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Abstract 19 

The abundance of nitrogen ionic species in natural waters is linked to drivers of 20 
environmental change at the global and local scales throughout the anthropogenic era. The 21 
potential for calcium carbonate minerals as a resistant host material to record the reactive 22 
nitrogen composition of natural waters is driving a requirement to understand incorporation 23 
mechanisms and to develop absolute analytical techniques that operate at the µm scale. To 24 
assess the capability of calcium carbonate for the uptake of dissolved nitrogen compounds, we 25 
conducted an experimental study on the incorporation of ammonium and nitrate into inorganic 26 
carbonate crystals. Calcium carbonate polymorphs were synthesized in nitrogen-containing 27 
growth media and were used to quantify nitrate and ammonium uptake by calcite, aragonite, 28 
and vaterite phases. Automated colourimetry analyses yielded partition coefficients between 29 
mineral and fluid ranging from (D(NO3)) of 2.12·10-2 to 6.51·10-1 regardless of CaCO3 30 
polymorph (i.e. calcite and aragonite). Secondary ionisation mass spectrometry (SIMS) 31 
demonstrated ammonium is more readily incorporated into polymorphs of vaterite and 32 
aragonite (D(NH4) = 8.77·10-3 and D(NH4)  = 1.63·10-2, respectively), as opposed to calcite 33 
(D(NH4)  = 3.09·10-3). SIMS was also used to assess the degree of nitrogen heterogeneity 34 
within crystal phases. Calcite rhomboids were found to have high internal heterogeneity, with 35 
an almost two orders of magnitude shift in N concentration due to inferred sectoral zoning. The 36 
polycrystalline nature of aragonite spherulites mitigated intra-spherulite heterogeneity, 37 
resulting in analytical repeatability of <10 % standard deviation (1 s.d.) when N(CaCO3) = 164–38 
169 ppm. Inter-spherulite variability for aragonite polymorphs was calculated to average 7.6 39 
% (1 s.d.), thus demonstrating a potential for development of reference materials for high 40 
precision analytical techniques. Despite the heterogeneity observed across the various 41 
synthesized CaCO₃ polymorphs, the technique appears to have potential for use as a SIMS 42 
calibration dataset and for estimating absolute nitrogen concentrations in the carbonate 43 
palaeorecord at the µm scale. 44 
 45 
Keywords: ammonium, nitrate, calcite, aragonite, vaterite. 46 
 47 
1. Introduction 48 

Nitrogen is a major element in the atmosphere,biosphere and hydrosphere which has 49 
been extensively impacted byanthropogenic activity, e.g., fertilizer use and industrial 50 
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atmospheric pollution. This has had profound consequences for the reactive part of the nitrogen 51 
cycle, with negative environmental impacts on freshwater and marine ecosystems as well as 52 
impacting human health through nitrate contamination of groundwater and drinking water 53 
supplies (e.g., Vitousek et al., 1997; Galloway et al., 2008; Ma et al., 2021; Matiatos et al., 54 
2021). The strong affiliation of nitrogen with anthropogenic activity makes it one of the key 55 
markers of the Industrial Era (e.g., Dean et al., 2014).  56 

Currently, there are few high-resolution, globally distributed palaeorecords of nitrogen 57 
dynamics, and a distinct lack of knowledge regarding the suitability of host materials capable 58 
of preserving such a record throughout the anthropogenic era. Host materials must provide 59 
resistance to changes in the redox state and the chemical form of the nitrogen preserved. 60 
Carbonate records are thought to preserve such information on environmental nitrogen 61 
concentrations and isotope compositions (in both organic and inorganic forms), allowing 62 
nitrogen to be traced to source and changes detected through time. Example carbonate records 63 
include speleothem calcite which has been used to record ground water nitrate dynamics (Wynn 64 
et al., 2021); foraminifera shells which have been used to study fluxes of intertidal nitrogen 65 
(Glock et al., 2019); and coral aragonite for understanding marine pollution and nutrient 66 
concentration changes (e.g., Yamazaki et al. 2013).Vaterite, a third CaCO3 polymorph, which 67 
occurs as a biogenic mineral in fish otoliths (e.g., Wood et al., 2022) is frequently used to 68 
reconstruct fish migration history (e.g., Lueders-Dumont et al., 2022). In this study, we 69 
investigated inorganic nitrogen uptake in complex ionic forms. 70 

Experimental data on nitrogen incorporation into calcium carbonate minerals is lacking, 71 
and quantitative analysis at high spatial resolution has remained largely beyond reach due to a 72 
lack of appropriate reference materials that are matrix-matched to carbonate host samples. To 73 
date, the incorporation modes of nitrate and ammonium into CaCO3 remains unclear. The 74 
charge balance requirements for replacing divalent Ca2+ and CO3

2- with monovalent NH4
+ and 75 

NO3
- ions mean that both replacements need to occur simultaneously to maintain the charge 76 

neutrality of calcite. Although ionic radii (r) of NO3
- and CO3

2- are similar (1.79 and 1.78 Å), 77 
the large ionic radii of r(NH4

+) =1.37 Å compared to r(Ca2+)=1.00 Å is expected to limit 78 
ammonium incorporation (Shannon, 1976; Jenkins and Thakur, 1979; Wiredchemist, 2021). 79 
Alternative mechanisms of interstitial incorporation are linked to crystal defects, where high 80 
defect density promotes impurity uptake. To date, experimental data on the mechanism of 81 
nitrogen uptake by CaCO3 are restricted to adsorption studies (e.g., Hofmann et al., 2016), 82 
which found a strong affinity of nitrate to calcite surfaces, or qualitative characterization 83 
studies of nitrate-bearing calcites (e.g., Kontrec et al., 2004) that showed that addition of nitrate 84 
does not have an effect on X-ray powder diffraction (XRPD)  patterns or distortion of the calcite 85 
lattice from axial symmetry. Here, to quantify the uptake of nitrate and ammonium by CaCO3, 86 
we evaluated their partition coefficients between calcite, aragonite, vaterite, and aqueous 87 
growth media. We also used ion microprobe (SIMS) to assess the relative heterogeneity of 88 
individual polymorphs produced in these growth experiments. These analyses offer 89 
preliminary insight into possible mechanisms of anion incorporation and contribute to the early 90 
stages of developing calibration references that may enable quantification of nitrogen in the 91 
palaeorecord at the micrometre scale. 92 

