8.66 8.61
15 0.80 3.10 11.50 9.12 9.08
15 0.90 3.27 12.10 9.57 9.54
15 1.00 3.46 12.80 10.06 10.08
15 1.10 3.65 13.40 10.56 10.55
15 1.20 3.86 14.15 11.09 11.13
20 0.40 2.37 8.05 7.25 7.24
20 0.50 2.50 8.46 7.62 7.61
20 0.60 2.64 8.92 8.01 8.01
20 0.70 2.79 9.37 8.43 8.41
20 0.80 2.95 9.87 8.87 8.85
20 0.90 3.11 10.38 9.30 9.30
20 1.00 3.29 10.92 9.79 9.78
20 1.20 3.67 12.13 10.8 10.8
23.5 0.23 2.14 6.54 6.68 6.38
235 0.33 2.26 6.87 7.03 6.70
23.5 0.43 2.39 7.23 7.40 7.05
235 0.53 2.52 7.59 7.77 7.39
23.5 0.63 2.66 7.98 8.17 7.77
235 0.73 2.81 8.42 8.59 8.19
23.5 0.83 2.96 8.86 9.01 8.61
235 0.93 3.13 9.32 9.48 9.05
30 0.30 2.05 5.80 6.47 6.45
30 0.40 2.16 6.11 6.80 6.79
30 0.50 2.28 6.42 7.14 7.14
30 0.60 241 6.76 7.52 7.51
30 0.70 2.54 7.10 7.89 7.88
30 0.80 2.69 7.47 8.32 8.29
30 1.00 3.00 8.26 9.19 9.15

* Recipes calculated with Geochemist’s Workbench® with solubility constants of Plummer and Busenberg
(1982). All concentrations and activities are given in molal, and ¢ is defined as in the text. Every solution
contained 0.1 molal NaCl, and pH was adjusted to 8.50 by addition of NaOH. [MgCl,] was zero, 2.5 X 10~°

m, or 5.0 X 107> m, as indicated in Table 2 and figures.

surface. The Mg peak was measured for 70 or 80 s and positive and
negative backgrounds for 20 s each for every point analyzed. On each
analyzed hillock traverses or grids of points spaced 3 to 5 microns apart
and totaling 40—100 microns across were analyzed to determine Mg
contents of all four flanks of growth hillocks, thus yielding data with
high spatial resolution that is easily correlated with reflected light
photographs of growth features. Thus Mg concentrations were deter-
mined for the geometrically distinct flanks of calcite growth hillocks.
The Ka line of Ca was measured simultaneously (20 s count time) for
the purpose of checking analysis totals. Analyses were processed with
the algorithms of Pouchou and Pichoir (1985). A seed crystal control
grown in a solution with no added impurities was probed to confirm
impurity concentrations in the calcite substrate below the detection
limit of the microprobe.

3. EXPERIMENTAL RESULTS

3.1. Step Speeds vs. Mg Concentration

We measured step speeds at temperatures from 15° to 30°C,
with o ranging from 0.2 to 1.2 and fluid [Mg] from 0 to 5 X
10~ % molal. Step speeds for all solutions for obtuse and acute
steps are reported in Table 2.

In the figures we show subsets of the data, first at a constant
temperature and then at constant fluid [Mg] to illustrate clearly
the relationships between these variables and measured growth
kinetics. Step speeds for all experiments conducted at 23.5°C
are presented in Figure 1 as a function of fluid [Mg]. With one

exception, for each level of supersaturation, step speed de-
creases roughly linearly with increasing concentration of Mg in
growth solution. Steps flowed 2 nm/s at o = 0.23 and did not
flow perceptibly when 5 X 107> molal Mg was present. At o
= (.53, step speed decreases from 8 nm/s without Mg to 5 nm/s
with 5 X 10> molal Mg. At the highest ¢ investigated at this
temperature, 0.93, step speed decreases from 16 to 14 nm/s
over the same range of fluid [Mg].

