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ARTICLE INFO ABSTRACT

Editor: Claudia Romano To study the incorporation of magnesium (Mg) and strontium (Sr) in calcite precipitated over synthetic calcite

seeds (overgrowths) as a function of the precipitation rate (R*, pmol/m? h), we performed precipitation ex-

Keywords: periments wherein temperature and precipitation rates were decoupled at intervals of approximately 3.63-5.22
Caldte. pmol/m2 h. In most sample reactions, high-magnesium calcite (HMC) overgrowths co-precipitated with arago-
:rr:cgio?tﬁion rate nite from the stirred solutions exposed to an atmosphere of NHs and CO, gases throughout the spontaneous
Magnpesium decomposition of (NH4)2COs. The percentage of aragonite in the solid CaCO3 increased with both temperature
Strontium and dissolved inorganic carbon (DIC). The order of reaction with respect to the [DIC] is temperature dependent
Overgrowths and is 1.9, 2.4, and 2.9 at temperatures of 12.5, 25.0, and 37.5 °C, respectively. The magnesium distribution

coefficient (Dyg) increases significantly with increasing R*, temperature, and Mg/Ca ratio in the fluid. The
strontium distribution coefficient (Dg,) increases with R* and with increasing MgCO3 concentrations in the
calcite overgrowths. However, it is independent of temperature.

1. Introduction

Calcium carbonate (CaCO3) is one of the most abundant and reactive
minerals in the natural environment, especially in marine sediments.
Biogenic CaCO3 comprises the majority of the mineral budget, while
inorganic precipitates are minor contributors (Morse and Mackenzie,
1990). The solubilities of all pure carbonates decrease with increasing
temperature in the following order: amorphous calcium carbonate
(ACC) > vaterite > aragonite > calcite. Calcite is the most abundant,
thermodynamically stable, and the least soluble polymorph of CaCO3
(Plummer and Busenberg, 1982). In natural systems, calcite regularly
includes Mg?™ in its lattice and may contain more than 20 mol% MgCOs
(Folk, 1974; Morse, 1983; Morse et al., 1997; Davis et al., 2000). Calcite
and Mg-bearing forms are typically classified into three groups. Calcite
commonly refers to minerals containing less than 0.5 mol% MgCOs3
(Howson et al., 1987; Bar-Matthews et al., 1991). Low-magnesium
calcite (LMC) contains up to 5 mol% MgCOs3, and high-magnesium
calcite (HMC) contains more than 5.0 mol% MgCO3 (Scoffin, 1987);
however, this classification varies from author to author. Mg-calcite is
more soluble than pure calcite, and as the content of Mg increases in the
calcite, its solubility also increases (Morse and Mackenzie, 1990). The
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majority of sedimentary calcites are skeletal remains of coccolitho-
phores and foraminifera, which are composed of LMC (>99% CaCOs3).
Inorganic precipitated Mg-free calcite in the marine environment is not
observed due to the inhibitory effect of Mg ions. Rather, CaCO3 pref-
erentially crystallizes as aragonite or magnesium calcite under normal
condition (Folk, 1974). The presence of Mg ions in the aqueous solution
inhibits calcite nucleation and reduces the calcite growth rate. This
could be explained by two different models: the step pinning model
(Kubota and Mullin, 1995; van Enckevort et al., 1996; De Yoreo and
Vekilov, 2003; Astilleros et al., 2010) and the impurity incorporation
model (Berner, 1975; Davis et al., 2000; De Yoreo and Vekilov, 2003).
The step pinning model assumes that the adsorption of hydrated Mg?* at
the kink sites on step edges or at sites on the terraces causes the pinning
of the steps, and as a result, the steps will advance at a slower rate.
However, impurity adsorption is a reversible process, and an increase in
supersaturation can cause the removal of the adsorbed impurities,
causing the steps to grow again at the velocity corresponding to that of a
pure solid at supersaturation. The impurity incorporation model as-
sumes that Mg?" is incorporated into the calcite structure, forming a
solid solution. This structure is considered to be more soluble than the
pure phase, resulting in an increase in the threshold supersaturation at
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which crystallization begins.

Calcite and aragonite are CaCOs polymorphs that are most
commonly found to coexist and coprecipitate in the same environment.
Different physicochemical conditions control the formation of CaCO3
polymorphs. Aragonite precipitation is favored by increasing both the
temperature and Mg:Ca ratio of the fluid, while calcite is predominant at
lower Mg:Ca ratios and temperatures (e.g., Morse and Mackenzie, 1990;
Burton, 1993; Morse and He, 1993; Morse et al., 1997; Niedermayr et al.,
2013). Reaction kinetics are crucial for polymorph selection (e.g., Given
and Wilkinson, 1985; De Choudens-Sanchez and Gonzalez, 2009);
higher C032’ accumulation rates, C032’/Ca2+ ratios, and dissolved
inorganic carbonate (DIC) favor the formation of aragonite instead of
calcite at certain Mg/Ca fluid ratios (Niedermayr et al., 2013). Another
factor that significantly affects the nucleation and growth behavior of
CaCOj3 polymorphs is the addition of organic compounds, such as pol-
yaspartic acid, and inorganics, such as sulfate and orthophosphate ions
(e.g., Bischoff, 1968; Mucci, 1986; Falini et al., 1994; Meldrum and
Hyde, 2001; Niedermayr et al., 2013).

The enrichment of trace elements (as Mg and Sr) in biogenic and
inorganic CaCOs relative to Ca reflects the specific environmental con-
ditions (temperature, growth rate, pH, salinity, and the composition of
seawater) at the time of formation (e.g., Morse and Bender, 1990; Lopez
et al., 2009; Tang et al., 2012). In case of biogenic origins, the trace
element contents are also affected by the species or biological effects
(vital effects) (e.g., Urey et al., 1951; Weber and Woodhead, 1970;
Weber and Woodhead, 1972; Elderfield et al., 1996; Lea et al., 1999).
The trace elements to calcium ratios of biogenic and inorganic CaCO3
provide a valuable proxy for oceanographic data, making them a
beneficial tool for reconstructing the paleoenvironmental conditions of
oceans. For example, Sr/Ca in calcite can be used as a proxy for the
precipitation rate (e.g., Bohm et al., 2012; and AlKhatib and Eisenhauer,
2017a, 2017b, and Mg/Ca in calcite is considered to be a reliable proxy
for the composition and temperature of paleo-seawater (e.g., Chave,
1954a, 1954b,; Rosenthal et al., 1997; Stanley and Hardie, 1998; Stan-
ley, 1999; Elderfield and Ganssen, 2000; Dekens et al., 2002; Dickson,
2002; and Bryan and Marchitto, 2008).

