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ABSTRACT

The Sr/Ca ratios in calcium carbonate fossils are used by the paleooceanographic
community to infer past environmental conditions, such as sea surface temperature and
ocean chemistry. The processes of biogenic calcification that produce these chemical
signatures are complex and not fully understood, however, and vital effects are known to
affect the trace element composition of the CaCO3 biomineral products. The recent
discovery that calcifying organisms produce amorphous calcium carbonate (ACC) as an
intermediate phase during the crystallization process calls into question whether this
pathway to mineral formation affects trace element distributions in the final product. This
non-classical mineralization process raises the question of whether the Sr/Ca ratios of the
final products are dependent upon temperature. That is, what is the temperature
dependence of Sr/Ca ratios in calcite produced via ACC compared to the measurements
obtained from calcite grown by the classical process in laboratory experiments and from
biogenic settings.

The goal of this study is to determine the effects of solution chemistry and
temperature on the Sr composition of ACC and resultant crystalline CaCO;. Two types of
experiments were designed: First, experiments were conducted to synthesize inorganic
ACC in a batch reactor for a suite of selected chemical compositions and allowing this
intermediate phase to transform into calcite in the reactant solution. In a second series of
experiments, ACC was precipitated by a flow-through method to compare results to the
batch reactor experiments. The experimental design focused on determining the Sr/Ca
ratio and Sr distribution coefficients (Kp, s,) of the amorphous and final crystalline
products. Mg/Ca ratios of 5/1 were found to suppress Sr uptake into ACC by a factor of
25% when the initial Sr solution had concentration of one millimolar. ICP-AES data
collected across the 18° to 30°C range showed that the Sr/Ca ratio in both ACC and the
resultant calcite was independent of temperature. Upon transformation, the Sr/Ca ratios
of both the ACC and calcite product were found to be similar, showing that Sr/Ca ratios
were independent of the transformation process. Analysis of the data determined Kp, s,
values of 0.564(+0.006) for ACC and 0.466(+0.009) for the resultant calcite in the 18-
30°C temperature range.

The findings show that the Sr/Ca ratios of ACC and the transformed calcite are
independent of temperature. However, the corresponding Kp s values exceed those
reported for calcite grown by classical processes by an order of magnitude. The findings
for the inorganic calcite yield Kp s, values up to four times higher than those found in
biogenic calcites. Because the findings of this study show that Sr/Ca is independent of
temperature, this study calls into question whether previously reported Sr/Ca
measurements in biogenic calcites should be revisited. It is plausible that biological



factors have a significant influence on trace element incorporation into biogenic calcite.
Vital effects, such as the influence of macromolecules during the ion uptake process, may
regulate the apparent Sr/Ca versus temperature trends observed in marine paleontology.
Higher Kp, s- values in marine calcifiers may indicate that organisms use the non-classical
mineralization pathway in whole or in part. Future studies of trace element incorporation
in calcifying species should consider the pathway to mineralization in tandem with
interpretations of environmental controls on distribution coefficients.

il



Table of Contents

Table of CONteNtS....ccvvueiieiiiiiiiiiiiiiiiiiiiiiiiiieiiieiieiieeiiieiecieceseciasesccsesssccncn iv
List Of APPeNdiCes...ccciiuiiiniiiiniiiiiiiiiiiiiiieiiieieiietiesrotsscsestossscsssssssscssssones \
List Of FIGUIeS..cuiiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiititiieiecietiattsetmmensmneecesscnns vi
List 0f Tables....cioviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiicieiieeietisciacensanmeeenes viii
INtroduction....ccccieiieiiiiiieiiiiiiiiiiiiiiiiiiiiiiiiiiiieiitiiecietieietietiaeeeeiatenenanne 1
1 Back@round..........oooiuiiiiii e 1

2 ACC Background.........oouuuiiniiiiii i e 2

3 Distribution Background..............cooiiiiiiiiii 4

4 Doerner-Hoskins Analysis of Ag.and Ay in ACC.....oooiiiiiiiiiiinenn. 8
Materials and Methods.......cccvieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiriiecierieeenecnn 10
1 Synthesis Using a Batch Reactor................oooiiiiiiiiiiiiiii e 10

a. ACC FOrmation...........oouiuiiuiiiii i 10

b. Transformation to Crystalline Products...................cooiiiiii. 12

2 Synthesis of ACC Using a Flow-Through Reactor............................... 13

3 Analytical Methods.........o.oiiiiii i 14

] | L e 16
1 Morphological Observations of ACC from Batch Synthesis...................... 16

2 Composition MeEasUremMeNtS. ........ovuivutenteieeiteteateteateeeeeeaenienenenss 22

3 Dependence of Composition on Temperature..............cooevvvvenieniiinennn... 22

4 Kp and 4 of Sr and Mg in Batch Reactor Experiments................c..cccceuueee 27

5 Kp of Sr and Mg in Flow-Through Reactor Experiments..............c........... 38

L CT T 1) 1 N 41
1 Experimental ObServations. ... .......oouvuiiiiiiiiiiiiiiiiiiieeee e 41

2 A 41

a. Sr Uptake is Suppressed by Mg in ACC..........cooiiiiiiiiiiiiiiinnnnnnn, 41

b. St/Ca in ACC is Independent of Temperature.............................. 42

c. Kp and A for Sr and Mg in ACC are Independent of Temperature.......42
d. Kp, sr for ACC is Significantly Higher than Kp_s, for Classical and

Biogenic CalCite. . .....o.vvuiiiei i 43
e. Kp, sr and Kp u Values for ACC in the Batch Reactor and Flow-
Through Reactor Methods Contrast...........ccceeeviiiiiiiniiiiinninnn... 44
f. Kp and 1 Values for Sr and Mg in ACC Contrast.......................... 45
3 RESUMANt CalCIte. . .uvtiiiit i 45
a. Sr/Ca in Resultant Calcite is Independent of Temperature............... 45
b. Sr/Ca Ratios from ACC Transformation to Resultant Calcite Do Not
Change. ... 46
c. Kpand A Values for Sr and Mg in Calcite are Independent of
B 3001 0TS 111 P 46
d. Kp, sr of Calcite Formed via ACC is Significantly Higher than Kp_ s, for
Classical and Biogenic Calcite.............ccovviiiiiiiiiiiiiiiiiinane, 47
[611) 1 TW 11 £0 11) 1 S PPN 49
| 233 {3 3 1 TV PPN 51

iv



List of Appendices

Appendix A. Summary of data showing the pH and transformation times collected for

the various temperature EXPEerimMENTS. ... ....ouuteuteneettententeatt et eteeeeiteaeeaneenaennnns 56
Appendix B. Summary of data showing the ACC Sr/Ca ratios collected for the Mg/Ca
ratio batch reactor and flow-through experiments..................ccooiiiiiiiiiinniinnn.. 57

Appendix C. Summary of raw data showing the Mg/Ca ratios, Sr/Ca ratios and mol
percent MgCOs3 and SrCOj calculations collected for the various batch reactor
temperature experiments. Each experiment was conducted with 25 mM CaCl, and 125
MM MECL (ME/Ca = 5/1) e e 58



List of Figures

Figure 1. SEM image of ACC synthesized from 5/1 Mg/Ca and 1 mM Sr solution using
the batch reaction method. The ACC morphology and sphere sizes are similar for all Mg
and ST CONCENIIALIONS. . ...\ttt ittt 17
Figure 2. SEM image of ACC synthesized from 5/1 Mg/Ca and 1 mM Sr solution using
the batch reaction method. The ACC morphology and sphere sizes are similar for all Mg
and ST CONCENIIALIONS. . ...\ttt ittt 18
Figure 3. SEM image of high-Mg calcite that transformed from ACC. These products
were synthesized from 5/1 Mg/Ca and 1 mM Sr solution at 25°C using the batch reaction
method (see Table 2). The ACC morphologies are similar for all Mg and Sr
CONCENMETATIONS. ..ot etet ettt ettt ettt et ettt et et et ettt e ee e e eae 19
Figure 4. SEM image of high-Mg calcite that transformed from ACC. These products
were synthesized from 5/1 Mg/Ca and 1 mM Sr solution at 25°C using the batch reaction
method (see Table 2). The ACC morphologies are similar for all Mg and Sr
CONCEIMETATIONS. ... ettt ettt et ettt ettt e et ettt e e e e e e aenenes 20
Figure 5. XRD spectra of batch reaction high-Mg calcites after ACC transformation,
compared to a calcite standard. Peak broadening and lateral shift of the 20 values for the
23.24,29.6, 36.04, 39.62, 43.4, 47.7, and 48.66 peaks. The overall shift of 0.5 20

indicates presence of Mg in the crystal lattice.............coooviiiiiiiiiiiiiiii, 21
Figure 6. Sr/Ca ratios versus initial Sr concentration with respect to initial Mg/Ca ratios
for batch reaction formation of ACC. The data are given in Appendix B, Table 1.........23