3.2. The Effects of Supersaturation and Temperature

Figures 2a and 2b show step speeds as a function of ¢ at a
constant fluid [Mg] of 5 X 10~ molal for four different
temperatures. Each single-temperature trend reflects a linear
correlation between solution supersaturation and step speed for
both obtuse and acute steps. In general, the slopes of these
trends increase with increasing temperature; thus, the depen-
dence of step speed on supersaturation is stronger at higher
temperatures. Accordingly, step speeds at a given value of o
generally increase with increasing temperature, although, be-
cause the range of temperatures studied is small, in some cases
the data overlap within the estimated * 2 nm/s error. Steps
migrate approximately twice as quickly at 30° as at 15°C.
Obtuse step speeds measured in this study range from zero to
23 nm/s, while acute step rates range from zero to 11 nm/s.
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Table 2. Step speeds for all atomic force microscopy experiments.

Temp (°C) o [MgCl,] (m) v (nm/sec) v_ (nm/sec)
15 0.5 50 X 1072 3.1 1.4
15 0.5 50 X 107° 2.8 1.2
15 0.6 50 X 1072 4.7 2.9
15 0.7 50 X 1072 7.0 34
15 0.8 50 X 1072 9.6 4.2
15 0.9 50 X 107° 11.3 4.4
15 1.0 50 X 1072 12.8 4.8
15 1.1 50 X 107° 16.8 5.5
15 1.2 50 X 1072 15.8 6.4
19.5 0.4 50 X 1072 2.0 1.3
19.5 0.6 50 X 1072 4.1 2.9
19.5 0.7 50 X 1072 44 3.6
19.5 0.8 50 X 1072 7.9 4.8
19.5 1.0 50 X 107° 11.2 5.1
19.5 1.2 50 X 1072 20.1 9.7
23.5 0.23 0 2.0 3.0
23.5 0.33 0 4.1 4.0
23.5 0.43 0 5.1 4.3
23.5 0.53 0 7.8 7.1
23.5 0.53 0 8.4 7.4
23.5 0.63 0 9.7 9.7
23.5 0.63 0 7.4 6.1
23.5 0.73 0 13.4 7.9
23.5 0.93 0 15.7 8.6
23.5 0.43 2.5 X 1072 5.6 53
23.5 0.53 25 x 107° 7.1 4.8
23.5 0.63 25 X 1072 7.5 7.3
23.5 0.73 25 x 107° 9.8 5.6
23.5 0.93 25 X 1072 15.0 6.4
23.5 0.33 50 X 107° 0.1 0.3
23.5 0.53 50 X 1072 53 3.8
23.5 0.63 50 X 107° 7.7 6.4
23.5 0.73 50 X 1072 9.6 5.8
23.5 0.83 50 X 107° 12.7 10.6
23.5 0.93 50 X 1072 13.7 8.1
30 0.3 5.0 x 1072 0.4 1.2
30 04 50 X 1072 44 2.8
30 0.6 50 X 107° 9.7 5.1
30 0.6 50 X 1072 10.3 4.4
30 0.6 5.0 X 1072 9.9 4.6
30 0.8 50 X 1072 20.7 7.8
30 1.0 50 X 107° 23.3 8.3

3.3. Concentrations and Distributions of Mg in
Growth Hillocks

Contour plots of electron microprobe Mg data for surface-
controlled growth are shown in Figures 3a and 3b. The solution
for this experiment had o = 0.7 at 23.5°C with [Mg] = 5 X
10~ molal. The shapes and orientations of the growth hillocks
are easily recognized in the compositional maps. Magnesium is
more highly concentrated in acute-stepped (—) flanks than in
obtuse-stepped (+) flanks. Steps with these two distinct geom-
etries incorporated ~1100-1400 ppm Mg (0.45-0.58 mol%;
K; = 0024-0031 = [XMg,cu]cite/XCu,cu]cite]/[mMg,s()l’n/
My sorn]) and 650—850 ppm Mg (0.27-0.35 mol%; K; =
0.014-0.019), respectively. These values for K, are within the
range defined by bulk inorganic calcite growth experiments
(0.012-0.057; Katz, 1973; Fiichtbauer and Hardie, 1976;
Mucci and Morse, 1983; Mucci, 1987; Zhong and Mucci, 1989;
Hartley and Mucci, 1996). In Figure 3b, where several growth
features were packed closely together, Mg contents also appear
to be elevated along zones of hillock convergence.