Many experiments have been performed to clarify the factors
affecting the incorporation of Mg in calcite. Temperature is one of the
most significant factors. As the temperature increases, more Mg is
incorporated in the calcite (e.g., Katz, 1973; Mucci, 1987). The second
factor is the Mg/Ca fluid ratio; as this ratio increases in the precipitating
solution, more Mg is incorporated in the calcite (e.g., Mucci and Morse,
1983; De Choudens-Sanchez and Gonzdlez, 2009). Pcoz may also affect
the enrichment of Mg in calcite (e.g., Burton and Walter, 1991; Hartley
and Mucci, 1996). Sulfate ions reduce the incorporation of Mg in calcite
(e.g., Mucci et al., 1989; Zhong and Mucci, 1989). However, most pre-
vious studies have claimed that the precipitation rate has no effect on
the amount of Mg present in the calcite. Lahann and Siebert (1982)
suggested a strong influence of precipitation kinetics on the distribution
of Mg*?2 between the solution and crystals. However, Given and Wil-
kinson (1985) argued that there is a relationship between the crystal
composition (enrichment of trace elements), morphology, mineralogy
and the rate of precipitation. The crystal composition is apparently
affected only by the solution Mg/Ca ratio. To determine the factors
influencing the precipitation rate, we aimed to study the precipitation of
Mg-calcite over pure calcite seeds (crystal overgrowths) as a function of
precipitation rate at three different temperatures (12.5, 25, and 37.5 °C),
while keeping the solution Mg/Ca ratio constant and using the same
chemical setup as AlKhatib and Eisenhauer (2017a, 2017b).

2. Material and methods
2.1. Materials and experimental setup

Precipitation reactions were carried out using the same experimental
setup described by AlKhatib and Eisenhauer (2017a, 2017b) to induce
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magnesium calcite overgrowths on calcite seeds from Mg-rich aqueous
solutions, as illustrated in Fig. 1. The calcite seeds (Roth, CaCO3 > 99%,
Art.-Nr.P012.2) had a surface area of 0.5 m?/g, determined by both BET
and SEM (AlKhatib and Eisenhauer, 2017b). The precipitation reactions
were carried out on exactly 50.0 mg of seed material. All the chemicals
were ACS grade Merck, and all the solutions were prepared using
deionized water (18.2 MQ). The solutions were prepared to precipitate
CaCOs3 in ammonium buffered solutions (NH4/NH3) at three different
temperatures: 12.5, 25.0, and 37.5 °C (+£0.2 °C). The volume of the
reaction solutions ranged between 330 and 400 mL. The solutions were
composed of 0.395 M NH,4Cl and different concentrations of Ca%* ions
that range from 77 to 114 mM. In all experiments the molar ratio of Sr/
Ca was constant and approximately 0.1. The molar ratio of Mg/Ca was
also constant and approximately 2.9. An exception were in the reaction
solutions, 1, 7, and 13; in these three solutions the Mg/Ca ratio was
approximately 3.9, as indicated in Table 1.

In all the experiments, the reacting solution was stirred with a
magnetic stirrer at 300 rpm. Ammonium carbonate decomposes spon-
taneously and produces an ammonia/carbon dioxide atmosphere within
the chamber through the following reaction:

(NH,),C05(S)—2NH;(g) + CO»(g) + H,0(g) (@)

Ammonia and carbon dioxide gases diffuse and dissolve in the
experimental solution, increasing the pH and alkalinity through the
following reactions:

NH;(g) + H,O=NH,(aq) + OH " (aq) )
CO,(g) +H,0=2CO; (aq) 3)
CO,(aq) + H,0=H,CO; 4)
H,CO;=HCO; (aq) + H' (aq) 5)
HCO; (aq)=CO05* (aq) +H" (aq) (6)

The overall spontaneous reaction of the steps (1)-(6) is:
(NH,),CO5(S)=2NH, " (aq) + CO3*"(aq) 7)

The result of these reactions is the supersaturation of the reacting
solution with respect to calcite and aragonite. The dynamics of the re-
action were monitored using a WTW 3100 pH meter, which was stan-
dardized using buffer solutions of pH 4, 7, and 10 before each
experiment. This pH meter was connected to a computer that monitored
the pH values and the temperature of the solution online continuously
and stored the measured data in an Excel sheet. The pH of the reacting
solution gradually increased until it reached a constant value and then
decreased slightly, at which moment the precipitation of CaCO3 started.
The start of the precipitation was also characterized by a simultaneous
decrease in the dissolved [Ca] in the solution at this pH. Throughout the
reaction, the pH of the reacting solution (when precipitation starts)
remained relatively constant (+ 0.02 units), as well as its temperature
during all the reactions (0.2 °C). We controlled the rate of reaction as
well as the time needed to reach the precipitation point using the
quantity, the surface area of the ammonium carbonate granules, and
porosity of the membrane through which the gases diffuse. For example,
for slow reaction rates, we used 5-10 g of ammonium carbonate with a
radius of approximately 1 cm. To accelerate the reactions, we placed an
additional beaker containing solid ammonium carbonate (different
quantities and different particle sizes) inside the reaction chamber. The
beaker was covered with a parafilm of distinct porosity (certain number
of holes were made by a pin). In certain cases, the beaker was not
covered, and the rate of reaction increased rapidly.

During the experiment, the chemical evolution of the reacting solu-
tion was monitored by sampling 2 ml at distinct time intervals to be
analyzed later. The intervals ranged between 2 and 30 min, depending
on the reaction time. Each reaction was allowed to run for a certain
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(NH,),CO; crystals

Water bath

NH,4Cl,CaCl,
MgCl, & SrCl,
solution oy

Stirrer
(300 r/m)

period of time depending on its rate and then stopped by removing the
reacting solution from the sealed chamber and filtering the solution as
quickly as possible by vacuum filtration through a cellulose filter paper
with a pore size of 0.2 pm. The solid was transferred to the filter paper,
and then it was washed with deionized water (18.2 MQ) that made
slightly alkaline by mixing a small volume of pure ammonium hydroxide
solution. The solid was finally washed with pure ethanol to remove any
adsorbed CaCly, MgCl,, or SrCl, aqueous solutions on the surface of the
crystals; the solid was then dried in an oven overnight at 40 °C and
weighed.