 93 
2. Experimental and analytical methods 94 
2.1 Crystallization experiments 95 
The methodology used in this study for the precipitation of calcite crystals was initially 96 
developed by Gruzensky (1967) and subsequently modified by several studies (e.g., Paquette 97 
and Reeder, 1995; Gabitov et al., 2014, 2021). The principle of the method relies upon the 98 
decomposition of ammonium carbonate to produce CO2 and NH3 gas, followed by diffusion 99 
into an NH4Cl-CaCl2 solution. This promotes the growth of calcium carbonate crystals up to a 100 
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few mm in size. The experimental setup is depicted in Figure 1. Five different crystal growth 101 
experiments were set up (labelled SIMS-1 to SIMS-5), each containing an NH4Cl-CaCl2 102 
solution in varying concentration (Table 1). Ammonium concentration varied from 0.016 to 103 
4M. A calcium concentration of 0.01 M was used in all experiments except SIMS-5, where a 104 
higher Ca content (0.02 M) was required for saturating the solution with respect to calcite (Zhao 105 
et al., 2015). Four additional experiments (labelled SIMS-6 to SIMS-9), with similar NH4Cl-106 
CaCl2 concentration but different nitrate nitrogen (NO3-N) levels varying from 0 to 100 ppm 107 
were conducted (Table 1). Carbonate crystals grew on the walls and the bottom of the flask, as 108 
well as at the solution-air interface. The time taken to reach the onset of crystallization was 109 
determined by visual observation of crystals on the walls of the flask, and the duration of 110 
growth was allowed to vary between 1.5 to 4 months. At the end of the experiments, the NH4Cl-111 
CaCl2 fluids were analysed for nitrate and ammonium concentration. Solids were removed 112 
from the flask, rinsed with (DI) Mili-Q water at least three times, dried, visually characterized 113 
for their crystal structure, separated into rhomboids versus spherulite and truncated pyramid 114 
morphologies using optical microscopy, and analysed for nitrate and ammonium content. 115 
Experimental parameters are presented in Table 1.  116 

 117 

  118 
 119 
Figure 1. Experimental setup. Crystals of CaCO3 grew in NH4Cl+CaCl2 solutions, 120 
occasionally doped with NO3.  121 

 122 
Table 1. Experimental setup 123 

Name NH4Cl, 
mol/L 

CaCl2,  
mol/L 

NH4Cl, 
g/400ml 

CaCl2*2H2O,  
g/400ml 

NO3-N 
ppm 

NO3-N, 
std, ml 

t, days 
total 

t, days 
cryst. 

SIMS-1 0.016 0.010 0.3341 0.5734 0 0 51 49 
SIMS-2 0.031 0.010 0.6680 0.5830 0 0 51 n/d 
SIMS-3 0.13 0.010 2.677 0.5830 0 0 52 n/d 
SIMS-4 1.0 0.010 21.35 0.5805 0 0 52 n/d 
SIMS-5 4.0 0.020 85.57 1.181 0 0 115 n/d 
SIMS-6 0.50 0.010 10.64 0.5698 0 0 42 34 
SIMS-7 0.50 0.010 10.64 0.5790 1 0.4 42 34 
SIMS-8 0.50 0.010 10.67 0.5973 10 4 42 34 
SIMS-9 0.50 0.010 10.69 0.5958 100 40 42 34 
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All concentrations are for initial solutions and correspond to the amount of loaded chemicals or 
nitrate reference solution (1000 mg/L or 1000 ppm of N), where ppm are parts per million by 
volume. Total experimental duration and time passed since onset of crystallization are presented as 
t, days total; and t, days since onset of crystallization (cryst.), respectively. NO3-N stands for 
nitrogen in nitrate; n/d is not determined, i.e., the day when crystals became visible was not 
recorded. 

 124 
2.2 Optical microscopy, X-ray diffraction analyses, and Raman spectroscopy 125 

Precipitated calcium carbonate crystals were examined using optical microscopy to 126 
determine their morphology and size. Three distinct crystal morphologies were identified: 127 
rhomboids, spherulites (hemispherical bundles of acicular crystals radiating from the centre), 128 
and truncated pyramids (only formed in experiments conducted at high ammonium 129 
concentrations). With the exception of SIMS-5, each experiment produced more than one of 130 
these morphologies. When possible, individual crystal shapes were separated with forceps for 131 
further characterization. A point counting assessment using ImageJ was conducted based on 132 
grains observed in the available scanning electron microscopy (SEM) images.  133 

XRPD patterns were measured with a Rigaku SmartLab X-ray diffractometer with a 9-134 
kW rotating anode Cu-source equipped with a high-resolution Vertical θ/θ 4-Circle 135 
Goniometer and D/teX-ULTRA 250 High-Speed Position-Sensitive Detector System in 136 
reflectance mode at Lancaster University, UK. The system was configured with parallel-beam 137 
optics and a Ge (220) 2 bounce monochromator on the incident side. Crystalline solid samples 138 
were ground in a pestle and mortar and were loaded onto an offcut Si (911) zero-background 139 
holder. The measurements were performed as θ/2θ scans with a step size of 0.01 degrees, and 140 
a scanning speed of 1.5 degrees per minute. 141 

SEM images were collected using a JEOL JSM-6500F FE-SEM at the Institute for 142 
Imaging & Analytical Technologies (I2AT), Mississippi State University (MSU). Samples 143 
were placed on SEM sample stubs containing a double-sided carbon tape and were coated with 144 
platinum (10 nm thickness). The instrument was operated at a voltage of 5.0 kV and a working 145 
distance varying from 17 to 37.5 mm. 146 