20 T T T T T

—e—0=023
—{—0o=033
—h— 0 =043
——0=053
—0—0=0.63
—a—0=073
—A—0a=0.83
——0=0.93

}

|

Step speed (nm/sec)
=
/

I L 1 1

0 L}
00 01 02 03 04 05 06
Fluid [Mg] x 10* molal

Fig. 1. Measurements of step speeds for obtuse steps, plotted as a
function of fluid Mg concentration from 0 to 5 X 10> molal, for eight
levels of supersaturation. These trends show the linear decrease in step
speeds with increasing [Mg]. Errors on step speed are conservatively
estimated as =2 nm/sec; see Section 2.2.

In contrast two experiments in which growth was limited by
diffusive transport are shown in Figures 4a and 4b. The sample
in Figure 4a was grown in solution with o = 0.83 at 23.5°C and
[Mg] =5 X 10> molal, and for Figure 4b, o = 0.83 at 23.5°C
and [Mg] = 1 X 10~* molal. In both experiments Mg was
preferentially incorporated into obtuse-stepped (+) flanks of
the growth hillocks (~1900 ppm or 0.78 mol% in Fig. 4a,
~1300 ppm or 0.53 mol% in Fig. 4b), in the opposite sense as
observed for surface reaction-controlled growth. Acute flanks
contain ~1400 ppm (0.58 mol%) in Figure 4a and 500 ppm
(0.21 mol%) in Figure 4b. In addition, Mg concentrations are
highest along the boundaries between obtuse and acute flanks,
particularly in Figure 4a (~2400 ppm or 0.99 mol%, 2000 ppm
or 0.82 mol% in Fig. 4b). Although shown with a color scale as
for Figure 3, the measured concentrations in Figure 4 may have
little quantitative value, as the supersaturated solutions in these
experiments may have degassed or crystal nuclei may have
formed during the 12 hours between solution changes (see
Section 2.2), causing fluctuations in growth rate and carbonate
speciation. Qualitatively, however, higher concentrations of
Mg in obtuse-stepped flanks were observed in each of several
similar experiments.

4. DISCUSSION

4.1. Inhibition of Calcite Growth by Magnesium

Previous work by Davis et al. (2000) and Dove et al. (2004)
established the negative, linear relationship between calcite
step speeds and Mg concentration in solution. Such linear
decreases upon Mg addition indicate that Mg inhibits calcite
growth through thermodynamic changes associated with incor-
poration of Mg?" in the calcite lattice. Because Mg>" is
somewhat smaller than Ca?", its incorporation causes lattice
strain and thus a decrease in the negative enthalpy of calcite
precipitation. For this reason, Mg-bearing calcite has greater
solubility than pure calcite, so the effective supersaturation of
growth solution is decreased upon addition of Mg (De Yoreo
and Vekilov, 2003; Davis et al., 2004; Dove et al., 2004). The
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Fig. 2. Kinetic effect of temperature on growth rate at constant [Mg]:
Step speeds for (a) obtuse and (b) acute steps versus degree of solution
supersaturation (o) from 15°C to 30°C at [Mg] = 5 X 10> m. The
thermodynamic effect of temperature on solution supersaturation has
been taken into account by adjusting solution compositions accord-
ingly; see Section 2.4 for definition of o and discussion of Geochem-
ist’s Workbench® calculations. Lines represent best fits to the data for
each temperature. These data are used to calculate activation energies
for obtuse and acute step flow (see Fig. 5 and text).

current study confirms the nature of interactions between Mg
and calcite growth surfaces for multiple temperatures and for
lower extents of supersaturation and fluid [Mg] than previously
investigated.

Our results also confirm a second phenomenon and extend it
to new temperatures and solution compositions: the trends in
Figure 2 do not extrapolate to step migration rates of zero at
o = 0, but at o ~ 0.2 to 0.3. One explanation for this is that the
values of ¢ on the plot are for pure calcite, but the solid mineral
being grown contains Mg. This Mg-calcite has a higher solu-
bility, and the solution therefore has a lower effective super-
saturation. We used estimates for the equilibrium activity of
Ca?" as a function of fluid [Mg] from Davis (2000) to deter-
mine that the magnitude of offset in o for [Mg] =5 X 10 ° m
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Fig. 3. Contour plots of electron microprobe analyses showing Mg
content in calcite grown in surface reaction-limited conditions (vigor-
ous fluid flow). (a) and (b) are two hillocks on the same sample surface.
Solid, white lines delineate the boundaries of the growth features, as
identified in corresponding, reflected light photomicrographs of the
sample surface. The dashed white lines represent the projection of the
c-glide plane in calcite. The growth solution has o = 0.7 at 23.5°C with
[Mg] = 5 X 107° molal. Scale bar is 10 microns.