Figure 7. Sr/Ca ratios versus initial Sr concentration with respect to initial Mg/Ca ratios
for flow-through reaction formation of ACC. The data are given in Appendix B, Table

Figure 8. Sr/Ca of ACC versus temperature with respect to initial Sr concentration. The
statistical probability of each slope being equal to zero (Prob>|t|) for the 0.1, 0.5, and 1.0
mM Sr concentrations are 0.4669, 0.2520, and 0.0963, respectively (SAS). The data are
given in Appendix C, Tables 1 through 4....... ..., 25
Figure 9. Sr/Ca of high-Mg calcite after ACC transformation versus temperature with
respect to initial Sr concentration. The statistical probability of each slope being equal to
zero (Prob>|t|) for the 0.1, 0.5, and 1.0 mM Sr concentrations are 0.4669, 0.2520, and
0.0963, respectively (SAS). The data are given in Appendix C, Tables 1 through 4.......26
Figure 10. Overlay of Figures 8 and 9, showing Sr/Ca of both ACC and resultant calcite

vs. temperature, with respect to initial Sr concentration.. e .28
Figure 11. Mg/Ca of ACC versus temperature with respect to 1n1t1a1 Sr concentratlons
The data are given in Appendix C, Tables 1 through4..................coi 29

Figure 12. Mg/Ca of high-Mg calcite after ACC transformation versus temperature with
respect to initial Sr concentration. Data used in the linear regression is weighted based on
standard error. The data are given in Appendix C, Tables 1 through4....................... 30
Figure 13. Distribution coefficients of Sr in batch reactor (A) ACC (Figure 8) and (B)
resultant high-Mg calcite (Figure 9) with respect to temperature. Statistical analysis of all
values obtained across experiments shows that Kp, s, 4cc = 0.543%0.006 and Kp, s caicite =
0.466+0.009 (Table 1). Data used in the linear regression is weighted based on standard
EITOr OF the MEAN (S/VIL). ..ot e, 31

vi



Figure 14. Distribution coefficients (4) of Sr in batch reactor (A) ACC (Figure 8) and (B)
resultant high-Mg calcite (Figure 9) with respect to temperature. Statistical analysis of all
values obtained across experiments shows that As; acc = 0.66+0.006 and As; caicire =
0.60+0.008. Data used in the linear regression is weighted based on standard error of the
mean (s/\Nn). The t-tests show that the slopes of the lines are not statistically
distinguishable from Zero. .............oiiiiiiiii e 34
Figure 15. Distribution coefficients of Mg in batch reactor (A) ACC (Figure 8) and (B)
resultant high-Mg calcite (Figure 9) with respect to temperature. Statistical analysis of all
values obtained across experiments shows that Kp e 4cc = 0.0564+0.0009 and Kp rg catcite
=0.0232+0.0004. Data used in the linear regression is weighted based on standard error
of the mean (s/\'n). The t-tests show that the slopes of the lines are not statistically
distinguishable from Zero. .............oiiiiiii i 36
Figure 16. Distribution coefficients (1) of Mg in batch reactor (A) ACC (Figure 8) and
(B) resultant high-Mg calcite (Figure 9) with respect to temperature. Statistical analysis
of all values obtained across experiments shows that Ay 4cc = 0.017+0.0012 and Ausg caicite
=0.094+0.0011. Data used in the linear regression is weighted based on standard error of
£HE AN (S/VI)). e e et e, 37
Figure 17. Distribution coefficients of (A) Sr and (B) Mg in flow-through reactor ACC
with respect to Mg/Ca ratio. The data are givenin Table 3..................oooiiiii.. 39
Figure 18. Distribution coefficients of Sr in flow-through reactor ACC with respect to
initial Sr concentration. The data are givenin Table 3.......................oiiin. 40

vii



List of Tables

Table 1. List of strontium distribution coefficients for biogenic and inorganic calcite.....6
Table 2. List of magnesium distribution coefficients for biogenic and inorganic calcite...7
Table 3. Summary of experimental conditions for batch reactor and flow-through reactor
experiments with Sr/Ca ratios of the ACC that was produced. Each experiment was
performed at 25°C. Batch reactor data is from the extraction at 45 minutes................. 11
Table 4. Experimental conditions and distribution coefficients obtained for ACC and
calcite produced by the batch reactor and flow-through reactor (MFR) methods. Each
experiment was conducted with 25 mM CaCl, and 125 mM MgCl, (Mg/Ca = 5/1)...... 33
Table 5. Conditions and Doerner-Hoskins distribution coefficients for temperature-varied
batch reactor experiments. Each experiment was conducted with 25 mM CaCl, and 125

mM MgCl, (Mg/Ca = 5/1). All m values reported in mM..............coooiiiiiiiiiinn. 35

Appendix B. Summary of data showing the ACC Sr/Ca ratios collected for the Mg/Ca

ratio batch reactor and flow-through experiments..................ccooiiiiiiiiiiiii i, 57
Table 1. Batch reaction at 25°C.......cooiiiiiiiii e, 57
Table 2. Flow-through reaction at 25°C............ooiiiiiiiiiiiiiiiee, 57

Appendix C. Summary of raw data showing the Mg/Ca ratios, Sr/Ca ratios and mol
percent MgCOs3 and SrCOj calculations collected for the various batch reactor
temperature experiments. Each experiment was conducted with 25 mM CaCl, and 125

MM MECLy (ME/Ca = 5/1) e e e 58
Table 1. Batch reaction at 18°C....... ..ottt 58
Table 2. Batch reaction at 22°C...........ooiiiiiiiii i 59
Table 3. Batch reaction at 25°C...... ...t i, 60
Table 4. Batch reaction at 30°C........ ...ttt 61

viii



Introduction
1. Background

Paleoceanographic studies use a wide array of minor and trace element
compositions in carbonates to infer past environmental conditions. Strontium can
substitute for calcium in the calcite crystal structure as a trace element at levels that
depend upon physiochemical conditions (Pingitore et al., 1992). For example, analyses of
strontium concentrations in modern biogenic calcites show the Sr/Ca ratio correlates with
sea surface temperature, salinity, pH (Lea et al., 1999), ocean depth (Elderfield et al.,
1996), carbonate ion concentration (Russell et al., 2004), and pCO,, (Dissard et al.,
2010). Taking these variables into account, the correlation between Sr/Ca ratio and
temperature can be compared to data in the fossil record to infer past environmental
conditions (Stoll and Schrag, 1998).

The term “biogenic calcite” includes biologically produced carbonates in the
skeletons of organisms. Generally, the trace element content of biogenic CaCOj3 depends
upon the species of the calcifying organism and the polymorph of CaCOj that is
mineralized. For example, the tests of modern species of planktonic and benthic calcite-
bearing foraminifera show increases of 0.4(+0.002) Sr/Ca (mmol/mol) per 1°C change in
seawater temperature (Russell et al., 2004). The shells of calcitic molluskan bivalves
show a lower dependence with an increase of 0.014(+£0.0054) Sr/Ca per 1°C, an order of
magnitude lower than the foram observation (Wanamaker et al., 2008). In contrast, the
Sr/Ca composition of other calcifying mollusk shells is not significantly correlated with

temperature (Freitas et al., 2005). Each of these three trends in biogenic calcite differ



from Sr/Ca ratios measured in both inorganic aragonite and the biogenic aragonite of
coral species, where Sr/Ca is reported to decrease by 0.038 per 1°C (Cohen et al., 2001).
These differences between trace element composition ratios are referred to as
“vital effects”, a qualitative term that loosely assigns differences in mineral compositions
to biological factors. Taxonomic differences in trace element composition have long been
recognized in biominerals (Weber and Raup, 1965). In addition, faster growth rates are
also correlated with higher Sr content in marine organisms (Epstein et al., 1951, 1953).
Daily fluctuations of light intensity affect growth rates in calcifying organisms,
consequently influencing the trace element composition in the resultant biominerals
(Cohen et al., 2001). It has been suggested that metabolic or kinetic effects influence the
mineral composition (Lea et al., 1999). Although the significance of vital effects is well
recognized and many studies have observed differences in element ratios across
temperature in many taxa, the factors that regulate these variations are not fully

understood and deter meaningful data interpretation.