2.2. Analysis

2.2.1. Dissolved inorganic carbon (DIC)

The details used to determine the DIC in our system have been
described earlier in AlKhatib and Eisenhauer (2017a). To calculate DIC,
the total alkalinity (TA) of each experiment over the entire reaction
period must be calculated. We did this by titrating 0.2 ml of the reaction
mixture at different intervals of time during the precipitation reaction
using 0.02 N HCI (dilution of MERCK-Titrisol-solution™). This HCI so-
lution was initially standardized against IAPSO seawater (certified
alkalinity of 2.325 mM) using a micro titration apparatus Metrohm 665
Dosimat equipped with a titration vessel of 7 cm. During the titration,
the sample was continuously degassed with nitrogen to remove any CO».
The indicator used in this titration was prepared from two solutions.
Solution 1: approximately 32 mg Methyl Red (or 37 mg of sodium salt of
Methyl Red) was mixed with 1.19 ml of 0.1 M NaOH and dissolved in 80
ml 96% ethanol. Solution 2: Approximately 10 mg of methylene blue
was dissolved in 10 ml 96% ethanol. A greenish-brown solution was
obtained by mixing 4.8 ml of Solution 2 with 80 ml of Solution 1, and at
the end point of the titration, the solution became pink. In each titration,
20 pL of the indicator was added to 4.8 ml of water and 0.2 ml sample.
Each sample was titrated three times, and the average volume of the
titrant was used to calculate the total alkalinity. The concentrations of
NH3 and NH4 in our experimental setup were relatively high, which
inhibited the calculations of the activity coefficients of different species
in the reacting aqueous solution by applying geochemical modeling and
the PHREEQC software. Consequently, all the calculations were based
only on the concentrations. The TA did not increase by more than 10% of
the initial value at the precipitation point until the end of the reaction.
Therefore, we determined the TA at the end of all the reactions (Table 1)
and adopted this value for further calculations.

TA = [NHs] + [HCO4] + 2[CO32] (8)
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Fig. 1. schematic design of the experi-
mental setup: (1) the reaction chamber
which is a sealed plastic container consist-
ing of a copper tubing (a) where water is
circulating to keep a constant temperature,
(b) beaker that contains the reacting solu-
tion, (c) a beaker that contains some
ammonium carbonate granules that decom-
pose spontaneously to provide ammonia and
carbon dioxide gases, (d) fritted filter funnel
that also contains some ammonium car-
bonate granules, (e) pH and temperature
sensors, (f) syringe to withdraw samples
from the reacting solution, (2) magnetic
stirrer, (3) pH meter and (4) computer
recording the measured data in an excel
sheet.

transferring data
to a computer 4

The [NHgs] in our solutions was calculated following Lemarchand
et al. (2004):

[Cl] + TA — 2[M*7]

[HY]

[NH3] =
Bl

9

where [M2*] is the concentration of metal divalent ions in the solution,
[C17] is the concentration of chloride ions, [H'] is calculated from the
pH values at the end of each experiment, and K, is the apparent
ammonium acid dissociation constant. The K, values at different tem-
peratures were calculated using Eq. (10), which was derived by AlKhatib
and Eisenhauer (2017a).

pKa = 2651.4/T +0.60 (10)

where T is the temperature in Kelvin. The values of [NH3] are listed in
Table 1. The DIC is equal to the difference between the TA and [NHgz], as
shown in Table 1. The [C032’] in our solutions was calculated (Table 1)
following Lemarchand et al. (2004): (Eq. (11)).

TA — [NH;]
Bl

K2

[CO2] = an

where K3 is the second dissociation constant of carbonic acid; it was
equal to 4.9 x 1071°, 8.5 x 1071°, and 1.5 x 10~ at temperatures of
12.5, 25, and 37.5 °C, respectively. These were calculated following
Millero (1995): (Eq. (12)).

InKy = —0.84-3741.13 /T—1.44n(T) +(—0.13-24.41 /T)S"5 +-0.125-0.018 "
12)

where T is the temperature in Kelvin, and S is the average salinity (75) of
the solutions.

The saturation state (Q) with respect to calcite and aragonite was
calculated according to Millero (1995): (Eq. (13)).

Q = [Ca*"][CO5* ] /K, 13)

where the solubility product constants (Kg,) of calcite and aragonite at a
salinity of 75 were calculated as a function of the temperature, as in
Millero (1995). The values of K, are listed in Table 2. The saturation
index (SI) with respect to calcite and aragonite = log Q is included in
Table 1.



Table. 1

Volume of solution, temperature (T), pH, total alkalinity (TA), concentration of ammonia, dissolved inorganic carbon (DIC), carbonate and bicarbonate ions concentrations, time of precipitation reaction, initial and final
concentrations of Ca, fraction of calcium remaining in aqueous solution after precipitation, Mg/Ca and Sr/Ca ratios in the initial solution, saturation index for calcite and aragonite (SI), mass of CaCOj3 precipitated,
percentage of aragonite in the bulk solid (calcite seeds + product), mass of aragonite in the product, mass of calcite in the product, percentage of aragonite and calcite in CaCO3 precipitate, and surface area of calcite and
aragonite precipitate.