is ~0.1. This is roughly half of the offset from zero that is
apparent in Figure 2. A second possibility is that, because the
smoothness of calcite step edges can inhibit growth at very low
step speeds (Davis et al., 2000; Teng et al., 2000; De Yoreo and
Vekilov, 2003), the trends in Figure 2 may curve slightly in a
concave-upward sense as they approach speeds of zero, thus
intersecting the ordinate axis at lower values of o. Because of
the difficulty of collecting accurate data at such low speeds, we
have not attempted to capture that phenomenon in Figure 2. A
third possibility is a consistent offset in supersaturation calcu-
lations from The Geochemist’s Workbench®. Note that none of
these considerations alters the relationships or interpretations of
data discussed here.

Although we observed overall trends in growth kinetics that
are similar to the earlier work, our step speeds are somewhat
faster than those reported by Davis et al. (2000) for comparable
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Fig 4. Contour plots of electron microprobe analyses of Mg content
in calcite grown in gently agitated growth solutions. Crystal growth in
these cases was limited by diffusion of chemical components through
a boundary layer at the mineral-solution interface. (a) o = 0.43 at
23.5°C, [Mg] = 5 X 10~ m, (b) o = 0.83 at 23.5°C, [Mg] = 1 X 10~*
m. Scale bar is 10 microns.

conditions. One possible explanation for this discrepancy is a
difference in identities and amounts of trace impurities in the
chemical reagents or possibly in the deionized water used in
these investigations. Another possibility is that temperatures in
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Fig. 5. Arrhenius diagram for calcite growth kinetics from 15° to
30°C, with fluid [Mg] = 5 X 10~ molal. The kinetic coefficient, beta
(B), is proportional to the slope of the trend in step speed versus [Ca, "]
- [Ca;]eq for each temperature. Data for obtuse steps are shown;
results for acute steps yield the same value for activation energy, 33
kJ/mol (0.34 eV/molecule).

the experiments here were more carefully monitored and con-
trolled.

4.2. Greater Sensitivity of Growth Rate to
Supersaturation as Temperature Increases

The data in Figure 2 clearly show that, for a given degree of
solution supersaturation, step migration rates for calcite are
faster at warmer temperatures. Note that the decrease in solu-
bility of calcite with increasing temperature is already taken
into account by the values of o; the solution with o = 1.0 at
30°C has less CaCl, and NaHCOj; than the o = 1.0 solution at
15°C because the value of K, (see Eqn. 1) is lower at 30°C.
Thus the data, as presented, reflect kinetic effects of tempera-
ture on calcite growth, rather than thermodynamic effects.

Using these direct, quantitative measurements of step flow
rates, we calculated activation energies for obtuse and acute
steps according to the relations given in the following two
equations. First,

v=Bo([Ca] - [Ca],) 2)

where v is step speed, 3 is the kinetic coefficient, w is the
molecular volume of calcite, 6.13 X 10~%* cm?, [Ca] is the
concentration of calcium in a given solution, and [Ca],, is the
concentration of calcium in a solution in equilibrium with solid
calcite. Thus, when the data are plotted as v vs. [Ca] — [Ca],,,
the slope of each trend divided by w yields 8 for each temper-
ature. Second,

B=eCHED, 3

where E is the activation energy, R the gas constant, and 7 the
Kelvin temperature. Arrhenius plots of In B vs. reciprocal
temperature, shown in Figure 5, yield activation energies of
33 + 3 kJ/mol (0.34 eV/molecule) for obtuse and 33 * 8
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Fig. 6. Step speeds plotted versus solution Mg/Ca ratio (molar) for
obtuse steps, demonstrating greater sensitivity of growth rate to solu-
tion chemistry with increasing temperature. Lines are best fits to the
data at each temperature.

kJ/mol for acute step flow directions. This is in good agreement
with values expected for surface reaction-limited growth of
minerals (Lasaga, 1981), as well as the value of 39.2 * 3.6
kJ/mol for calcite determined in bulk precipitation studies by
Kazmierczak et al. (1982), the activation energy of KH,PO,
(31.8 kJ/mol; De Yoreo et al., 1997) and of barite (35 = 8
kJ/mol; Bosbach and Wood, 2002).