2. ACC Background

The recent discovery that some marine calcifying organisms utilize amorphous
calcium carbonate (ACC) during biomineralization (Beniash et al., 1997; Addadi et al.,
2003) raises the question of whether the pathway to skeletal formation affects the trace
element composition of the resultant crystalline phase. By this process, the organisms
initially form a metastable amorphous phase (CaCO3*H,0) that later transforms into a
crystalline product. Recent studies suggest that this particle-mediated growth results in an

aggregation of nanoscale particles with grain boundaries in the transformed phase that



can be seen only at TEM resolution. A crystalline product with grain boundaries is
defined as a mesocrystal, whereas a product without them is designated as a single crystal
(Colfen and Antonetti, 2005). This type of mineralization, including the transformation
process itself, is not well understood and is a subject of great interest in the geochemical
community (Weiner et al., 2005).

A number of inorganic experiments have been conducted to investigate ACC
composition and characterize the various products that crystallize upon transformation.
Sand et al. (2012) showed that the concentration of alcohol in the reactant solution
controls the polymorph of the resultant crystal. The Mg concentration that is present
during formation affects the stability of the metastable ACC and slows the rate of
transformation to calcite (Wang et al., 2012). A recent study shows that the distribution
coefficient of Mg is dependent upon carbonate and hydroxide ion concentration (Blue et
al., in press). Salinity has been suggested to affect ACC transformation and the
composition of the solid products (Radha et al., 2010). Until the present study, no one has
investigated the effects of trace element chemistry or temperature on the composition of
ACC or the final product(s) that form upon transformation.

In marine calcifiers, ACC is reported in the spicules of sea urchins (Beniash et al.,
1997) and mollusk larvae (Weiss et al., 2002). ACC has been identified as the first phase
generated in bivalve shell and pearl growth (Jacob et al., 2008). It has been speculated
that certain species of calcite-forming foraminifera utilize ACC via the “non-classical”
mineralization pathway (de Nooijer et al., 2009). In terrestrial organisms, the presence of
ACC is documented in isopods, where it is stored in the carapace and used in the molting

process to form a crystalline shell (Zeigler, 1997). The presence of ACC in modern



marine organisms raises the question of whether ancient marine calcifiers utilized the
ACC mineralization pathway and whether that process alters the Sr/Ca signature that is
recorded in biogenic calcites.

To understand the empirical trends measured in this study, we begin by
considering the general reaction for ACC formation in pure and Mg-Sr-bearing solutions.
Gebauer et al. (2008) defines inorganic ACC formation by the following reaction:

zCa%* 4 zC05™ = z(CaCO03),q - n H,0 (1)
where z is the number of calcium carbonate units in a given ion pair or polymeric
complex. The composition of ACC has been shown to have one or more waters of
hydration and is included in Reaction (2) (Blue, in press; Wang, 2009). The absolute
value of z is unknown, but assumes that the interaction of Ca* and CO5*" is
stoichiometric. For the scenario where ACC forms in the presence of Mg and Sr ions, this
general reaction can be expanded to reflect the formation of an amorphous Mg-Sr-CaCO;
compound:
xSr¥* + yMg?* + zCa®* + (x + y + 2)C03™ = (SryMgyCa,(CO3)xsy+7)aq - NH,0 (2)
where x is the number of SrCOs units in a cluster, y is the number of MgCOj3 units in a

cluster, and the final solid solution has x plus y plus z units in the resultant cluster.

3. Distribution Background
The ratio of trace element concentrations between a solution and a calcium

carbonate precipitate at equilibrium can be expressed as:

KD - (::Z‘rl)solid/(:z_z)solution (3)




where Kp is the distribution coefficient, 7¥ is the subject trace element, and m is the
molar concentration of an element in either the solid product or final solution. For the
conditions where Sr is the impurity, equation (3) predicts a linear relationship between
the Sr/Ca ratios of ACC or calcite with respect to their steady states.

Kp, s for inorganic calcite has been extensively studied using various methods and
a wide range of chemical conditions. Each of these studies was based upon the
assumption that calcite growth occurred by the classical crystal process of ion-by-ion
attachment to propagating steps of a crystal surface. Early experiments were performed
by carbon dioxide pressurization at high temperatures (Holland et al., 1964). Other high
temperature experiments involved synthesized aragonites transformed to calcite in
sodium carbonate and sodium bicarbonate solutions (Katz et al., 1972; Malone and
Baker, 1999). Experiments performed at temperatures relevant to biological conditions
were conducted using batch reaction methods where calcite formed by precipitation or
seeded growth (Kitano et al., 1971; Lorens, 1981). Mucci and Morse (1983) performed a
calcite seeding experiment in synthetic seawater at environmental temperatures. ACC
was not an intermediate in these experiments. A summary of these studies in Tables 1 and

2 shows the specific conditions of the experiments.

A closer look at Kp values reported by studies based upon data from live culturing
and field investigations (Tables 1 and 2) show that distribution coefficients in calcifying
marine organisms are similar to those measured in inorganic calcite experiments, with
Kp s values of approximately 0.02-0.14. The Kp, s values determined for Pleistocene

benthic forams are similar to those of inorganic experiments (Bender et al., 1975) with



Table 1: List of strontium distribution coefficients for biogenic and inorganic calcite.

calcite

Reference Method Experimental Conditions TCC) Kps Asy
Laboratory or inorganic experiments
Holland, 1964 carbon dioxide Ca, ammonium hydroxide 90-100 0.076
pressurization solution
Kitano et al., 1971 batch reaction Ca, Mg, sodium citrate solution; 20 0.08
week-month mixing
Katz et al., 1972 aragonite to Ca, sodium carbonate solution; up  40-98 0.034- 0.055-
calcite to 100 days residence time 0.039 0.059
transformation
Lorens, 1981 calcite seeding NaCl, Ca, sodium bicarbonate 25 0.027 0.027
solution; pH=7.34-7.5
Mucci and Morse, 1983 calcite seeding synthetic seawater, ionic strength 25 0.146
=0.697 M; carbon dioxide
bubbling; pH=7.5-8
Malone and Baker, 1999 aragonite to Ca, sodium bicarbonate solution;  40-200  (0.046-
calcite ionic strength = 0.86 M; pH=7.5 0.071
transformation
Angel (this study) ACC formed via  batch reaction of salt reagents and  18-30 0.54+ 0.66+
batch reactor NaHCO;, Mg/Ca = 5/1, [Sr]=0.1- 0.006*  0.006*
1.0 mM, mixing pH =8
Angel (this study) ACC formed via flow-through reaction of salt 25 0.79+
flow-through reagents and NaHCO;, 0.089%*
reactor Mg/Ca=5/1, [St]=0.1-1.0 mM,
mixing pH =8
Angel (this study) calcite via ACC transformation of ACC in 18-30 0.46+ 0.60+
precursor solution; Mg/Ca = 5/1, [Sr]=0.1- 0.009*  0.008%*
1.0 mM, pH=7.5
Reference Species Investigative Conditions TCC) Kpsg, Asy
Live culturing or field studies
Bender et al., 1975 G. ruber and G. Upper Pleistocene sediments, 21-29 0.16
sacculifer, Tasman Sea; North Atlantic core
foraminifera tops; high-Mg calcite
Lorens and Bender, 1980 M. edulis, Cultured in filtered, Mg-adjusted ~ 22-24 0.13
bivalve seawater; low-Mg calcite
Elderfield et al., 1996 C. wuellerstorfi, ~ Global core top and benthic 10-25  (.143-
foraminifera collection; ocean depth up to 5 0.177
km; high-Mg calcite
Rosenthal et al., 1997 Cibicidoides Box core collection, Little 5-18 0.15-
species, Bahama Bank, ocean depth up to 0.18
foraminifera 1.6 km; high-Mg calcite
Lorrain et al., 2005 P. maximus, Seafloor dredging, Bay of Brest, 10-18 0.20
bivalve ocean depth of 30 m; high-Mg

* - Statistically calculated average across conditions. Refer to Tables 4 and 5 and Fig. 13 and 14 for
conditions of individual experiments.