Sample Volumeof T/ pH TA [NH3]/ DIC/ [CO3] [HCO3;] Time of [Ca]lomM [Calf Fraction [Mgl/ [Srl/ SL SI. Mass of % Mass Mass % % Area of Area of
label  \vskip5 °C \vskip5 mM mM mM mM \vskipS\hfill + 2¢ /mM  of Ca [Calp [Calo calcite aragonite \vskip5 aragonite \vskip5 \vskip5 aragonite calcite calcite \vskip5
\hfill + \hfill \hbox\rot90 + 26 \vskip5 \vskip5 \vskip5 \hfill in \hfill\hbox \hfill in in \vskip5 \hfill
\hbox 0.2 \hbox {Precipitation/ \hfill \hfill  \hfill \hbox \vskip5  \rot90 \hbox \vskip5  \vskip5 \hfill \hbox
\rot90 \rot90 h \hbox \hbox \hbox \rot90 \hfill {aragonite/ \rot90  \hfill \hfill \hbox \rot90{
{solution/ {/mM \rot90  \rot90 \rot90 {CaCO3/ \hbox g {Calcite/ \hbox \hbox \rot90 Aragonite/
ml {remain {Molar {Molar mg \rot90{ g \rot90  \rot90 {/m?> m?
ratio  ratio Bulk solid {CaCO3 {CaCOs3
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
1 330 12.5 7.536 10.00 4.43 5.57 0.09 5.39 4.68 79.14+ 7855 0993 386 0.13 0.62 0.38 19 n.d n.d 0.019 nd 100 0.010 n.d
0.01 +0.02
2 370 12,5 7.332 9.00 277 6.23 0.06 6.10 1.53 98.35+ 97.43 0.991 296 0.11 0.54 0.30 34 n.d n.d 0.034 nd 100 0.017 nd
0.01 + 0.02
3 370 12.5 7.573 10.88 4.83 6.05 0.11 5.84 2.47 95.81 + 94.67 0.988 3.03 0.11 0.79 0.55 42 n.d n.d 0.042 nd 100 0.021 n.d
0.01 +0.01
4 400 12.5 7.449 11.52 3.64 7.88 0.11 7.67 0.93 110.77 £ 110.05 0.994 2.84 0.10 0.86 0.61 29 10 0.008 0.021 27 73 0.011 0.021
0.01 +0.01
5 400 12,5 7.610 15.22 531 9.91 0.19 9.53 1.27 113.22 + 111.47 0.985 2.84 0.10 1.10 0.86 70 25 0.030 0.040 43 57 0.020 0.081
0.03 + 0.04
6 400 12.5 7.475 10.75 3.86 6.89 0.10 6.69 4.40 114.05 + 110.73 0.971 2.84 010 0.83 0.59 132 20 0.037 0.095 28 72 0.048 0.100
0.01 +0.01
7 330 25 8.01519.60 13.35 6.25 0.45 5.34 0.50 76.83+ 7395 0963 390 0.13 1.33 1.07 95 34 0.050 0.045 53 47 0.022 0.136
0.05 +0.04
8 400 25 8.148 23.00 18.08 4.92 0.46 4.00 0.94 104.64 + 103.62 0.990 296 0.10 1.47 1.21 41 20 0.018 0.023 44 56 0.011 0.049
0.02 + 0.01
9 400 25 7.73218.76 7.07 11.69 0.48 10.74 0.47 105.20 + 101.45 0.964 296 0.10 1.49 1.22 150 50 0.100 0.050 67 33 0.025 0.271
0.01 +0.01
10 400 25 8.18529.84 19.93 9.91 0.99 7.92 0.70 102.35+ 97.45 0.952 296 0.10 1.80 1.53 196 50 0.125 0.071 64 36 0.035 0.339
0.01 +0.01
11 400 25 8.284 34.56 25.01 9.55 1.14 7.26 0.67 103.24 + 98.62 0.955 291 0.10 1.86 1.60 185 50 0.117 0.068 63 37 0.034 0.315
0.01 +0.01
12 400 25 8.236 34.88 2255 1233 1.36 9.62 0.93 112.88 + 103.43 0.916 291 0.10 1.98 1.71 378 70 0.299 0.079 79 21 0.040 0.806
0.05 + 0.05
13 330 37.5 8.090 23.44 15.92 7.52 0.92 5.68 0.96 79.03+ 7691 0973 380 0.13 1.67 1.40 70 45 0.054 0.016 77 23 0.008 0.146
0.02 +0.01
14 400 37.5 8.255 36.32 23.58 12.74 2.05 8.64 0.34 104.39 + 101.24 0.970 291 0.10 2.14 1.87 126 65 0.115 0.011 91 9 0.006 0.310
0.01 +0.03
15 400 37.5 7.864 15.43 9.43 6.00 0.49 5.03 2.00 101.45 + 99.57 0.981 291 0.10 1.51 1.23 75 40 0.050 0.025 67 33 0.012 0.136
0.01 + 0.05
16 400 37.5 8.100 28.00 11.54 12.34 2.05 8.23 0.12 104.44 + 103.47 0.991 291 0.10 214 1.87 39 40 0.035 0.004 91 9 0.002 0.096
0.01 +0.01
17 400 37.5 8.332 42.40 28.25 14.15 2.56 9.03 0.65 102.03 £ 95.78 0.939 291 0.10 2.23 1.95 250 80 0.240 0.010 96 4 0.005 0.648
0.04 + 0.05
18 400 37.5 8.060 23.28 14.89 8.39 0.98 6.44 1.13 106.20 + 103.25 0.972 291 0.10 1.83 1.55 118 60 0.100 0.018 85 15 0.009 0.271
0.05 +0.04

Notes: n.d. (not detected), TA was measured by titrating the final solution with HCl, and the pH was measured at the end of each reaction. [NH3], [CO32’], and [HCO3] were calculated using Egs. (9), (11), and (8),
respectively, [DIC] = TA- [NHs], SI = log Q, Q calculated using Eq. (13), mass of CaCO3 was calculated using Eq. (14) and is also equal to the mass of the bulk solid at the end of each experiment — 50 mg (50 mg = mass of
added calcite seeds at the beginning of each experiment), percentage of aragonite in the bulk solid measured directly using XRD, mass of aragonite = % aragonite in bulk solid x mass of the bulk solid (mass of bulk solid =
mass of CaCO3 produced +50 mg), mass of calcite overgrowths (column 21) = column 18 — column 20, areas of calcite and aragonite are equal to mass of each mineral x its specific surface area (specific surface areas are
0.5 m?/g and 2.7 m?/g for calcite and aragonite, respectively).

0 32 qUDYY W

I¥80Z1 (2202) 665 £30]029 pInuay)



M. Alkhatib et al.

Table 2
Solubility product constant (Kg) of calcite and aragonite at a salinity 75 are
calculated as function of temperature as in Millero (1995).

Solid Kspat 12.5°C x 10°  Kspat 25°C x 10°  Ksp at 37.5 °C x 10°
Calcite 1.69 1.62 1.54
Aragonite 2.96 2.93 291

2.2.2. Elemental analysis

The concentrations of Ca, Mg, and Sr ions in the solutions at different
time intervals during each reaction were measured, as reported in
Table 1. Furthermore, after the dissolution of the bulk solid carbonate
sample consisting of the CaCO3 precipitate and 50 mg of pure calcite
seed crystals, the elemental ratio was measured using inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7500cx) with in-
dium (In) as the internal standard. All the samples were diluted in 2%
HNOj3 to reach 25.0 + 2.5 ppm [Ca%"] to avoid matrix effects. In the
final solutions, [Mg?*] was exceptionally close to that in the initial so-
lutions, and the decrease in concentration was within the uncertainty of
the initial concentration. For quality control and accuracy, indium (In)
was used as the internal standard in combination with a multi-standard
calibration method (Ca, Mg, and Sr in 2% HNOgs-ultra pure distilled
HNOs3). Each sample was analyzed at least three times. For analyzing the
solid products, the solid was mixed well to ensure a homogeneous
composition after being filtered, washed, and dried. Then small samples
were taken and diluted in 2% HNOs3 until the mixture contained
approximately 25.0 + 2.5 ppm Ca in order to avoid matrix effects, and
then the metal ions were measured using the same method as that for
other liquid solutions. Taking into account that exactly 50.0 mg of the
bulk solid consisted of pure calcite seeds, the mass of CaCO3 produced
was 50 mg less than the mass of the bulk solid at the end of each
experiment. The molar ratios of Mg/Ca and Sr/Ca in the solid product of
CaCOs3 (equal to the ratios in the bulk solid multiplied by the ratio [mass
bulk solid/mass of CaCO3]) were calculated and are reported in Table 3,
Columns 7 and 8, respectively. Coral standard JCP-1 was used as a
reference material and measured for every fifth sample for a total of 10
times during this study (N = 10). The JCP-1 Sr/Ca and Mg/Ca ratios
were calculated to be 8.82 + 0.03 and 4.22 + 0.04 mmol/mol respec-
tively, which are consistent with the reported values of 8.84 + 0.09 St/
Ca and 4.2 + 0.1 Mg/Ca mmol/mol Hathorne Ed et al. (2013) within
statistical uncertainty.