Individual calcium carbonate crystals and spherulites were mounted on double-sided 147 
tape for in situ Raman spectroscopy at Mississippi State University, USA. All spectra were 148 
observed using a Civil Laser 532 nm DPSS laser and an Andor Shamrock SR-500i 149 
spectrograph with a 600 lines/mm grating. The spectra were then produced using the attached 150 
Andor Solus Software with the SR-500i in accumulation mode with 100 accumulations of 2 151 
second scans. The laser power was also maintained at 6.0 mW for all scans. Raman spectra for 152 
rhomboids, spherulites, and truncated pyramids were collected by performing three scans 153 
across three different regions of each sample. During scanning, the sample was translated 154 
across the x-y plane and refocused along the z-axis to maximize the signal for each region. All 155 
data underwent background subtraction using airPLS (adaptive iteratively reweighted 156 
Penalized Least Squares) background fitting, with a smoothness parameter (lambda) of 50, a 157 
polynomial order of 2, and a maximum of 15 iterations (Zhang et al., 2010). In cases where 158 
negative values were present, the minimum value was subtracted to ensure all values remained 159 
positive before proceeding to the next step. Finally, the data were scaled by the maximum 160 
intensity of the spectra after background subtraction to generate relative raman spectra. 161 

 162 
2.3 AQ-2 analyses for nitrate and ammonium 163 

Nitrate concentrations in post-experimental products were analysed using automated 164 
colourimetry (instrument model AQ2 SEAL discrete analyser, method EPA 353.2) following 165 
procedures described in Wynn et al. (2021). The methodology (based on the cadmium 166 
reduction of nitrate to nitrite) has an upper analytical range of 5 mg/L (ppm) NO3-N (nitrogen 167 
in nitrate) and a limit of detection (LOD) calculated as 0.01 ppm. Using the same sample 168 
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aliquots, concentrations of ammonia were determined, based on indophenol blue colourimetry 169 
(instrument model AQ2 SEAL discrete analyser, method EPA 350.1). The LOD for this 170 
technique was 0.02 ppm, with an upper range of 1 ppm NH4-N (nitrogen in ammonium). For 171 
both techniques, samples were diluted to within the range of the calibration reference materials. 172 
Analytical precision based on the repeat analysis of reference  materials (2.5 ppm and 0.5 ppm 173 
N for nitrate and ammonia analysis respectively) is reported to be within 5% of expected values.  174 

For analysis of N in experimental solids, modifications to the analytical technique were 175 
as follows. Solid calcium carbonate samples were prepared for NO3-N and NH4-N analyses by 176 
dissolving 20 mg of CaCO3 in 0.4 ml of ultra-pure 1M HCl and subsequently diluted using 0.6 177 
ml of DI Milli-Q water. This produced a final chlorine concentration of 0.4 M. Due to the high 178 
sensitivity of the SEAL AQ-2 analyser to chlorine, samples derived from the acid dissolution 179 
of calcium carbonate were matrix-matched to reference materials. A zero-N carbonate matrix 180 
was prepared by dissolving 800 mg of nitrogen-free CaCO3 in 16 ml of 1M HCl, followed by 181 
the addition of 24 ml of DI Milli-Q water. The obtained matrix was used in the preparation of 182 
reference solutions using a stock 1000 ppm N certified reference. Analysis of ammonia in the 183 
same samples and zero-N reference matrix were undertaken following further dilution by a 184 
factor of 5 to produce a final chlorine concentration of 0.08 M. 185 
 186 
2.4 Ion microprobe analyses 187 

Post experimental solids (rhomboids and spherulites) were embedded into cylindrical 188 
epoxy (Buehler EpoxyCure) mounts using double-sided sticky tape and 1-inch Teflon O-rings 189 
at Mississippi State University, USA. Mounts were flattened with 600, 800, and 1200 grit SiC 190 
paper, followed by polishing with 1µm alumina powder on a polishing cloth. After rinsing with 191 
DI water and drying, sample mounts were coated with 20 nm gold and examined with SIMS 192 
for nitrogen content. SIMS data are reported as the ratio of 12C14N to ¹²C¹²C (later referred to 193 
as CN/CC), which is proportional to total nitrogen in CaCO3. 194 

Preliminary scoping studies using an ion microprobe to detect N in calcite were 195 
undertaken using a CAMECA IMS 7f-GEO at the University of Edinburgh, School of 196 
Geosciences, UK. Due to interference between 12C14N and ¹³C¹³C at mass 26 and the limited 197 
mass resolving power of the instrument, a correction was applied to the measured signal. The 198 
¹³C¹³C contribution was estimated using the natural isotopic abundance of ¹³C, calculated as 199 
¹²C¹²C × 0.011. The corrected 12C14N intensity was obtained by subtracting the calculated 200 
¹³C¹³C signal from the total intensity at mass 26. Data acquired using the CAMECA IMS 7f-201 
GEO are presented in the Supplementary Materials (File S1_Edinburgh ims-1270). 202 

The data presented in this paper were collected at high mass resolving power at UCLA, 203 
using a CAMECA IMS 1290 instrument. Here, a 2 nA Cs+ primary beam was focused to a ~10 204 
µm spot and accelerated at 10kV to a sample stage held at -10kV. A normal incidence electron 205 
gun was used to compensate for charge buildup. The primary beam was rastered in a 25 × 25 206 
µm square for 180 s to mitigate for, if any, surface contamination, after which measurements 207 
were made using a 5 × 5 µm raster. The measurements were made in monocollection mode 208 
employing the axial electron multiplier (EM) with an MRP ~7500 using an entrance slit width 209 
of 41 µm, exit slit of 130 µm, and field aperture width of 2000 µm. The masses analysed include 210 
12C12C and 12C14N for 10 cycles. Each cycle lasted 12.5 s, which included waiting times of 4s 211 
on the 23.5 (“dummy mass”) and 1s each on the 12C12C and 12C14N. Counting times comprised 212 
0.5s on the 23.5 (“dummy mass”), 2s on 12C12C, and 4s on 12C14N). The deadtime correction 213 
was 47.7 ns.  214 