Table 2: List of magnesium distribution coefficients for biogenic and inorganic calcite.

Reference Method Experimental Conditions TCC) K, Mg Mg
Laboratory or inorganic experiments
Katz et al., 1973 aragonite to Ca, sodium carbonate solution; up  25-90 0.059- 0.057-
calcite to 100 days residence time 0.187 0.116
transformation
Mucci and Morse, 1983 calcite seeding synthetic seawater, ionic strength 25 0.0123
=0.697 M; carbon dioxide
bubbling; pH=7.5-8
Oomori et al., 1987 batch reaction Ca, Mg, calcium bicarbonate 10-50 0.012-
solution; CO, gas bubbling 0.040
Angel (this study) ACC formed via  batch reaction of salt reagents and  18-30 0.056+ 0.017+
batch reactor NaHCO,, Mg/Ca = 5/1, [Sr]=0.1- 0.0009*  0.0012*
1.0 mM, mixing pH =8
Angel (this study) ACC formed via flow-through reaction of salt 25 0.787+
flow-through reagents and NaHCO;, 0.089%*
reactor Mg/Ca=5/1, [Sr]=0.1-1.0 mM,
mixing pH = 8§
Angel (this study) calcite via ACC transformation of ACC in 18-30 0.023+0 0.094+
precursor solution; Mg/Ca = 5/1, [Sr]=0.1- 0004* 0.0011%*
1.0 mM, pH=7.5 ’
Reference Species Investigative Conditions T(C) Kp ue At
Live culturing or field studies
Rosenthal et al., 1997 Cibicidoides Box core collection, Little 5-18 0.02-
species, Bahama Bank, ocean depth up to 0.06
foraminifera 1.6 km; high-Mg calcite
Wansard et al., 1998 Candona Lacustrine core top and benthic 10-21 0.005-
species, collection; water depth up to 11 0.0198
ostracods m; high-Mg calcite
Hiebenthal, 2009 M. edulis, Cultured in filtered, Mg and Sr- 4-25 0.0006-
bivalve adjusted seawater; low-Mg calcite 0.0032

* - Statistically calculated average across conditions. Refer to Tables 4 and 5 and Fig. 15 and 16 for

conditions of individual experiments.



Kp, s-=0.16. Modern foraminifera acquired from core top samples and benthic dredging
(Elderfield et al., 1996; Rosenthal et al., 1997), as well as shells of bivalves (Lorrain et
al., 2005), have distribution coefficients similar to the Pleistocene forams. Calcite-bearing
bivalve cultures in seawater that had been adjusted for Mg content also showed a similar
Kp, s» value (Lorens and Bender, 1980). Stoll et al. (2002) determined in a coccolith
culturing study that Kp, s, had a positive correlation with calcification rate, with Kp s, =
0.275-0.376. Both the inorganic and biological distribution coefficients provide a

background for comparing the Kp, s value in both ACC and the resultant crystal.

4. Doerner-Hoskins Analysis of As, and 4y, in ACC

Because the Sr/Ca and Mg/Ca ratios in the solution increase as ACC precipitates,
calculating the partition coefficient (1) can determine the partitioning of a trace element
into a solid by taking into account only the initial solution and final solution chemistry.

The model expresses 4 as:

A= 1In(

e/ () “4)

o
Mcq

where m is the total concentration of an element in the final solution and m° is the total

concentration of element in the initial solution, expressed in moles. Therefore, ()

mry

represents the ratio of trace element in final solution over inital solution, and (—-<%)

Mcq

represents the ratio of calcium in final solution over initial solution (Doerner and
Hoskins, 1925).

A comparison of distribution and partition coefficients from this study and other
experimental studies is shown in Tables 1 and 2. Note that the Doerner-Hoskins approach

does not use an analysis of the solid product. Furthermore, the Doerner-Hoskins model is



not utilized in field investigations and live culturing studies because the final solution
chemistry is difficult, if not impossible, to constrain for the fossil or creature in question.
Analysis of the solid ACC and calcite in this study allows for comparison to other studies
where the solid product is explicitly used to calculate trace element distribution (see
Tables 1 and 2).

The summary of previous studies (Table 1) shows strontium distribution
coefficients are related to the assumed classical terrace-ledge-kink mineralization
pathway (Kossel, 1927), regardless of whether the investigation involves inorganic
precipitation or biological growth. Determining the distribution of trace elements in ACC
is needed to further understand whether mineralization pathway influences the final
calcite composition. Furthermore, measuring the effect of ACC transformation on
strontium composition without biological influence provides an important inorganic
baseline for comparisons to organic effects. Establishing this baseline is critical to better
understand and quantify the effect of mineralization processes on crystal composition.
This goal of this project was to evaluate the influence of solution composition and
temperature on the Sr content of ACC and resultant calcite that forms. I hypothesize a
lower Sr/Ca ratio and a lower Kp, s in the resultant calcite due to the decrease in phase

solubility after the transformation of ACC.



Materials and Methods
1. Synthesis Using a Batch Reactor
a. ACC formation

Reagents of CaCl,*2H,0 (SigmaAldrich, >99%), MgCl,*6H,0 (SigmaAldrich,
>99%), and SrCl,*6H,0 (SigmaAldrich, 99%) were prepared to obtain the proper cation
concentrations upon mixing. All experiments used a Ca®* concentration of 25 mM; Mg**
concentrations were set to obtain ratios of Mg/Ca equal to 1.0, 2.0, and 5.0 mol/mol; and
Sr** concentrations were set to 0.1, 0.5, and 1.0 mM. These solutions were then stored in
an incubator until they reached the temperatures used for the experiments (18°C, 22°C,
25°C, and 30°C). The solution concentrations used in this study are summarized in Table
3.

Amorphous calcium carbonate was synthesized by modifying the batch reaction
method of Glover and Sippel (1967). This procedure mixes the solutions in a closed
system to form a precipitate, which is then separated from the solution. The final solution
and the solid precipitate are then analyzed to determine the St/Ca concentration values.

To conduct a synthesis, 100 mL of 100 mM sodium bicarbonate (SigmaAldrich,
>99%) solution was prepared immediately before batch mixing and allowed to reach the
desired temperature. The initial pH of the NaHCOj; solution was adjusted to 9.5 by
adding 5 milliliters of 1.0 molar NaOH. The bicarbonate solution was poured into the
cation reagent in a 250 mL jar and mixed under stirring for two minutes. The ACC
formed immediately as a cloudy white precipitate. The pH of the solution was
immediately measured upon mixing. A 25 mL aliquot, containing ACC precipitate and

solution, was collected two minutes after initial mixing. The jar was removed from
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stirring, resealed, and returned to the incubator. A second 25 mL aliquot was collected 45
minutes after initial mixing.

The 25 mL aliquots were centrifuged for 15 minutes at 10,000 rpm at the
experimental temperature, separating the ACC from the aqueous phase. Five milliliters of
supernatant was removed using a mechanical pipette with a 0.2 micron filter. This
supernatant sample was then mixed with 5 milliliters of one molar nitric acid and stored
for ICP-AES analysis of the total Sr, Mg, and Ca concentration. Any remaining solution
in the aliquot was decanted. Ethanol was added to the centrifuge tube to return the total
volume of the ACC sample to 25 mL before a second centrifugation for five minutes at
the experimental temperature. The supernatant ethanol was then removed from the tube
and the precipitate was allowed to air dry at ambient temperature under a fume hood. A
subsample of the final solid material was dissolved in 1.0 molar nitric acid and stored for
ICP-AES analysis. Reported values represent the average of three replicate experiments
for each set of conditions. The experimental conditions used in this study are summarized

in Table 3.

b. Transformation to crystalline products

The remaining ACC was stored in the incubator at the desired temperature
without stirring and visually monitored until the ACC transformed. The transformation
from ACC to calcite was complete when the colloidal suspension disappeared and a thin
film of CaCO; formed at the bottom of the crystallization jar. Total time to

transformation and the final pH of the system were recorded (Appendix A). The aliquot
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extraction and centrifugation process was repeated for the crystalline solid samples and

solution.

2. Synthesis of ACC Using a Flow-through Reactor

ACC was also synthesized using a flow-through reactor (Blue et al., in press). By
mixing solutions at a fixed rate in a flowing system, this method brings the reaction
solution to a constant “steady-state” chemistry that cannot be achieved by batch mixing.
The composition of the solid precipitate is analyzed and compared to the measurements
taken from the batch reaction.