2.2.3. Mineralogy of the precipitates

The samples were analyzed using an X-ray diffractometer (D8
Discover, Bruker AXS) in the 20-range from 4° to 90°, with a step size of
0.007° and counting time of 1.5 s/step using a Cu X-ray radiation source
(three arbitrarily selected XRD spectra and their important data peaks
are shown in the Appendix A). The software was evaluated using High
Score Plus Version 3.0d (3.0.4) by PANalytical. All measurements were
performed at the Department of Geology, Kiel University.

The mass of the CaCO3 product (Table 1, Column 18) was calculated
by subtracting the mass of the calcite seeds (50.0 mg), which were
initially added to the reacting solutions to induce calcite precipitation
overgrowth, from the mass of the bulk solid, which was quantitatively
filtered and dried at the end of each sample precipitation experiment.
The mass of the CaCOg3 product agrees with the difference between [Ca],
and [Cal¢ (Table 1, Columns 11 and 12, respectively). Theoretically, the
mass of the CaCO3 product can be calculated using Eq. (14).

_ [CaJo — [Ca]f _V(ml)
CaCO; mass (mg) = 1000 X 2000

x Fwt CaCO; x 1000 (14)

where Fwt is the molar mass = 100 g/mol.

The X-ray-D measurements indicated that all the bulk solid samples
were either pure calcite or mixtures of calcite and aragonite, without
detecting any other carbonates. The percentage of aragonite in the bulk
solid samples is listed in Table 1, Column 19. The mass of aragonite in
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any sample product equals the percentage of the aragonite in the bulk
solid multiplied by the mass of the bulk solid (mass of CaCO3 product
+50.0 mg)(Table 1 Column 20). The mass of calcite in the product
equals the mass of the CaCO3 product minus the mass of aragonite, as
reported in Table 1, Column 21.

3. Results
3.1. Precipitation rate (R) and crystalline structure of CaCO3 product

Knowing the values of the pH, [TA], [NHs], and [DIC] is necessary to
interpret the results of the precipitation rate (R) (mM/h) and the crys-
talline structure of the CaCOg3 product. The details of these quantities, as
well as the metal ion concentrations in the initial and final solutions, are
summarized in Table 1. The reacting solutions at all temperatures were
supersaturated with calcite and aragonite (Table 1). The remaining
fraction of Ca" at the end of all the precipitation reactions was more
than 91% (Table 1). So we could apply the initial rate method to solve
the rate of CaCOg3 precipitation. As an example of all the reactions, we
plotted [Ca?*] versus time for the randomly selected Sample 7 at 25 °C
and fitted the curve to a linear equation (Fig. 2). The rate of precipitation
(R) is equal to the slope (5.8 mM/h) of the straight line. For all reactions,
less than 9% of Ca was consumed through precipitation, and the initial
rate equaled the average rate, which was equal to the difference between
the initial and final [Ca%*] divided by the time of the precipitation re-
action. For example, the average rate in Sample Reaction 7 = ((76.83 +
0.05) — (73.95 4+ 0.04))/0.5 = 5.76 + 0.13 mM/h. The initial rate (mM/
h) of CaCO3 precipitation is listed in Table 3. For all temperatures, a
direct relationship between R and DIC can be seen in Fig. 3. When
plotting logR against log[DIC], Samples 1, 7, and 13 were excluded
because [Ca?*] was approximately 80 mM in those samples, which
differed from the concentration in other plotted samples (approximately
100 mM), and their Mg/Ca fluid ratio (~3.9) was higher than that of the
other plotted samples (=2.9). The slopes of the curves in Fig. 3 are equal
to the order of reaction with respect to the [DIC]. They increase slightly
as a function of temperature, with values of 1.8, 2.4, and 2.8 at tem-
peratures of 12.5, 25, and 37.5 °C, respectively, following the same
pattern as the order of reaction as function of temperature for calcite
overgrowths, as reported by Burton and Walter (1987).

From the XRD analysis (Table 1) only three sample reactions pro-
duced a homogeneous product (calcite overgrowths), which were at
12.5 °C when the DIC was less than or equal 6.23 mM. The remaining
sample products were heterogeneous (a mixture of high-magnesium
calcite (HMC) overgrowths and aragonite). The mineralogy of the
CaCOs3 produced in this study was governed by the DIC and temperature,
as demonstrated in Fig. 4 and Table 1. As the temperature and DIC
increased, the percentage of aragonite in the CaCO3 increased which is
consistent with previous studies (e.g., Niedermayr et al., 2013).

To investigate whether the composition of the calcite overgrowths is
dependent on the reaction rate, it was necessary to estimate the amount
of Mg and Sr incorporated in the calcite overgrowths. To do this, we
assumed that the specific surface area of the produced calcite over-
growths was equal to that of the calcite seeds = 0.5 m2/g. We also
assumed that the aragonite produced in this work was identical to that
produced by AlKhatib and Eisenhauer (2017b), with the same specific
surface area (2.7 mz/g) and the same composition as a function of
temperature and precipitation rate, because both studies used the same
apparatus under the same conditions. Finally, we assumed that both
minerals (aragonite and magnesium calcite overgrowths) precipitated
simultaneously during the same period of the reaction. The area of the
mineral was calculated as the specific surface area of the mineral
multiplied by its mass. The surface areas of the produced calcite and
aragonite solids are reported in Table 1, Columns 24 and 25, respec-
tively. The normalized rates of precipitation R* (pmol/mz'h) of calcite
and aragonite are summarized in Table 3, Columns 3 and 5, respectively,
and were calculated using Eq. (15).



Table 3
Initial rate (R), normalized rate to the surface area (R*), molar % of MgCO3 and %SrCOs in CaCOs, calculated Dy and Dg;, in aragonite and in calcite overgrowths, and calculated percentage of MgCO3 and %SrCOs3 in
aragonite and in calcite products.