Nitrogen is more abundant in epoxy than in calcite (Table S-1). Therefore, potential 215 
contamination, which cannot be completely avoided, was evaluated for the experimental 216 
calcites. After 180 s of pre-sputtering on the natural (low-N) UCLA setup calcite, the 12C14N 217 
count rate decreased to 2·10² cps. In comparison, the experimental calcites exhibit CN count 218 
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rates at least six times higher: after identical pre-sputtering, the lowest-N experimental calcite 219 
showed 1.3·10³ cps, and the highest-N sample reached up to 5·10⁵ cps. Accordingly, we 220 
estimate that any contamination contribution is below 17% for the lowest-N experimental 221 
calcite and below 0.05% for the highest-N sample. 222 
 223 
 224 
3. Results 225 
3.1 Morphological characterization, bulk XRPD, and in-situ Raman spectroscopy. 226 

Examples of loose rhomboids and spherulites are shown in reflected light microscopy 227 
images from experiments SIMS-1–4 (Figure 2 A–D). Rhomboids and spherulites selected from 228 
each sample (SIMS-1–4) were mounted in epoxy (ultimately for use with ion microprobe 229 
analysis) as shown in Figure 2 (E–H). Crystal images from other experiments (including 230 
truncated pyramids) are shown as photomicrographs in the supplementary materials (S2 and 231 
S3). The size of individual crystals and/or spherulites qualitatively increases upon progression 232 
through SIMS-1, 2, 3, 4, and 5, coeval with increasing ammonium concentration in the growth 233 
media (NH4-N(aq)) from 0.016 M to 4 M (Table 1). Crystal sizes in experiments SIMS-6–9 234 
(NH4-N(aq) = 0.5 M) were similar to those in SIMS-4 (NH4-N(aq) = 1 M). Spherulites were 235 
observed in all experiments except SIMS-5. ImageJ analyses showed that the morphology 236 
proportions are as follows: SIMS-1, 60% rhomboids, 40% spherulites; SIMS-2, 100% 237 
rhomboids; SIMS-3, 94% rhomboids, 6% spherulites; SIMS-4, 85% truncated pyramids, 15% 238 
spherulites; SIMS-6, 22% truncated pyramids, 61% spherulites, 17% rhomboids. For SIMS-2, 239 
a value of 100% was assigned because no spherulites were observed in the available SEM 240 
image. However, spherulites were later found in experiment SIMS-2, when specifically 241 
searching for such a morphology. Overall, the observations presented below are generally 242 
consistent with the XRPD data (Table 2) regarding the percentages of calcite, aragonite, and 243 
vaterite. 244 

 245 
The texture of spherulites is also different between experiments, as shown on SEM 246 

images (Figure 2 I–L). At lower ammonium concentration (experiments SIMS-1, 2, 3, 6, 7, 8, 247 
9), spherulites consist of bundles of needle-shaped crystals radiating from the centre of each 248 
hemisphere (Figure 2 I–K). Such texture blocks light transmission through the spherulites 249 
(Figure 2 A, B) and changes the intensity of reflected light on polished spherulites, which look 250 
darker than calcites due to poor polishing compared to smooth calcite surfaces (Figure 2 E–G). 251 
This is not the case for sample SIMS-4 (experiment where spherulite precipitated at the highest 252 
ammonium concentration), where constituents of spherulites are more equant in shape, which 253 
causes partial light transmission (Figure 2D), slightly smoother/brighter surfaces (Figure 2H), 254 
and equant building blocks (Figure 2L) instead of radiating needles (Figure 2 I-K). 255 
 256 
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 257 
Figure 2. Example of optical SEM images of post-experimental solids. Transmitted light of 258 
loose crystals (A-D); reflected light of mounted and polished rhomboids and spherulites (E-259 
H); SEM images of spherulites from experiments SIMS-1, 2, and 4 (I–L), the magnified rim 260 
of SIMS-2 spherulite is shown on Fig. 2K. Spherulites from experiment SIMS-3, 6, 7, 8, and 261 
9 have textures identical to those of SIMS-2. Rhomboids in all experiments, as well as 262 
spherulites from experiment SIMS-4, are calcite. All other spherulites are aragonite, except 263 
those from SIMS-1, which are vaterite. 264 
 265 

The obtained diffraction patterns from XRPD analysis showed that crystals from 266 
experiment SIMS-1 contain a mixture of calcite and vaterite (Table 2, Figure 3a), whereas in 267 
experiments SIMS-6, 7, and 8 the mixture comprised calcite and aragonite. Figure 3b shows 268 
an example of the diffraction pattern of the sample SIMS-6. XRPD revealed calcite as the only 269 
mineral phase in the remaining experiments (i.e., SIMS-2, 3, 4, 9), albeit subsequent Raman 270 
spectra at the scale of individual crystals identified spherulites of aragonite mineralogy in 271 
SIMS-2, 3, and 9. Raman spectra confirmed the spherulites in SIMS-4 to be of calcite 272 
composition. All XRPD data are presented in the supplementary materials (S4). 273 
 274 