The apparatus for these experiments consisted of a pump fitted with two 100 mL
syringes. One syringe contained a reagent of CaCl, (SigmaAldrich, >99%), MgCl,
(SigmaAldrich, >99%), and SrCl, (SigmaAldrich, 99%) at concentrations that gave the
desired Mg/Ca ratio and Sr*" concentration upon mixing (Table 3). The second syringe
contained 100 mM sodium bicarbonate (SigmaAldrich, >99%) with pH adjusted to 9.5
using one molar NaOH. Both syringes were connected to opposite sides of a 26 mL
reactor chamber. The solutions were then continuously pumped at 200 mL/hr into the
reactor and mixed at 25°C. The solutions immediately precipitated ACC on contact. The
suspended solid and solution exited the apparatus as an effluent via a part connected to
polyethylene tubing at the top of the reactor.

The average residence time of solution in the reactor was two minutes. Collection
of ACC occurred after a minimum of three residence times to allow the system to reach a
steady state. Products were filtered through a 0.2 micron filter fitted over a vacuum flask.

Each ACC sample was rinsed with ethanol and dried for 30 minutes before storing in a

13



vacuum desiccator. The samples were then weighed to determine the mass of ACC
produced over the collection interval. A portion of the final ACC samples were dissolved
in one molar nitric acid and stored for ICP-AES analysis. The experimental conditions

used in this study are summarized in Table 3.

3. Analytical Methods

The compositions of solutions and solid precipitates were analyzed for total Ca,
Mg, and Sr by inductively coupled plasma atomic emission spectroscopy (ICP-AES)
using a Spectro ARCOS SOP. An yttrium internal standard was added to each sample in
an internal standard mixing chamber (Glass Expansion, Inc.). Each sample then passed
through a cross-flow nebulizer into a modified Scott-style spray chamber. The sample
uptake rate was 2 milliliters per minute, with each sample analysis using 5 milliliters. The
calibration standards for Ca, Mg, and Sr were from Environmental Express, Inc., and the
second source check standards were from Spex, Inc..

The measurements of solution and solid precipitate compositions by ICP-AES
were statistically analyzed using Microsoft Excel (Microsoft) and JMP Pro 10 (SAS).
Best fit lines calculated by linear regression models weighed data points based on
standard error. R” values were calculated to determine the correlation of data in the linear
regression models. T-tests (Prob>|t|) were performed to determine the probability that the
slope of a line was zero. The slope of a line is not statistically distinguishable from zero
when the probability exceeds 5% (Prob>[t| > 0.05).

The dry solid samples were analyzed by x-ray diffraction (XRD) using a Rigaku

MiniFlex II to determine structure and crystallinity. Particles were placed on a silicon
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zero-background mount to minimize background noise. Samples were analyzed with a
copper source (K, =0.15418 nm) on a 20 range between 20 and 70 with a step interval of
0.02 20 and a dwelling time of five seconds per step.

The dry solid samples were imaged using a scanning electron microscope (SEM)
with a FEI Quanta 600 FEG to determine particle size and morphology. Particles were
placed on an SEM mount using an adherent carbon film. To prevent the sample from
charging under the electron beam, the samples were sputter-coated with two nanometers

of gold/palladium alloy. All samples were observed under an accelerating potential of 10

kV.
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Results

1. Morphological Observations of ACC from Batch Synthesis

The morphology of the ACC products is shown in Figures 1 and 2. ACC is
comprised of spherical particles that decrease in size with increased Mg content. This
change in size is consistent with previous studies (Ajikumar et al., 2005; Wang et al.,
2012). XRD analysis showed a single broadened hump across the 20 range, consistent
with the disorder of amorphous substances. ACC produced from the batch reactor
experiments (Figures 1 and 2) may have undergone a small amount of re-precipitation, as
evidenced by the cracked mosaic-like surface behind the ACC spheres. Exposure to open
air and humidity after drying the solid product and transporting the sample may have
resulted in dissolution and re-precipitation. This does not affect the composition
measurements in any significant way, as the solids were immediately prepared for ICP-
AES analysis after drying in ethanol.

The representative morphology of transformed crystalline products is shown in
Figures 3 and 4. The surface morphology of the crystals consists of bladed to
rhombohedral facets of CaCOs3;. XRD analysis for the crystal products (Figure 5) shows
shifts in the calcite 20 peak positions of 0.5 at the 23.24, 29.6, 36.04, 39.62, 43.4, 47.7,
and 48.66 peaks. The peaks are significantly broader than a calcite standard, most notably
at the 47.7 and 48.66 20 positions. Database analysis (ICDD) confirmed presence of

high-Mg calcite for each experiment based on the 20 shifts and peak broadening.
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Figure 1: SEM image of ACC synthesized from 5/1 Mg/Ca and 1 mM Sr solution using the batch
reaction method. The ACC morphology and sphere sizes are similar for all Mg and Sr concentra-
tions.
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Figure 2: SEM image of ACC synthesized from 5/1 Mg/Ca and 1 mM Sr solution using the batch
reaction method. The ACC morphology and sphere sizes are similar for all Mg and Sr concentra-
tions.
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Figure 3: SEM image of high-Mg calcite that transformed from ACC. These products were
synthesized from 5/1 Mg/Ca and 1 mM Sr solution at 25°C using the batch reaction method (see
Table 2). The ACC morphologies are similar for all Mg and Sr concentrations.
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Figure 4: SEM image of high-Mg calcite that transformed from ACC. These products were
synthesized from 5/1 Mg/Ca and 1 mM Sr solution at 25°C using the batch reaction method (see
Table 2). The ACC morphologies are similar for all Mg and Sr concentrations.
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calcite standard

high-Mg calcite (5/1 Mg/Ca)
—— 0 mM Sr, 25°C
1 mM Sr, 18°C
1 mM Sr, 22°C
1 mM Sr, 25°C
1 mM Sr, 30°C
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20

Figure 5: XRD spectra of batch reaction high-Mg calcites after ACC transformation, compared to
a calcite standard. Peak broadening and lateral shift of the 26 values for the 23.24, 29.6, 36.04,

39.62, 43.4, 47.7, and 48.66 peaks. The overall shift of 0.5 20 indicates presence of Mg in the
crystal lattice.
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2. Composition Measurements

For each initial Sr concentration, Sr/Ca ratios in the ACC samples were analyzed
with respect to Mg:Ca solution ratios to determine the effect of Mg on Sr uptake in batch
reactor precipitation. The corresponding data in Figure 6 show that increases in Mg:Ca
ratio suppresses St uptake in ACC by up to 25% at the highest initial Sr concentration of
1.0 mM Sr.

Cross-checking this result using the flow-through synthesis method shows a
similar effect of Mg on Sr uptake in ACC. Increases in Mg:Ca ratio result in a decrease in
Sr uptake in ACC up to a factor of 27% (Figure 7). After obtaining consistent solution
and ACC composition data from both batch reactor and flow-through reactor methods, all
further experiments were conducted via batch reactor. A summary of ICP-AES analyses

of the precipitate and solution products is found in Appendix B.

3. Dependence of Composition on Temperature

The Sr/Ca ratio in ACC was determined across a range of temperatures and initial
Sr concentrations to analyze the effect of temperature on Sr uptake. The data in Figure 8
show that temperature does not significantly affect Sr uptake into ACC, as seen by the
subhorizontal trends of each data series, regardless of initial Sr. As expected, the
measurements show offsets in the Sr/Ca composition of ACC as the initial Sr
concentration increases, as shown by the labeled contours in Figure 8.

Upon transforming the ACC to high-Mg calcite, the St/Ca ratio of the solid
product at each temperature was analyzed to determine the effect of temperature on the Sr

content of the resultant crystalline phase. Figure 9 shows that temperature does not affect
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Figure 6: Sr/Ca ratios versus initial Sr concentration with respect to initial Mg/Ca ratios for batch
reaction formation of ACC. The data are given in Appendix B, Table 1.
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Figure 7: Sr/Ca ratios versus initial Sr concentration with respect to initial Mg/Ca ratios for flow-
through reaction formation of ACC. The data are given in Appendix B, Table 2.