Sample Rate Normalized Log Normalized Log R* Molar ~ Molar  Calculated Calculated Calculated Calculated Dy in Log +(2SEM) Calculated Calculated Calculated Calculated DSr-  Log +20

label (R)/ rate of R* rate of aragonite % % \vskip5 \vskip5 Mg/Ca % Mg/Ca calcite Dy in \vskip5 \vskip5 Sr/Ca % Sr/Ca Calcite DSr-
(mM/ calcite (R*)/ calcite aragonite MgCO3; SrCOs; \hfill \hfill molar ratio molar ratio calcite \hfill \hfill molar ratio molar ratio Calcite
h) pmol/mz'h (R*)/pmol/ in in \hbox \hbox in in calcite \hbox \hbox in in calcite
m>h CaCO3 CaCOz \rot90{log \rot90 aragonite \rot90{log \rot90 aragonite
+ 20 +26 Dy {Dwig- Dg;- {Dsr-
aragonite  aragonite aragonite  aragonite

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

1 0.12 4274 3.63 4.9 + 25+ 4.92 0.013 -1.90 0.024 2.46 0.190 -0.722 0.024
0.04 0.04

2 0.60 13,072 4.12 6.5 + 3.6 + 6.50 0.022 -1.66 0.016 3.60 0.338 -0.471 0.015
0.04 0.03

3 0.48 8097 3.91 5.0+ 31+ 5.00 0.016 -1.79 0.008 3.14 0.295 -0.531 0.009
0.04 0.03

4 0.77 21,505 4.33 3982 3.60 6.1 + 6.4+ —2.66 2.20E-03  0.0063 8.07 0.028 -1.55 0.012 0.064 1.16 0.120 4.34 0.420 -0.377 0.012
0.03 0.03

5 1.38 15,748 4.20 2916 3.46 4.9 + 81+ 275 3.84E-03  0.0110 7.82 0.027 -1.56 0.018 0.068 1.17 0.120 5.17 0.501 —0.300 0.018
0.04 0.06

6 0.75 4545 3.66 842 2.93 24+ 4.6 + -3.10 6.87E-04 0.0020 3.30 0.011 -1.94 0.003 0.083 1.22 0.125 1.46 0.140 -0.854 0.007
0.01 0.02

7 5.80 40,000 4.60 7407 3.87 85+ 10.3+ -2.88 1.30E-03  0.0052 17.50 0.044 -1.36 0.014 0.073 1.18 0.153 4.72 0.360 —0.444 0.014
0.04 0.05

8 1.10 21,277 4.33 3940 3.60 4.8 + 6.7 £ —-2.99 1.03E-03 0.0031 8.33 0.028 -1.55 0.017 0.062 1.15 0.115 2.86 0.285 —-0.544 0.021
0.05 0.08

9 8.00 42,553 4.63 7880 3.90 54+ 102+ -2.87 1.33E-03  0.0040 15.55 0.052 -1.29 0.003 0.075 1.19 0.118 6.94 0.690 —0.161 0.006
0.06 0.09

10 7.00 28,571 4.46 5291 3.72 4.4+ 9.4+ 294 1.15E-03  0.0035 11.60 0.038 —1.42 0.003 0.068 1.17 0.116 5.37 0.531 —0.275 0.006
0.05 0.07

11 6.90 29,851 4.47 5528 3.74 55+ 103+ -293 1.17E-03  0.0035 14.27 0.048 -1.32 0.002 0.068 1.17 0.120 7.30 0.702 —0.154 0.008
0.05 0.13

12 10.10 21,505 4.33 3982 3.60 2.6 + 99+ -2.99 1.03E-03  0.0031 11.20 0.037 -1.43 0.005 0.062 1.15 0.119 2.60 0.243 —-0.614 0.007
0.02 0.03

13 2.20 20,833 4.32 3858 3.59 6.5 + 120+ -3.14 7.23E-04  0.0028 27.33 0.071 -1.15 0.007 0.011 1.03 0.132 8.02 0.620 —0.207 0.010
0.06 0.13

14 9.30 58,824 4.77 10,893 4.04 29+ 10.8+ -3.07 8.57E-04  0.0025 29.22 0.099 -1.00 0.008 0.025 1.06 0.109 9.84 0.952 —-0.021 0.007
0.01 0.05

15 0.90 10,000 4.00 1852 3.27 34+ 9.8+ -319 6.40E-04  0.0019 9.92 0.034 -1.47 0.017 0.001 1.00 0.103 8.72 0.843 —0.074 0.017
0.01 0.04

16 8.00 166,667 5.22 30,864 4.49 4.1 + 131+ -2.99 1.02E-03 0.0030 42.55 0.146 —-0.84 0.009 0.040 1.10 0.113 31.35 3.064 0.486 0.009
0.03 0.11

17 9.60 30,769 4.49 5698 3.76 1.8 + 10.7 £ -3.11 7.71E-04  0.0023 39.45 0.132 -0.88 0.006 0.016 1.04 0.107 10.38 1.005 0.002 0.008
0.01 0.09

18 2.60 17,699 4.25 3278 3.52 21+ 11.7 + -3.15 7.03E-04  0.0021 12.98 0.044 -1.36 0.013 0.008 1.02 0.105 11.37 1.102 0.042 0.013
0.02 0.03

Notes: For all reactions, the initial rate (mM/h) equals the average rate as shown in the text for sample reaction 7, R* for both calcite and aragonite are calculated using Eq. (15) in the text, molar %MgCO3, and % SrCO3 in
CaCOs products are calculated from the ratios in the bulk solids time ratio (mass of bulk solid/mass of CaCO3 product), logDy, values in aragonite were estimated from the previous study of AlKhatib and Eisenhauer,
2017b, using Egs. (16), (17), and (18) for temperatures 12.5, 25, and 37.5 °C respectively, logDs, values in aragonite were estimated from the previous study of AlKhatib and Eisenhauer, 2017b, using Egs. (19), (20), and
(21) for temperatures 12.5, 25, and 37.5 °C respectively, Mg/Ca and Sr/Ca molar ratios in aragonite (columns 11 and 18) were calculated using Eq. (22), Mg/Ca and Sr/Ca molar ratios in calcite (columns 12 and 19) using
Eq. (23) in the text.
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Fig. 2. Changes of Ca>'-ion concentration as function of time for arbitrarily
selected sample reaction 7 at 12.5 °C. Slope of the straight line equals the rate of
reaction (R).
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Fig. 3. log R (mM/h) versus log DIC (mM) at different temperatures for all
samples (except samples 1,7and 13 which have large Mg/Ca ratio in the
aqueous soluitio). The slopes of these lines equal the orders of reaction with
respect to dissolved inorganic carbon (DIC). The order of reaction increases
with temperature.

100 + W 12.5°C @ 25°C + 37.5°C

N N *
@) N *
O - L 4
o 80 ¢ ¢ o
(@) 5 ° °
[ L
=60 [ ®
g C o
C L
o 40 [ L u
o0 C
= r |
© 20 | "
X C

O L Il 1 L 1 1 - 1 L 1 1 L 1 1 L J
0.0 5.0 10.0 15.0
DIC (mM)

Fig. 4. The relation between % aragonite in the solid product mixture and
dissolved inorganic carbon [DIC] as function of temperature. It increases with
increasing DIC and temperature.
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pmol of mineral produced

R* (15)

~ area of mineral produced (m?) x time of reaction (h)

where the ymol of each mineral = [mass (gm)/Fwt (g/mol)] x 10°.