 275 
Figure 3. Example of XRPD patterns. Calcite and vaterite in experiment SIMS-1 (A); calcite 276 
and aragonite in experiment SIMS-6 (B). A, C, and V stand for aragonite, calcite, and 277 
vaterite, respectively.  278 
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Raman spectra were collected for three to five crystals of each shape—rhomboids, 279 
spherulites, and truncated pyramids. Spectra collected from rhomboids across all experiments, 280 
as well as selected truncated pyramids, display a distinct peak at 713 cm⁻¹, confirming their 281 
calcite mineralogy (Figure 4a). Another primary characteristic peak (Figure 4b) differentiates 282 
vaterite spherulites (1089–1091 cm⁻¹) from rhomboidal calcite (1087 cm⁻¹), which precipitated 283 
in experiment SIMS-1. These peak positions are consistent with the reported Raman data of 284 
Schaible et al. (2013). Additionally, a small vaterite peak at ~1075 cm⁻¹ (Gauldie et al., 1997) 285 
likely contributes to a noticeable difference in peak shape. The SEM image of a vaterite 286 
spherulite is presented within Figure 4b. Raman spectroscopy also revealed that spherulites 287 
from experiments SIMS-2, 3, 6, 7, 8, and 9 exhibit a distinct peak at 706 cm⁻¹, consistent with 288 
the aragonite reference material (Figure 4c). In contrast, spherulites from experiment SIMS-4 289 
show a distinct peak at 713 cm⁻¹, aligning with the calcite reference material (Iceland Spar). 290 
This mineralogical difference of spherulites was confirmed by higher magnification SEM 291 
imaging, where textural distinction between spherulitic calcite and aragonite was observed 292 
(Figure 4c). Also, Raman data indicate the presence of aragonite spherulites in the samples 293 
SIMS-2, 3, and 9, which were not detected by XRPD, probably due to the small amount of 294 
aragonite relative to calcite (Tables 2 and 3). Individual Raman spectra are presented in 295 
supplementary materials (S5). Due to the lack of vaterite reference material, we relied on 296 
Raman data sourced from the literature. 297 
 298 
Table 2. Analyses of nitrogen in final experimental fluids and multiple batches of solids. 299 

Run Shape  XRPD 
mineralogy 

pH  NH4-N 
aq 
ppm 

NH4-N 
CaCO3 
ppm 

NO3-N 
aq 
ppm 

NO3-N 
CaCO3 
ppm 

D(NH4) D(NO3) 

SIMS-1 R n/a 8.65 1272.0 9.95 n/a  n/a  n/d n/d 
SIMS-1 mix Cal(41), Vtr(59) 8.65 1272.0 7.56 n/a  n/a  n/d n/d 
SIMS-2 mix n/a 8.04 1026.0 4.65 n/a  n/a  n/d n/d 
SIMS-2* R Cal(100) 8.04 1026.0 4.73 n/a  n/a  4.61·10-3 n/d 
SIMS-3* R Cal(100) 8.08 1563.0 26.7 n/a  n/a  17.1·10-3 n/d 
SIMS-4 mix n/a 7.58 8220.0 86.9 n/a  n/a  n/d n/d 
SIMS-4 mix Cal(100) 7.58 8220.0 92.3 n/a  n/a  11.2·10-3 n/d 
SIMS-5& TP n/a 7.45 76880 190 n/a  n/a  2.47·10-3 n/d 
SIMS-6& S n/a 7.83 6162.0 179 n/a  n/a  29.1·10-3 n/d 
SIMS-6 mix Arg(91), Cal(9) 7.83 6162.0 n/a n/a  n/a  n/d n/d 
SIMS-6 R, TP n/a 7.83 6162.0 59.4 n/a  n/a  n/d n/d 
SIMS-7& S n/a 7.85 6379.0 163 0.845 0.55 25.6·10-3 0.651 
SIMS-7 mix Arg(22), Cal(78) 7.85 6379.0 n/a 0.845  n/d n/d 
SIMS-7 R, TP n/a 7.85 6379.0 48.6 0.845 0.65 n/d n/d 
SIMS-8& S n/a 7.75 6305.0 168 8.19 0.70 26.7·10-3 0.0855 
SIMS-8 mix Arg(35), Cal(65) 7.75 6305.0 n/a  8.19 n/a  n/d n/d 
SIMS-8 mix n/a 7.75 6305.0 55.2 8.19 0.60 n/d n/d 
SIMS-8 R, TP n/a 7.75 6305.0 78.8 8.19 0.90 n/d n/d 
SIMS-9& S n/a 7.92 5714.0 88.0 66.0 2.0 15.4·10-3 0.0296 
SIMS-9* mix Cal(100) 7.92 5714.0 43.2 66.0 1.4 7.56·10-3 0.0212 
Different batches of the same samples were measured in some experiments. NO3-N and NH4-N stand for 
nitrogen in nitrate and nitrogen in ammonium, respectively. Partition coefficients were calculated only for 
samples in which a single mineral phase was identified by XRPD, or where single mineralogy was confirmed 
by Raman spectroscopy on individual grains exhibiting the predominant grain morphology. 
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(*) - Trace quantities of aragonite spherules subsequently detected by Raman spectroscopy.  
(&) - Despite the lack of XRPD data, calcite mineralogy (for R and TP) and aragonite mineralogy (for S) were 
confirmed by Raman spectroscopy. 
Shape – crystal morphology based on visual examination of each sample batch. Cal - calcite, Vtr - vaterite, 
Arg – aragonite, with percentage composition provided in parentheses. n/d - not determined due to the 
limited sample amount; n/a - not analysed; aq- aqueous; R - rhomboids; TP – truncated pyramids; S – 
spherulites; mix – mixture of all grains in individual sample; n/d – not determined due to the polymineralic 
nature of the samples or the absence of nitrate in the system. 
 

 300 
 301 

 302 
Figure 4. Average of Raman spectra of individual crystals/spherulites. A) Identification of 303 
rhomboidal and truncated pyramid calcite; B) Identification of spherulitic vaterite; C) 304 
Identification of spherulitic aragonite and calcite. Reference spectra were collected on natural 305 
Iceland Spar and aragonite monocrystals. Spherulitic textures are shown for vaterite (Fig. 4b), 306 
for aragonite and calcite (Fig. 4c). 307 
 308 