Another consequence of the increase in slope with increasing
temperature in Figure 2 is that, at higher temperatures, growth
rate is more sensitive to changes in supersaturation. For exam-
ple, at 30°C raising o by 0.14 will result in a step speed
increase of ~5 nm/s for obtuse steps. For the same increase in
step speed at 15°C, o must be increased by 0.25. A linear fit to
the data in Figure 2a yields the slope of the step speed-o
dependence as a function of temperature: év/60 = 0.95T + 4.5,
where T'is in °C. A similar relation is evident if the data are cast
as step speed vs. Mg/Ca ratio in solution, as in Figure 6; the
change in Mg/Ca needed to cause a given change in growth rate
decreases with increasing temperature. The slopes of the lines
on this plot yield: 6v/6(Mg/Ca) = —6.71T — 101.79, thus
expressing quantitatively this relationship between calcite
growth kinetics and solution chemistry.

4.3. Mg Fractionation

Our findings suggest that the distributions of Mg in calcite
are highly dependent upon transport conditions. These results
may have important implications for understanding trace ele-
ment incorporation in calcite and biomineralization of Mg-
bearing calcite. When crystal growth rate is controlled by the
surface processes of adsorption, dehydration, and lattice incor-
poration, Mg is preferentially incorporated in acute-stepped
(—) flanks of each growth hillock. Step-specific geometry and
configuration of bonds formed when new growth units are
added at step-edges are apparently key factors governing in-

corporation of Mg. The larger amount of Mg in acute-stepped
flanks is the same sense of fractionation observed by Paquette
and Reeder (1995), but their experiment (1) was likely domi-
nated by diffusion-limited growth, as it was not vigorously
stirred; and (2) contained significant concentrations of several
impurities, including Sr, Ba, and Mn. Mg concentrations in our
sample are substantially higher than those of Paquette and
Reeder (1995), and the degree of fractionation between acute
and obtuse steps is slightly higher, but direct, quantitative
comparison is difficult, because of the differences just men-
tioned and the unknown concentration of Mg in the solution
used in the other study.

A slight elevation in Mg concentration also occurs wherever
two or more hillocks converge upon each other and where steps
have “piled up” along ledges. We do not know exactly why this
occurs, but speculate that it may be related to long residence
times of adsorbed Mg species on the surface because of Mg’s
strong binding properties (Stumm, 1992). We have not ob-
served this phenomenon in our similar experiments with Sr
(Wasylenki et al., 2005).

In contrast, when growth is limited by diffusion of chemical
components to the mineral surface, more Mg is incorporated at
obtuse step-edges than at acute step-edges. The compositional
maps of growth hillocks produced under diffusion-limited con-
ditions in Figure 4 are representative of many samples that
displayed this behavior. From either the surface reaction-lim-
ited experiments or the transport-limited experiments alone, it
is clear that the two types of molecular configurations at step-
edges result in differential incorporation of Mg. In addition, the
observed reversal in sense of the step-specific preference of Mg
cations demonstrates that the particular effects of step-specific
geometry on interactions between Mg and growing calcite vary
significantly from one rate-controlling mechanism to the other.

Another finding from our diffusion-limited experiments is
that the highest concentrations of Mg occur along the bound-
aries between obtuse- and acute-stepped flanks. The unique
geometry of these “corners” is apparently better suited than
other sites for accommodating the relatively small Mg>* cat-
ions. This result supports the earlier hypothesis of Davis et al.
(2004) that, in the presence of Mg, the slowest step speeds on
calcite growth hillocks occur along the obtuse/acute boundaries
because of high lattice strain at those sites. This increase in
lattice strain, to which the morphologic changes observed by
Davis et al. (2004) are attributed, is likely directly connected to
preferential incorporation of Mg>* as a substitute for Ca>*.
Recently, Han and Aizenberg (2003) documented macroscopic
morphologic features in Mg-bearing calcite consistent with this
model.