24



0.04

ini y = 4.74x104T + 0.0169
0.035 F __1.0 mM Sr init e
0.03 r -
S 0.025 p—ax— f
<
c 0.02 0.5 mM Sr init y =2.15x10°T + 0.0135
o + R?=0.213
o 0.015 | 1 [] 1
001 T 9.14x105T + 0.0051
i y =-9.14x10- .
0.005 | ﬁm'\" Srinit R= 0473
1 |1 1 1 I. |

0 1 1
16 18 20 22 24 26 28 30 32

Temperature (°C)

Figure 8: Sr/Ca of ACC versus temperature with respect to initial Sr concentration. The statistical
probability of each slope being equal to zero (Prob>|t|) for the 0.1, 0.5, and 1.0 mM Sr concentra-
tions are 0.4669, 0.2520, and 0.0963, respectively (SAS). Each symbol represents the mean of
three individual experiments. The data are given in Appendix C, Tables 1 through 4.
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Figure 9: Sr/Ca of high-Mg calcite after ACC transformation versus temperature with respect to initial
Sr concentration. The statistical probability of each slope being equal to zero (Prob>|t|) for the 0.1,
0.5, and 1.0 mM Sr concentrations are 0.4669, 0.2520, and 0.0963, respectively (SAS). Each symbol
represents the mean of three individual experiments. The data are given in Appendix C, Tables 1
through 4.
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the Sr composition of the resulting calcite. An increase in initial Sr concentration
promotes Sr uptake in the resulting calcite as shown by the parallel contours of each data
series. Combining the data in Figures 8 and 9 together for direct comparison, Figure 10
shows the Sr composition of the solid products does not significantly change after
transformation.

The Mg/Ca ratio in ACC was also analyzed to determine the effect of temperature
on Mg content. The data in Figure 11 shows the Mg/Ca ratio in ACC is independent of
temperature for the 18-30°C range. The Mg/Ca of the resultant calcite was analyzed to
determine the effect of temperature and transformation on the final product. In contrast,
the trends in Figure 12 find a linear correlation between Mg/Ca in calcite and temperature
with an increase of 0.004 Mg/Ca per °C (y = 4.14 - 1073 T + 0.21, R>=0.647).

A summary of ICP-AES analyses of the solutions, ACC, and crystals is provided

in Appendix C.

4. Kp and 4 of Sr and Mg in Batch Reactor Experiments

To better understand the effect of Mg and temperature on the distribution of Sr
into ACC and calcite, the distribution coefficients were calculated using Equation (3) to
determine Kp, s and Kp, ye in both the ACC and crystalline products of the temperature-
controlled batch reactor experiments. The distribution coefficients of Sr in ACC show
that Kp, s- is independent of synthesis temperature within standard error of the
measurement (average Kp, s, scc= 0.54+£0.006) (Figure 13A, Table 1). The distribution

coefficients of Sr in the high-Mg calcite produced by ACC transformation show that Kp,
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Figure 10: Overlay of Figures 8 and 9 show the Sr/Ca values of ACC and resultant

calcite are not significantly different with respect to temperature and the initial Sr
concentration.
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Figure 11: Mg/Ca of ACC versus temperature with respect to initial Sr concentrations. The data
are given in Appendix C, Tables 1 through 4.
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Figure 12: Mg/Ca of high-Mg calcite after ACC transformation versus temperature with respect
to initial Sr concentration. Data used in the linear regression is weighted based on standard error.
The data are given in Appendix C, Tables 1 through 4.
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Figure 13: Distribution coefficients of Sr in batch reactor (A) ACC (Figure 8) and (B) resultant
high-Mg calcite (Figure 9) with respect to temperature. Statistical analysis of all values obtained
across experiments shows that K =0.543+0.006 and K =0.466+0.009 (Table 1).

D, Sr ACC D, Sr calcite

Data used in the linear regression is weighted based on standard error of the mean (s/\Nn). The

t-tests show that th

e slopes of the lines are not statistically distinguishable from zero.
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sr 1s independent of temperature (average Kp, sy caicire = 0.47£0.005) (Figure 13B, Table 1).
Kp s values calculated from each experiment are shown in Table 4.

The As, values in both the ACC and crystalline products of the temperature-
controlled batch reactor experiments were calculated using Equation (4). The partition
coefficients of Sr in ACC show that A, is independent of synthesis temperature within
standard error of the measurement (average As, 4cc= 0.66+0.006) (Figure 14A, Table 1).
The partition coefficients of Sr in the high-Mg calcite produced by ACC transformation
show that A, is independent of temperature (average As; cqicire = 0.60£0.008) (Figure 14B,
Table 1). s, values calculated from each experiment are shown in Table 5.

The distribution coefficients of Mg in ACC show a subhorizontal linear
correlation of Kp, y across temperature (average Kp, a, 4cc = 0.056+0.0009) (Figure
15A, Table 2). The distribution coefficients of Mg in the high-Mg calcite produced by
ACC transformation show a similar subhorizontal trend (average Kp, ug, caicite =
0.023+0.0004) (Figure 15B, Table 2). Kp, v values calculated from each experiment are
shown in Table 4.

The Ay values in ACC show a subhorizontal linear correlation across temperature
(average Aug acc = 0.017+0.0012) (Figure 16A, Table 2). The distribution coefficients of
Mg in the high-Mg calcite produced by ACC transformation show a similar subhorizontal
trend (average Aug caicie = 0.094+0.0011) (Figure 16B, Table 2). Ay, values calculated

from each experiment are shown in Table 5.
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Figure 14: Distribution coefficients (1) of Sr in batch reactor (A) ACC (Figure 8) and (B) resul-
tant high-Mg calcite (Figure 9) with respect to temperature. Statistical analysis of all values
obtained across experiments shows that 4, , .= 0.66+0.006 and 4, . = 0.60+0.008. Data used
in the linear regression is weighted based on standard error of the mean (s/Vn). The t-tests show

that the slopes of the lines are not statistically distinguishable from zero.
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Table 5: Conditions and Doerner-Hoskins distribution coefficients for temperature-varied batch reactor
experiments. Each experiment was conducted with 25 mM CaCl, and 125 mM MgCl,
(Mg/Ca = 5/1). All m values reported in mM.

ACC

T (OC) ero mMgo mCaO Mg, Mg Mcqy /1Sr AMg
18 0.1 125 25 0.08  115.28 11.99 0.32 0.11
18 0.5 125 25 0.29  106.11 11.87 0.73 0.22
18 1.0 125 25 0.59  108.15 12.05 0.72 0.20
22 0.1 125 25 0.06  111.88 13.19 0.80 0.17
22 0.5 125 25 0.28  105.55 10.63 0.69 0.20
22 1.0 125 25 0.58  112.98 11.66 0.71 0.13
25 0.1 125 25 0.07  106.56 12.08 0.52 0.22
25 0.5 125 25 0.31  109.99 12.43 0.68 0.18
25 1.0 125 25 0.69  121.69 13.61 0.60 0.04
30 0.1 125 25 0.07  104.56 14.96 0.73 0.35
30 0.5 125 25 032 104.30 12.59 0.65 0.26
30 1.0 125 25 0.43 97.19 8.19 0.76 0.23
Calcite

T (OC) ero mMgo mCaO Mg, Mg Mcqy /1Sr AMg
18 0.1 125 25 0.06 116.8 6.91 0.42 0.05
18 0.5 125 25 0.20 102.3 6.06 0.65 0.14
18 1.0 125 25 0.49 113.5 7.76 0.60 0.08
22 0.1 125 25 0.05 110.0 7.65 0.67 0.11
22 0.5 125 25 0.26 111.2 8.78 0.62 0.11
22 1.0 125 25 0.57 115.7 10.46 0.64 0.09
25 0.1 125 25 0.07 119.3 10.00 0.45 0.05
25 0.5 125 25 0.31 119.8 11.02 0.60 0.05
25 1.0 125 25 0.68 123.9 12.12 0.54 0.01
30 0.1 125 25 0.04 107.6 7.18 0.71 0.12
30 0.5 125 25 0.24 105.7 7.46 0.61 0.14
30 1.0 125 25 0.38 97.0 5.70 0.65 0.17
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Figure 15: Distribution coefficients of Mg in batch reactor (A) ACC (Figure 8) and (B) resultant
high-Mg calcite (Figure 9) with respect to temperature. Statistical analysis of all values obtained

across experiments shows that

D.Mg ACC

=0.0232+0.0004. Data

Mg calcite

= 0.05640.0009 and K,

used in the linear regression is weighted based on standard error of the mean (s/ \n). The t-tests
show that the slopes of the lines are not statistically distinguishable from zero.
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Figure 16: Distribution coefficients (1) of Mg in batch reactor (A) ACC (Figure 8) and (B)
resultant high-Mg calcite (Figure 9) with respect to temperature. Statistical analysis of all values
obtained across experiments shows that 4 =0.017+0.0012 and 4,, .. =0.094+0.0011.
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5. Kp of Sr and Mg in Flow-Through Reactor Experiments