Our data suggest that aqueous ammonium supresses the formation of vaterite and 309 
aragonite, as only calcite was observed in the experiments with high NH4Cl concentration 310 
(SIMS-4, 5) according to both XRPD and Raman techniques. Whereas vaterite or aragonite 311 
were detected along with calcite in the experiments SIMS-1, 2, and 3, in which the growth 312 
duration (51–52 days) is similar to SIMS-4. Another key parameter in polymorph 313 
crystallization is time, as only calcite was detected in the long-term (a few months) experiment 314 
conducted by Gabitov et al. (2021) in solutions of the same NH4Cl concentration (0.5 M) as 315 
SIMS-6, 7, 8, and 9 (42 days of duration). Therefore, aragonite and vaterite probably were 316 
intermediate mineral phases and eventually transformed into calcite in the experiment of 317 
Gabitov et al. (2021). Calcite spherulites (experiment SIMS-4) likely exhibit an intermediate 318 
texture that forms during the transformation of aragonite to calcite. 319 
 320 
 321 
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3.2 Ammonium-N and nitrate-N in post experimental carbonate crystals and fluids 322 
The content of NH4-N measured in large calcite rhomboids and truncated pyramids 323 

manually separated from SIMS-2–6 experiments, increases with increasing NH4-N 324 
concentration in the experimental fluid in a non-linear manner (Figure 5A). This non-linearity 325 
is due to data from the experiment (SIMS-5), which supported the highest NH4-N concentration 326 
in both calcite rhomboids and experimental fluids (Figure 5A). Without the inclusion of data 327 
from  experiment SIMS-5, the data show a near-linear correlation (Figure 5B). These trends 328 
could be explained by the approach towards calcite saturation with NH4 in the high-ammonium 329 
experiment (SIMS-5) or by the presence of more than one CaCO3 polymorph in most of the 330 
samples, unlike SIMS-5, where only two clusters of large calcite crystals in the form of 331 
truncated pyramids precipitated.   332 

 333 

 334 
Figure 5. NH4-N content in calcite versus its concentration in fluid for experiments SIMS-2–335 
6 (Nitrate-free experiments). Fig. 5A includes data from experiment SIMS-5, which 336 
contained the highest ammonium concentration in both experimental fluid and product 337 
crystals. Data bounded by the red inset box are expanded in Fig. 5B, with SIMS-5 omitted.. 338 
The data from the SIMS-1 experiment are not included here as there was not enough material 339 
to conduct both AQ-2 and XRPD analyses.  340 
 341 

In experiments (SIMS-6, 7, 8, 9), aragonite spherulites were visually separated from 342 
calcite rhomboids, and a difference in NH4-N(CaCO3) content was observed between these 343 
texturally distinct crystal morphologies (Figure 6A, Table 2). In three of these experiments 344 
(SIMS-6, 7, 8), aragonite spherulites displayed NH4-N concentrations approximately three 345 
times greater than calcite rhomboids. This difference between aragonite and calcite is 346 
approximately two times smaller in experiment SIMS-9. Analyses of individual grains via 347 
SIMS, which eliminated any morphological cross-contamination effect from visually 348 
separating polymorphs, are presented below in section 3.3. 349 

 350 
The content of NO3-N measured in fluid and CaCO3 samples from nitrate-doped 351 

experiments (SIMS-7, 8, 9) is presented in Figure 6B and Table 2. The concentration of NO3-352 
N in CaCO3 increases with concentration in the fluid. There, the linear fit of data obtained 353 
fromspherulites is steeper than that obtained from rhomboids. Unlike ammonium, no 354 
systematic difference in nitrate content was observed while comparing rhomboids and 355 
spherulites. 356 
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 357 
Figure 6. Nitrogen content (analysed by AQ2) in rhomboids (diamonds) and spherulites 358 
(circles) versus its concentration in fluid with initial ammonium of 0.5 M and variable nitrate 359 
concentration: A) Ammonium; B) Nitrate for the samples SIMS-7,8,9.  360 
 361 
3.3 Ion microprobe analyses of total nitrogen in individual grains of CaCO3  362 

Optical microscopy images in Figures 7 and 8 show polished calcite, vaterite, and 363 
aragonite grains embedded in epoxy. During each ion microprobe spot analysis, a small area 364 
of CaCO3 was destroyed with the ion beam, leaving a rectangular mark with a dimension of 40 365 
µm * 30 µm (Figure 7a, b). Up to four grains of calcium carbonate from each experiment were 366 
examined by ion microprobe, and the average values for each grain (n=2 to n=17) are presented 367 
in Table 3. The data confirmed that aragonite and vaterite spherulites are always enriched in 368 
total nitrogen compared to calcite rhomboids for each individual experiment. The only 369 
exception to this pattern of spherulites being enriched compared to rhomboids was observed in 370 
experiment SIMS-4 (supplementary materials S3 and S6). There the average CN/CC values for 371 
SIMS-4 calcite spherulites and rhomboids overlap within 1 s.e. (standard deviation divided by 372 
the square-root of n), i.e., CN/CC(rhomboids)=0.892±0.508 and 0.655±0.635 whereas 373 
CN/CC(spherulites)=1.17±0.129 cps/cps, which is not the case for other experiments, where 374 
spherulites consist of aragonite and vaterite (Table 3).  375 

 376 
An assessment of intra-crystalline heterogeneity was undertaken, with the aim of 377 

producing a carbonate reference material that could be used for ion microprobe calibration. Ion 378 
microprobe data show that individual calcite crystals (rhomboids and truncated pyramids) are 379 
highly heterogeneous in nitrogen (1 s.e.>50%), with some data points being up to an order of 380 
magnitude different from adjacent locations (e.g., Figure 7b). The large errors associated with 381 
averaged data points (1.s.e. of the multiple analytical spots) are presented in Table 3. Given the 382 
high heterogeneity of the SIMS CN/CC data, the measurements were separated into two 383 
groups, referred to as high-N and low-N calcite. The criterion for identifying high-N calcite 384 
was a difference of at least one order of magnitude between the low-N and high-N populations, 385 
except for experiments SIMS-1 and SIMS-2, where a minimum difference of a factor of 386 
two was applied. The biggest synthesized crystal (SIMS-5) yielded the largest dataset (17 387 
spots) with all labelled on the photomicrograph (Figure 8). Although no spatial control on 388 
nitrogen content in this crystal was observed, the difference in nitrogen concentration between 389 
high-N and low-N groups is almost two orders of magnitude. Figure 8 shows the nitrogen 390 
content in each group,  calculated from both the ammonium concentrations in bulk calcite (AQ-391 
2 analyses) and CN/CC ratios (SIMS analyses) using equation 1 and 2:  392 