3.2. Incorporation of Mg and Sr in calcite growing overgrowths

The enrichment of Mg in argonite was calculated from AlKhatib and
Eisenhauer (2017b) depending on similar conditions of the most
important two variables which are precipitation rate and temperature
and not on the value of pH at the end of the precipitation. The important
factor is the total dissolved carbon which govern the precipitation rate
and not the pH, The Mg in Calcite was not estimated in the same way
because calcite was not precipitated in the presences of any Mg Ion,
AlKhatib and Eisenhauer (2017a). If the precipitation of calcite in the
previous work of AlKhatib and Eisenhauer (2017a) was not seeded with
calcite the precipitate will be only aragonite as shown in AlKhatib and
Eisenhauer (2017b).

To estimate the metal ions (Mg and Sr) incorporated in the magne-
sium calcite, described as the distribution of the metal in the aqueous
solution and CaCOs (Dy), we first estimated the metal ions incorporated
in the aragonite. We assumed that the metal distribution constants in the
aragonite produced in this work were equal to those at the same R* and
temperature from AlKhatib and Eisenhauer (2017b). Figs. 5 and 6
summarize the values of logDy, and logDs; for aragonite, respectively, as
a function of R* and temperature from the AlKhatib and Eisenhauer
(2017b). The logDy, and logDs; of the aragonite precipitated in this work
could be estimated using Eq. (16) to Eq. (21), which were derived from
Fig. 5 and Fig. 6.

At12.5°C, logD,,, = 0.66 logR* —5.04 (16)
At25°C,logD,,, = 0.38 logR* —4.34 a7
At37.5°C,logD,,, = 0.16 logR* —3.73 18)
At12.5°C,logDg, = —0.029 logR* +0.168 19)
At25°C, logDy, = 0.041 logR* —0.084 (20)
At37.5°C logDy, = 0.032 logR* —0.104 (21)
270 € 4375°C @25°C W125°C
2. [ log D,,=0.66 log R* - 5.04
80 L g o.s;:)Z .
290 [ logDy,=0.38l0gR* -4.34
N R?=0.77
[ (]
L1 DM‘g =0.16 logR* - 3.73
-3.00 ¢ Rz=o.;2g
@ ;
a 310 [
oo r
<) r
= 320 f
330 |
-3.40 |
-3.50 S S S S S S S S S ST ST S S ST S S S S |
2.2 2.7 3.2 3.7 4.2

log R*(umol/m?h)

Fig. 5. Results of AlKhatib and Eisenhauer (2017b); log Dyg in aragonite as
function of log R* (umol/m*h) at different temperatures.
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Fig. 6. Results of AlKhatib and Eisenhauer (2017b); log Dg, in aragonite as
function of log R* (pmol/mz'h) at different temperatures.

The estimated logDyy, and logDs; values of the aragonite precipitated
in this work are reported in Table 3, Columns 9 and 16, respectively.

The M/Ca molar ratios in CaCO3 were calculated using Eq. (22), as
described by Usdowski (1975).
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Fig. 7. log Dy in magnesium calcite overgrowths at different temperatures
versus log R* (.mol/m? h). The log Dy values increase with increasing R* and
with increasing temperature, clearly indicating that there is a separate effect of
temperature and R*.

(IM1/1Ca) )escon = (MY/[Ca] ) g x { {1 = (ICal/ICalo) ™, } /{1 = ([cal/icalo),, } @2

where ([M]/[Ca])cacos is the molar ratio of CaCOs; ([M]/[Ca])aq,0is the
molar ratio of these ions in the initial solution; and ([Cal/[Ca]y) is the
fraction of calcium that remains in the aqueous solution. The Mg/Ca and
Sr/Ca molar ratios in the aragonite are reported in Columns 11 and 18,
respectively, of Table 3. The metal/Ca molar ratio in the calcite was
calculated using Eq. (23).

4. Discussion

To achieve the goal of this study, which is to determine the effect of
growth rate of Mg incorporation in calcite overgrowths, most sample
reaction fluids, except for samples 1, 7, and 13 (ratio of approximately
3.9), were prepared with an almost constant Mg/Ca ratio (approxi-
mately 2.9), as demonstrated in Table 1, Column 14. They were used to
compare the extent of magnesium enrichment in calcite as a function of

M/Ca  calcite = ([M/CaCaCO3 mixlurc]_ [M/Ca — aragonite X afagonite ratio — CaC03] )/Ca]Cite ratio — CaCO3 (23)

The calculated Mg/Ca molar ratio and Sr/Ca molar ratio in the
calcite are listed in Table 3, Columns 12 and 19, respectively. The dis-
tribution constants of Mg and Sr in the aqueous solution and calcite were
calculated using Eq. (22) in Table 3, Columns 13 and 20, respectively.

From Fig. 7, we see that for all temperatures, as the precipitation rate
(R*) increases, more magnesium is incorporated in the calcite (Dpy in-
creases). At a constant R*, as the temperature increases, more Mg is
incorporated in the calcite. The calcite produced can be classified as
high-magnesium calcite (HMC) because for all sample reactions (except
for sample reactions 1 and 6), the mol% of MgCOs in the calcite over-
growths is more than 5% (Table 3, Column 12).

As shown in Fig. 8, as the precipitation rate (R*) increases more
strontium gets incorporated in the calcite (Dg, increases), and this trend
is observed at all temperatures. However, the temperature seems to have
no effect on the incorporation of Sr in magnesium calcite.

the Mg/Ca fluid ratio at constant rate and temperature.

The chemistry of the experiments in this work was totally different
from sea water or any other natural systems. The concentration of
ammonium, ammonia, chloride and other metal cations were very high
comparing with natural samples. However the results of these artificial
solutions in previous work as in AlKhatib and Eisenhauer (2017b) had
explained the enrichment of trace metals and their isotope composition
for many natural samples as ocean crust and foraminifera successfully
and accurately. The precipitation rate in our work was exactly in the
same range of precipitation of aragonite and calcite from sea water ac-
cording to the work of Mucci et al., 1989 and close to the values of
natural samples (Burton and Walter, 1987).

The calcite activation energy of precipitation from a fluid free of
magnesium ions is approximately 114 kJ/mol (AlKhatib and Eisenha-
uer, 2017a). The presence of approximately 30 mM of Mg?" ions in the
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Fig. 8. log Dg; in magnesium calcite overgrowths at different temperatures versus log R* (j.mol/m? h). The log Ds; values increase with increasing R* and inde-

pendent of temperature.
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Fig. 9. Dg, in magnesium calcite overgrowths as function ppm of MgCOs in calcite. As quantity of Mg increases in calcite, calcite will accommodate more Sr** ion
sample reaction 16 labeled as a triangle is seem to be an anomalous value (42.55% MgCO3 and Dg, 3.064, Table 3) since it deviates largely from the linear correlation.

reaction fluid inhibits calcite nucleation by increasing the activation
energy of calcite formation to over 149 kJ/mol (AlKhatib and Eisenha-
uer, 2017b). However, calcite seeds can be used to induce calcite
overgrowth (e.g., Burton and Walter, 1987). The quantity of ammonium
carbonate that decomposes spontaneously in the reacting chamber and
the rate at which this decomposition occurs determine the concentration
of DIC. As indicated in Table 1, the majority of DIC is in the form of
bicarbonate ions. However, according to Andersson et al. (2016), car-
bonate and bicarbonate ions can be regarded as a single species because
the reaction free energies for both are similar. Because the concentration
of Ca?* ions is almost constant (approximately 100 mM on average), the
primary driving force for changing the precipitation rate is the DIC
concentration. The rate of reaction is directly proportional to the DIC
concentration, and the order of reaction increases with temperature
(Fig. 3), which means that at constant reactant concentrations,
increasing the temperature will increase the precipitation rate consid-
erably. As the precipitation rate increases, the flux of trace elements (Mg
and Sr) from the liquid to the solid will outweigh the diffusion of the
trace metal ions from the solid interior toward the fluid-solid transition.