To compare the effects of the two methods used to precipitate ACC, the
distribution coefficients were calculated using Equation (3) to determine Kp s and Kp, usg
in the ACC products of the flow-through reactor experiments (Tables 1 and 2). The
distribution coefficients of Sr in ACC display varying trends with respect to increased
Mg/Ca ratio (Figure 17A). Kp, s- values in flow-through reactor ACC show an increase in
distribution coefficient with respect to initial Sr concentration at Mg/Ca ratios of 1/1 and
2/1, and the Kp, s- values at a Mg/Ca ratio of 5/1 show no dependence on initial Sr (Figure
18). The distribution coefficients of Mg in ACC show an increase of Kp, i, With respect

to Mg/Ca (Figure 17B).
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respect to Mg/Ca ratio. The data are given in Table 3.
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Discussion

1. Experimental Observations

The batch reactor temperature experiments were conducted at a Mg:Ca ratio of
5:1 to reflect natural seawater cation ratios used in previous laboratory experiments
(Mucci and Morse, 1983) and culturing studies of marine calcifiers (Lorens and Bender,
1980). The cation concentrations used in the batch reactor and flow-through experiments
are 150% higher than natural seawater concentrations. Previous studies show that higher
concentrations of Mg in solution increase ACC stability and slow the rate of
transformation to calcite over long periods of time (Meldrum and Colfen, 2008; Wang,
2009; Han et al., data unpublished). The concentrations used in this study may have
impacted the transformation time (Appendix A) and composition of the ACC during

transformation.

2. ACC
a. Sr Uptake is Suppressed by Mg in ACC

The findings show that increases in Mg suppress Sr uptake into ACC in both the
batch reactor and flow-through reactor (Figure 6). ACC precipitated in the 5:1 Mg:Ca
solution contains 25% less Sr than ACC in the 1:1 Mg:Ca solution. Both Mg and Sr
substitute for Ca in the calcite crystal lattice and form a solid solution (Paquette and
Reeder, 1990; Pingitore et al., 1992). In the classical crystal growth model, presence of
the smaller Mg®" and larger Sr** ions result in disordered calcite structures as a function
of preferential kink site binding for each ion (Paquette and Reeder, 1995). While the

kinetics of ACC formation are unknown, the hydration spheres of the cations may affect

41



the nucleation of the metastable phase and the uptake of other cations with different

hydration energies (Wang et al., 2009).

b. Sr/Ca in ACC is Independent of Temperature

The Sr/Ca ratio of the batch reactor ACC is independent of temperature for the
18-30°C range (Figure 8). This relationship contrasts with inorganic classical crystal
growth experiments that show an increase in Sr/Ca ratio in calcite with respect to increase
in temperature (Malone and Baker, 1999). It is possible that increasing the range of
temperatures will yield a dependence of Sr/Ca on temperature, although this exceeds

natural seawater conditions relevant to biogenic mineralization.

c. Kp and 4 for Sr and Mg in ACC are Independent of Temperature

The Kp, s» and A, values of ACC do not change with respect to temperature
(Figures 13A and 14A). This contrasts with investigations of crystalline CaCO3; where
increases in temperature resulted in higher Kp s values (Katz, 1972; Malone and Baker,
1999). The distribution of other trace elements in ACC may be similar to Sr, as seen in
classical growth experiments (Curti, 1999), although no such study has been conducted
for ACC. The Kp, y, values of ACC are independent of temperature (Figure 15A) and are
consistent with distribution coefficients found in previous investigations (Sawada et al.,
1990; Blue et al., in press). The Mg distribution coefficients for ACC are also consistent

with values found in step-growth inorganic calcite (Winland, 1969).
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d. Kp, s, for ACC is Significantly Higher than K s, for Classical and Biogenic
Calcite

The distribution coefficients of the batch reactor ACC are greater than the Kp s
values of inorganic calcites by an order of magnitude (Tables 1 and 3). Similarly, the Kp,
s» values of ACC obtained in this study exceed those found in biogenic calcites by up to a
factor of four. While the distribution coefficients of ACC alone do not fully account for
the composition of the resultant calcite, the higher Kp s suggests that calcite formation
by the ACC pathway can localize up to ten times more concentrations of Sr in ACC prior
to crystal transformation. It is plausible that the Sr ions are more readily incorporated into
an amorphous structure that forms without the restrictions of step-growth kinetics,
thereby resulting in the high K s value for ACC (Paquette and Reeder, 1995).

The estimates of Kp, 5-and Kp, v, for ACC reported in Tables 1 and 3 and Figures
13A and 14A are based on the assumption that Sr rapidly equilibrates throughout the
solid by diffusion within the time of ACC precipitation in the batch reactor. It is possible
that the cores of ACC particles contain lower amounts of Sr and Mg because the St/Ca
and Mg/Ca ratios of the solutions increase over the duration of each experiment,
producing a gradient of increasing Sr and Mg concentration from the core to the outer
edge of the particle. The Sr/Ca and Mg/Ca ratios of the solution after the two separate
ACC extractions after mixing are similar, however, suggesting that complete

precipitation of ACC occurs within two minutes of mixing.
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e. Kp s and Kp y, Values for ACC in the Batch Reactor and Flow-Through Reactor
Methods Contrast

The distribution coefficients of the flow-through reactor ACC are different from
the Kp s- values of the batch reactor ACC for each Mg/Ca ratio and initial Sr
concentration (Figure 17A and Table 3). This discrepancy raises the question of which
method is best for precipitating ACC in a steady state environment. The data in Figures 6
and 7 show that Sr/Ca values for ACC are similar for both experimental methods. This
suggests that the discrepancy in Kp s values pertains to the Sr/Ca ratio of the steady state
solution. The volume of ACC produced in the flow-through reactor may have resulted in
precipitate build-up in the reactor chamber, increasing the residence time of ACC in the
reactor and changing the solution chemistry. It is also possible that the filter paper used in
the flow-through reactor experiments absorbed some of the effluent solution during
collection, altering the concentration of the sampled solution and the resulting Kp, s, and
Kb, mg values.

The distribution coefficients of Mg in the flow-through reactor increase with the
initial Mg/Ca ratio (Figure 17B). This data contrasts with the finding that Kp i, in batch
reactor ACC is independent of Mg/Ca (Table 3). It is possible that the higher residence
time of the batch reactor generated a more consistent steady state than the flow-through
reactor, resulting in a constant Kp, s, value.

The finding that Sr distribution coefficients in ACC precipitated at low Mg/Ca
ratios in the flow-through reactor experiments is dependent on initial Sr concentration
contrasts with the findings that ACC precipitated in the batch reactor is independent of

temperature (Figure 18 and Table 3). This trend is not seen at the 5/1 Mg/Ca ratio,
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suggesting that an increase of Mg/Ca may decrease the dependence of Kp s on Sr
concentration in the flow-through reactor. It is possible that the lower residence time of
the flow-through reactor relative to that of the batch reactor results in a better
measurement of Sr/Ca ratios near the time the reaction takes place, while the higher
residence time of the batch reactor method results in more consistent values after the

reaction reaches steady state.

f. Kp and 4 Values for Sr and Mg in ACC Contrast

The Kp, s and Kp, g values of the batch reactor ACC are different from the As,
and A, values of the batch reactor ACC (Table 2). This discrepancy calls into question
which calculation is better suited for the precipitation reaction. Table 2 shows that for
each batch reactor experiment, the Mg/Ca and Sr/Ca ratios of the solutions increases as
ACC precipitates. It is possible that as the ACC particles form and grow, a gradation of
increasing Mg and Sr from the center occurs, resulting in a different K value than

otherwise predicted by the Doerner-Hoskins model.