(N)ℎ𝑖𝑖𝑖𝑖ℎ−𝑁𝑁 = (NH4 − N)𝐴𝐴𝐴𝐴−2  ∙ (CN/CC)high−N / (CN/CC)all data   [Eq. 1] 393 

(N)𝑙𝑙𝑙𝑙𝑙𝑙−𝑁𝑁 = (NH4 − N)𝐴𝐴𝐴𝐴−2  ∙ (CN/CC)low−N / (CN/CC)all data  [Eq. 2] 394 
 395 
Where CN/CC are the averages of SIMS data from high-N and low-N groups as well as the 396 
average of all SIMS data collected on this individual crystal. 397 
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 398 
Table 3. Ion microprobe data from the two analytical sessions: average of each CaCO3 grain. 399 

Experiment Raman 
Mineralogy 
/ crystal 
shape 
 

Grain 
no. 

n 
 
 

CN/CC 
cps/cps 
 
 

1.s.e 
 
 
 

NH4-N 
CaCO3 
ppm 
 
 

NO3-N 
CaCO3 
ppm 
 

Session-1: Comparison of rhomboids, truncated pyramids, and spherulites  
SIMS-1  Cal / R 1 2 0.0758 0.0145 7.53 n/a 
SIMS-1  Cal / R  2 2 0.0676 0.00207 7.53 n/a 
SIMS-2  Cal / R 1 3 0.0275 0.0133 4.73 n/a 
SIMS-3  Cal / R 1 3 0.249 0.121 26.7 n/a 
SIMS-4  Cal / R 1 3 0.655 0.635 92.3 n/a 
SIMS-6  Cal / TP 1 3 0.683 0.502 59.4 n/a 
SIMS-7  Cal / TP 1 3 0.405 0.0115 48.6* 0.65* 
SIMS-8  Cal / TP 1 3 1.41 0.411 55.2* 0.90* 
SIMS-9  Cal / R  1 3 0.176 0.173 43.2 1.4& 
SIMS-1  Vtr / S 1 2 0.394 0.0195 7.53 n/a 
SIMS-1  Vtr / S 2 2 0.215 0.00440 7.53 n/a 
SIMS-2  Arg / S 1 3 0.759 0.0190 4.73 n/a 
SIMS-3  Arg / S 1 3 1.82 0.0770 26.7 n/a 
SIMS-3  Arg / S 2 3 1.75 0.0638 26.7 n/a 
SIMS-4  Cal / S 1 3 1.17 0.129 92.3 n/a 
SIMS-6  Arg / S 1 3 3.50 0.0444 179 n/a 
SIMS-6  Arg / S 2 3 3.33 0.141 179 n/a 
SIMS-7  Arg / S 1 8 3.46 0.0484 163 0.55 
SIMS-7  Arg / S 2 4 2.83 0.0478 163 0.55 
SIMS-8  Arg / S 1 7 3.36 0.0220 168 0.70 
SIMS-9  Arg / S 1 3 2.71 0.212 88.0 2.0 
SIMS-9  Arg / S 2 3 2.75 0.116 88.0 2.0 

Session-2: Heterogeneity of individual calcite crystals 
SIMS-1 Cal / R 3 3 0.0507 0.0321 7.53 n/a 
SIMS-2 Cal / R 3 4 0.0235 0.0149 4.73 n/a 
SIMS-3 Cal / R 3 4 0.287 0.0958 26.7 n/a 
SIMS-4 Cal / R 3 4 0.892 0.508 92.3 n/a 
SIMS-5 Cal / TP 1 17 2.39 0.502 190 n/a 
SIMS-6 Cal / R 3 4 0.886 0.0577 59.4 n/a 
SIMS-6 Cal / TP 4 3 0.0857 0.0521 59.4 n/a 
All grains were collected from the walls of the growth containers. Cps = counts per second. n 
represents the number of analytical spots collected at various locations that comprise the average 
cps data for an individual crystal or spherulite. CN/CC is an average of the intensity ratios 12C14N 

/12C12C (cps/cps), which are presented in the Table S-6. Cal, Vtr, and Arg are calcite, vaterite, and 
aragonite. R, S, and TP are rhomboids, spherulites, and truncated pyramids. NH4-N(CaCO3) was 
determined by AQ-2. 1 s.e. = standard deviation / √n 
(*) – ammonium and nitrate data are from AQ-2 analyses of the mixtures of R and TP.   
(&) – ammonium and nitrate data are from AQ-2 analyses of the mixtures of all shapes in SIMS-9, 
where only calcite was detected with XRPD.   

 400 
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 401 
Figure 7. Examples of SIMS intensity ratios collected on rhomboids and spherulites. Fig. 7A 402 
An example of the location of ion beam spot analyses on the polished CaCO3 of the sample 403 
SIMS-1; numbers correspond to CN/CC. Fig 7B An example of the location of ion beam spot 404 
analyses on the polished calcite crystals of the samples SIMS-2 and SIMS-3.  405 
 406 