Since all of the incorporation experiments presented here
were conducted at the same temperature, temperature is not the
only control on Mg content in calcite. With the current results,
it is not possible to quantify completely the relative contribu-
tions of temperature, solution chemistry, and growth-limiting
conditions to calcite composition. However, these experiments
do demonstrate clearly that impurity uptake is strongly affected
by chemistry and surface structure at the mineral-solution in-
terface and that these factors may influence the compositions of
natural calcite.
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5. IMPLICATIONS FOR BIOGENIC CALCITE

In concluding this paper, we suggest two potentially important
implications of our findings. First, for any species that occurs
across a wide range of temperatures in the ocean for which control
of growth rate is critical to successful biomineral production, our
results imply that organisms in warmer environments may need to
exert stricter control on the chemistry of the mineralizing environ-
ment to control growth rates precisely. This may be most signif-
icant for organisms that build complex and faithfully reproduced
structures comprising multiple single crystals with precise inter-
locking fits, such as the many spectacular varieties of coccolith-
ophorids and foraminifera. This precision may also confer an
ecological advantage, as detailed morphologic differences are now
believed to regulate buoyancy, light and nutrient supply (Young
and Henriksen, 2003). Control of growth rate may well be critical
to these taxa. Changes in temperature are known to affect ad-
versely the morphology and test size of E. huxleyi coccolithopho-
rids cultured in the lab (Watabe and Wilbur, 1966), but the species
examined in that study is abundant in proper form over a wide
range of latitudes and temperatures in the modern oceans. Thus,
while individual strains may suffer from imposed temperature
changes, the species collectively possesses the capability to suc-
ceed over a wide range of conditions. If control of growth rate is
needed for production of the elaborate morphologies seen in E.
huxleyi and many others, then a biologic (genetic?) mechanism for
strict control of chemistry in the mineralizing vesicles must be at
work.

Our second set of experiments demonstrates that temperature is
not the only strong control on the extent of Mg incorporation or on
Mg distribution in calcite. The nature of the mineral-solution
interface appears to have first-order importance, at least with
regard to a diffusive boundary layer as the primary rate-limiting
step in precipitation. What sorts of boundary layers or limiting
conditions on growth occur during calcite production by different
organisms, either externally or within some sort of delineated,
interior spaces, is still unknown, but may be a fundamental control
on impurity content of biogenic samples. In all likelihood, trans-
port conditions in membrane-enclosed, biomineralizing microen-
vironments vary from one type of organism to another. The effects
of these differences may help to account for interspecies differ-
ences in Mg uptake as a function of temperature, as observed by
Lea et al. (1999), Elderfield and Ganssen (2000), and Vander
Putten et al. (2000), among others. As knowledge of calcite
biomineralization processes improves, the dependence of Mg dis-
tribution on step geometry and transport conditions may also
provide a means to explain the variations in Mg concentration
observed within individual organisms.

6. SUMMARY

We have presented two types of calcite growth experiments:
one in which we directly measured step flow rates as a function of
temperature and solution chemistry (with atomic force micros-
copy) and one that connects those measurements to chemical
analysis of Mg distributions in calcite with high spatial resolution.
The AFM experiments, conducted over a range of temperatures
relevant to natural waters, quantify the effect of temperature on
calcite growth rate and yield activation energies of 33 kJ/mol (0.34
eV/molecule) for both obtuse and acute step flow with fluid [Mg]
=5 X 107> m. The experiments also show that the sensitivity of

growth rate to changes in solution supersaturation or Mg/Ca in-
creases with increasing temperature. Samples analyzed for Mg by
electron microprobe were grown in two ways to explore how
transport conditions (i.e., the presence of a diffusive boundary
layer) affect Mg uptake. Those samples for which growth was
limited by diffusion incorporated more Mg at obtuse step-edges, in
contrast to the result of Paquette and Reeder (1995). Mg was
particularly highly concentrated along the obtuse/acute subsector
boundaries, where step flow is slowest and lattice strain is likely
highest (Davis et al., 2004). In an experiment where vigorous fluid
flow made surface processes the limiting factor in growth, Mg
partitioned more strongly into negative subsectors, demonstrating
that transport conditions at the mineral-solution interface are an
important control on the distribution of Mg in calcite grown from
aqueous solution. This would suggest that when organisms em-
ploy vesicles and other compartments as an integral part of con-
trolled biomineralization processes, signatures may be signifi-
cantly overprinted by the transport and diffusion conditions of the
local microenvironment.
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