3. Resultant Calcite
a. Sr/Ca in Resultant Calcite is Independent of Temperature

The Sr/Ca ratio of the high-Mg calcite that formed via ACC in the batch reactor
experiments is independent of temperature on the 18-30°C range (Figure 9). Temperature
also does not affect the morphology of the resultant batch-reactor calcite (Figure 5). The
findings contrast with studies of classically grown calcite that report a temperature

dependence (Malone and Baker, 1999). This apparent discrepancy between this study and
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biogenic calcite measurements may explain why Sr is not a reliable proxy for temperature
across a wide range of calcifying species (Rosenthal et al., 1997; Wanamaker et al.,
2008). It is plausible that any temperature dependence shown in the Sr/Ca of organically
precipitated calcite is an apparent trend caused by different vital effects (Lea, 1999). The
finding that Sr/Ca in ACC and calcite is independent of temperature calls into question
the usage of Sr/Ca in biogenic calcites as a paleotemperature proxy without

understanding the physical basis for the apparent trends that are reported in the literature.

b. Sr/Ca Ratios from ACC Transformation to Resultant Calcite Do Not Change

For each initial Sr concentration and temperature, the Sr/Ca ratios of the batch
reactor ACC and resultant high-Mg calcite are similar (Figure 10). The composition of
the crystalline product is established with the formation of ACC. It was hypothesized that
the phase transformation itself would result in a lower Sr/Ca ratio in calcite during the
redistribution of ions from an amorphous state to the calcite structure. Because the Kp s
value of ACC is higher than the Kp s value of the resultant calcite, it is possible that Sr
and Ca are excluded from the ACC in equal proportions during transformation due to a
decrease in phase solubility, resulting in a constant Sr/Ca ratio from amorphous to

crystalline phase.

c. Kp and 4 Values for Sr and Mg in Calcite are Independent of Temperature
The Kp, s» and A, values of the resultant calcite are independent of temperature
(Figure 13B and 14B). This contrasts with investigations of classically grown calcites

where increases in temperature resulted in higher Kp s, (Katz, 1972; Malone and Baker,
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1999). While the temperature range of this study is relevant to biogenic calcites, a larger
temperature range may reveal a temperature dependence of Sr distribution coefficients
for high-Mg calcite. The distribution of Sr in calcite formed via ACC may be similar for
other trace elements similar to Sr, although no such study has been conducted. Kp, r¢
values in the resultant calcite are also independent of temperature. This relationship is

consistent with trends found in step-growth inorganic calcite (Winland, 1969).

d. Kp, s of Calcite Formed via ACC is Significantly Higher than K s, for Classical
and Biogenic Calcite

The Sr distribution coefficients of calcite that formed from ACC exceed the
values reported by classical experiments by a factor of four (Table 1). The higher Kp s,
values suggest that the mineralization pathway affects Sr distribution in calcite. The high
Kp s values reported for ACC may directly affect the Kp s value for the resultant calcite.
During transformation, the Sr may leave the solid phase altogether, resulting in a Kp s
value for calcite that is lower than that for ACC. Alternatively, the Sr may remain in the
solid phase and incorporate into the calcite crystal, producing a Kp, s value higher than
those reported in by classical calcite growth experiments.

The Kp, s values obtained for the transformed calcite exceed the values reported
by biogenic calcite studies by a factor of three (Table 1). This difference raises the
question of whether the organisms listed in Table 1 may utilize the non-classical ACC to
calcite mineralization pathway. If the organisms do precipitate calcite via an ACC
intermediate phase, it is possible that other vital effects affect the trace element

composition of the biogenic calcite.
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The findings of Paquette and Reeder (1995) emphasize the notion that empirical
distribution coefficients are a function of availability of ion incorporation sites, which can
vary with crystal surface structure and external growth conditions. The amorphous setting
has no structural restrictions, which may allow Sr to more readily enter ACC. The
crystalline setting is controlled by the periodic structure of calcite and the formation of
kink sites and step edges on the growth surface. The Sr atom is larger than the Ca atom,
and thus does not easily fit into the calcite crystal, as supported by low Kp values in
calcites grown by the classical process (see Table 1). The limited attachments in kink-
step growth decrease as impurities such as Sr attach to available sites (Wasylenki, 2005;
de Yoreo, 2009). The differences between an amorphous versus crystalline environment
contribute to the larger Kp, 5 values reported for the resultant calcite and may explain the
lower Kp, s values for experiments that utilized classical calcite growth or transformation

to a crystal seed (Holland, 1964; Kitano, 1971).
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Conclusions

This study raises several questions regarding trace element distribution in
calcifying organisms. The finding that Sr/Ca ratios of calcite formed by a non-classical
mineralization pathway are independent of temperature contrasts with measurements
from biogenic calcite studies that show a temperature dependence. It is possible that other
“vital effects”, such as the influence of organic macromolecules, are cause for the
apparent discrepancy between biogenic calcite Sr/Ca ratios and the inorganic calcite
Sr/Ca ratios quantified in this study. A previous study shows macromolecules affects the
Mg content of ACC (Wang et al., 2009), and a similar effect may influence the uptake of
Sr and other trace elements in both ACC and the resultant calcite. Careful analysis of the
biomineralization processes and environments for individual calcifying species may
resolve the differences in temperature dependence trends.

The finding that St/Ca ratios remain constant after the transition from ACC to
calcite has implications for understanding the physical basis of the non-classical
mineralization pathway. It has been shown in ACC transformation experiments that Sr
isotopes incorporate from the solution to the solid phase during the transition to
crystalline CaCOs (Giuffre, in prep.), suggesting dissolution during transformation. The
introduction of impurities to a steady state aqueous environment that contains ACC may
influence the transformation or trace element uptake of the amorphous and crystalline
phases.

The significantly higher values of Kp s and /s, for both ACC and calcite that are
measured in this study compared to values reported for biogenic Sr distribution

coefficients are intriguing. This discrepancy raises the question of whether Kp s, and As,
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values could be used as an indicator of mineralogical pathway used by a particular
organism, in whole or in part. To my knowledge, measurements of trace element
distribution coefficients for the calcitic biominerals of modern species that utilize ACC
have not been conducted. It would be interesting for future live culturing or field studies
that focus on trace element incorporation to determine Kp, s- and As, in tandem with the
type of mineralization process that is used by the organism during biomineralization.

The different measurements for element distribution coefficients in the batch
reactor and flow-through reactor methods, in addition to the differences between this
study and the measurements of previous work, raises the question of which type of
experimental method is better for understanding elemental signatures in calcite. These
discrepancies reiterate the limitations of this type of approach to understanding the
concepts of Kp and 4, as well as the factors that influence element incorporation during
mineralization.

The experiments conducted in this study did not vary saturation state, salinity, and
pH, but such a study would provide further insight into the effects of chemical driving
force, ionic strength, and ion speciation on the non-classical mineralization process. As
our understanding of past environmental conditions is refined, and as our predictions of
future conditions improve, the mechanisms of trace element incorporation in minerals

that have formed over geologic time can be studied with greater precision.
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Appendix A: Summary of data showing the pH and transformation times collected for the
various temperature experiments.

T (°C) [Sr] (mM) ACC pH Transformation time Calcite pH
18 0.1 8.08 48 hours 7.52
18 0.5 8.09 48 hours 7.49
18 1.0 8.07 48 hours 7.47
22 0.1 8.10 36 hours 7.50
22 0.5 8.09 36 hours 7.50
22 1.0 8.07 36 hours 7.46
25 0.1 8.03 24 hours 7.50
25 0.5 8.09 24 hours 7.49
25 1.0 8.08 24 hours 7.46
30 0.1 8.07 18 hours 7.49
30 0.5 8.08 18 hours 7.46
30 1.0 8.09 18 hours 7.47
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Appendix B: Summary of data showing the ACC Sr/Ca ratios collected for the
Mg/Ca ratio batch reactor and flow-through experiments.

Table 1: Batch reaction at 25°C.

Mg:Ca ratio [Sr] (mM) Sr/Ca (2 min) Sr/Ca (45 min)

1:1 0.1 0.0037 0.0036
1:1 0.5 0.016 0.016
1:1 1.0 0.032 0.032
2:1 0.1 0.0031 0.0032
2:1 0.5 0.015 0.015
2:1 1.0 0.030 0.030
5:1 0.1 0.0028 0.0028
5:1 0.5 0.014 0.014
5:1 1.0 0.025 0.027

Table 2: Flow-through reaction at 25°C

Mg:Ca ratio [Sr] (mM) Sr/Ca
1:1 0.1 0.0036
1:1 0.5 0.017
1:1 1 0.033
2:1 0.1 0.0041
2:1 0.5 0.016
2:1 1 0.033
5:1 0.1 0.0039
5:1 0.5 0.015
5:1 1 0.029
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