As a result, more Mg and Sr will be incorporated in the calcite over-
growths as the precipitation rate increases (Figs. 7 and 8, Table 3), and
HMC will be produced in most of the sample reactions. Our results are
consistent with and confirm the results of Lahann and Siebert (1982) and
Given and Wilkinson (1985): the enrichment of Mg in calcite is
controlled by the precipitation rate. When the precipitation rate was
constant, the ratio of Mg/Ca in the fluid significantly controlled the Mg
enrichment in calcite at all temperatures. More Mg was incorporated in
the calcite as the Mg/Ca ratio was increased from 2.9 to 3.9, as
demonstrated in Table 3 for samples 1 and 6, 7 and 9, and 13 and 18 at
12.5, 25, and 37.5 °C, respectively. This result is also consistent with
previous results (e.g., Mucci and Morse, 1983; De Choudens-Sanchez
and Gonzalez, 2009). As the temperature was increased at a constant
rate, more Mg was incorporated in the calcite, as demonstrated in Fig. 7.
This result is also consistent with previous results (e.g., Katz, 1973;
Mucci, 1987). The progressive enrichment of Mg during extended
growth retarded or completely inhibited the calcite overgrowth by
pinning the steps, forming a solid solution that is more soluble than the
pure phase, or by increasing the surface energy (y) (Sun et al., 2015), As
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aresult, the threshold supersaturation at which overgrowths extend was
gradually increased (e.g., Fernandez-Diaz et al., 1996; De Choudens-
Sanchez and Gonzalez, 2009), providing the opportunity for aragonite to
co-precipitate with the HMC overgrowths. The mineralogy of CaCOs is
significantly related to the precipitation rate (R) or DIC concentration, as
indicated in Fig. 4, and it can also be related to the Mg enrichment in the
calcite overgrowths.

As demonstrated in Fig. 8, as the growth rate increased, more Sr was
incorporated in the calcite. This is similar to the behavior of calcite
precipitated from solutions free of magnesium (AlKhatib and Eisenha-
uer, 2017a). However, the overgrowth calcite in this work is differ-
entfrom the work of AlKhatib and Eisenhauer (2017a), . The Dg; in this
study was much higher. The increases in the Dg, values and the disap-
pearance of a clear temperature effect (the incorporation were increased
in the order 25, 12.5 and 37.5C repectively)occurred due to the
increasing amounts of Mg in the calcite crystal lattice (Carpenter and
Lohmann, 1992). Fig. 9 illustrates a direct relationship between the Dg,
values and the concentration of MgCO3 (Column 12 (x 104) in Table 3)
in the calcite.

Ds; = 4.3 x 107 (ppm) +0.024 24

Mucci and Morse (1983) attributed the observed Sr—Mg relationship
to the distortion of the calcite crystal structure via Mg?" substitution of
Ca?" (ionic radii = 0.72 A and 1.00 ;\, respectively). This substitution
produces a localized increase in the size of the nearby cation sites and
increases the incorporation of the larger Sr?* ions (ionic radius 1.18 }o\).
Eq. (24) is in good agreement with Eq. (25) of Carpenter et al. (1991),
which demonstrates the dependence of Dg, on the Mg content of modern
abiotic marine calcite samples.

Ds; = 3.52 x 107 (ppm Mg_ci¢e) +0.0062 (25)

Appendix A. Appendix
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The slight difference in the slope of Eq. (24) from that of Eq. (25) is
due to the composition of our reacting solutions (containing a high
concentration of NH4" ions), which is different from that of seawater.
The incorporation of the trace elements in sample reaction 16 (labeled as
a triangle in Fig. 9) is an anomalous value (42.55% MgCO3 and Dg;
3.064, Table 3) because it deviates significantly from the linearity of the
correlation of Eq. (24), so the credibility of this result is questionable.

5. Summary and conclusions

e The incorporation of Mg in calcite is significantly controlled by the
growth rate (R*), Mg/Ca ratio of the fluid, and temperature.

e The Mg incorporated in calcite can be used as a temperature proxy of
seawater if the composition of the water and the growth rate are
known.

e The mineralogy of the precipitated CaCOs3 (precipitation of magne-
sium calcite or a mixture of magnesium calcite and aragonite) de-
pends on the accumulation or the flux of dissolved inorganic carbon
(DIC), as well as on the temperature.

e The Dg;, in calcite overgrowths depends on the precipitation rate and
the quantity of MgCOs in the calcite, and it is independent of tem-
perature. The Dg, in the calcite can be used as a proxy for the pre-
cipitation rate.
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Three arbitrarily selected XRD spectra (Fig. A) and their important data peaks (Table A) are presented as an example to show the difference

characteristics in pure calcite and different compositions with aragonite.

The first sample number 1 is a typical pure calcite with a dominant peak spectrum at 29.4°20. The second sample number 10 is (50% calcite and
50% aragonite). The third sample number 17 (20% calcite 80% aragonite). The peaks at 26.1, 27.1, 32.9 and 45.7°20O are the characteristic peaks for

aragonite.

Table A

The count impulses at positions (°20): 26.1, 27.1, 32.9, 45.7 which are
finger prints of aragonite and 29.4 which is the finger print of calcite, for
three arbitrary chosen samples (1, 10 and 17).

count of impulses

Sample Position °26
1 26.1
1 27.1
1 29.4
1 32.9
1 45.7
10 26.1
10 27.1
10 29.4
10 32.9
10 45.7
17 26.1
17 27.1
17 29.4
17 32.9

17 45.7

1530
1516
47,102
1295
1008
11,878
5887
19,057
5341
5668
13,172
6777
11,289
5444
6354
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Fig. A. Three arbitrarily selected XRD spectra for samples 1 (pure calcite at 12.5 °C), sample 10 (50% calcite and 50% aragonite at 25 °C) and sample 17 (20% calcite
and 80% aragonite). The dominant peak at 29.4 °20 is characteristic for calcite. The peaks at 26.1, 27.1, 32.9 and 45.7°20 are the characteristic peaks for aragonite.
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