Spherulites resulted in a polycrystalline phase which was more homogeneous in 407 
nitrogen at the applied spatial resolution (Figure 8). The 1 s.e. values for aragonite and vaterite 408 
spherulites are much smaller than those for calcite rhomboids and generally do not exceed 10%. 409 
This is likely due to the relatively large size of the ion microprobe analytical spots, which 410 
exceed the thickness of individual spherulite needles (< 10 µm) and therefore yield an average 411 
nitrogen content from an area of 40 µm * 30 µm. Therefore, potential sectoral zoning (as 412 
inferred to exist in rhomboids) was not detectable in the spherulites. This leads to lower 413 
standard errors within individual aragonite or vaterite spherulites compared to calcite 414 
rhomboids (Table 3). The smallest intra-spherulite variability in nitrogen (1 s.d.=1.7-4.0 % or 415 
1 s.e.=0.65-1.4 %) was achieved when the number of analytical spots (n) exceeded 3. At n=3, 416 
1 s.d. was as high as 13.5 % or even 19 % in the texturally distinct calcite spherulite from 417 
experiment SIMS-4, which is the only experiment where spherulites have calcite mineralogy. 418 
This observation is consistent with the different microtextures observed in the spherulites: 419 
calcite spherulites from SIMS-4 consist of equant, semi-transparent crystals, whereas aragonite 420 
(SIMS-2) and vaterite (SIMS-1) spherulites are composed of needle-like crystals radiating from 421 
the center (Figure 2). The equant calcite crystals within the SIMS-4 spherulites likely contain 422 
sectoral zonation, which increases intra-spherulite heterogeneity to as much as 19%. 423 

 424 
The largest datasets (n=8 and n=7) of two individual aragonite spherulites from 425 

experiments SIMS-7 and 8, where the initial ammonium concentration in the growth media 426 
was the same, are shown in Figure 8. An order of magnitude difference in the initial aqueous 427 
nitrate concentration (1 and 10 ppm) did not affect the ion microprobe data, as averaged CN/CC  428 
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are very similar in these samples (3.5 and 3.4 cps/cps for SIMS-7 and SIMS-8 spherulites), 429 
with standard deviations of 4.0 and 1.7 % respectively. This suggests larger spherulites grown 430 
in a solution of 0.5 M NH4Cl and 0.01 M CaCl2 by the CO2 diffusion technique have the 431 
potential to be used as ion microprobe reference materials for nitrogen, and possibly its 432 
isotopes. This method should enable spatial resolution of analysis at 30 µm, with N=164-169 433 
ppm and at a precision of <10% (1.s.d.), where the N-range is the range of total nitrogen in 434 
aragonite spherulites of the samples SIMS-7 and 8. The inter-spherulite variability was 435 
calculated between pairs of spherulites in five experiments (Table 3). There, the largest 1 s.d. 436 
of 41 % (1 s.e. of 29%) was observed between small vaterite spherulites 1 and 2 from 437 
experiment SIMS-1. In the other four experiments (SIMS-3, 6, 7, and 9), inter-spherulite 438 
variability in larger spherulites varied from 1.0 to 14 % of 1 s.d. (1 s.e.=0.73–10%) with the 439 
average 1 s.d. value of 5.4 % (or average 1 s.e.=3.8%). 440 

 441 
Table 4. Selected data (high-N) of nitrogen in nitrate-free calcites. 442 

Experi
ment 

CN/CC 1s.d. n 1s.e. NH4-N, 
ppm 

log(CN/CC) 1s.e. log(NH4-N) 

SIMS-1 0.0801 0.0219 5 0.00980 7.56 -1.10 0.0566 0.876 
SIMS-2 0.0499 0.0158 3 0.00910 4.73 -1.30 0.0877 0.675 
SIMS-3 0.375 0.0509 5 0.0228 26.7 -0.426 0.0272 1.43 
SIMS-4 1.82 0.0905 3 0.0522 92.3 0.261 0.0126 1.96 
SIMS-5 3.53 0.797 12 0.278 190 0.526 0.0375 2.28 
SIMS-6 1.04 0.367 5 0.164 59.4 0.0185 0.0743 1.77 
NH4-N data are from AQ-2 analyses of calcite bulk. The criterion for selecting high-N calcite was a 
difference of at least one order of magnitude between low-N and high-N calcite, except for 
experiments SIMS-1 and SIMS-2, where a minimum difference of a factor of two was used.  

 443 
 444 

 445 
Figure 8. An assessment of intra-crystalline heterogeneity of the largest rhomboid 446 
(experiment SIMS-5) and spherulites (experiments SIMS-7 and 8) with photomicrographs. 447 
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Average CN/CC ratios and calculated N concentrations for high-N and low-N groups are 448 
presented on the plots. 449 

 450 
Notwithstanding the heterogeneity of intra- and inter-crystalline N concentrations, as 451 

measured by ion microprobe and defined above, plots of averaged ion probe CN/CC versus 452 
bulk AQ2-N show potential for use as a SIMS calibration data set. Plots of CN/CC intensity 453 
ratios versus AQ-2 ammonia content of calcite are presented in Figure 9 for: a) All ion 454 
microprobe data collected from crystal morphologies grown as a part of experiments SIMS-1–455 
6 (1 s.e. within individual growth experiments ranges between 21.0 to 63.5 %); b) High-N 456 
SIMS data, where low-N spots were excluded (1 s.e. within individual growth experiments 457 
with low-N data removed ranges between 2.87 to 15.7 %) (see also Table 3 and Table 4). Data 458 
from samples SIMS-7, SIMS-8, and SIMS-9 are not included in the plot, as these samples were 459 
mounted separately and analysed in different ion microprobe analytical sessions, potentially 460 
introducing offsets due to the absence of a nitrogen reference. The R2 values for calibration 461 
curves obtained from both data sets are above 0.99. Based on the calibration curves presented 462 
in Figure 9, we thus consider the use of multiple carbonate crystals grown according to the CO2 463 
diffusion protocol presented here, may be considered appropriate as SIMS calibration materials 464 
for nitrogen at concentrations ranging between 7.53 and 190 ppm.  465 

 466 
Figure 9. Calibration curves of ion microprobe CN/CC (cps/cps) and AQ-2 nitrogen (ppm) 467 
data. Ion probe data collected on calcites from experiments SIMS-1–6 are from an individual 468 
session-2 (Table 3), data are the averages from each experiment. 469 
 470 
 471 
4. Discussion 472 
4.1 Partitioning of ammonium and nitrate between CaCO3 polymorphs and aqueous 473 
growth media 474 

To evaluate a relationship between nitrogen contained in the aqueous growth media and 475 
N-bearing polymorphs of CaCO3 (measured with AQ-2), Nernst partition coefficients (D) were 476 
calculated for ammonium as D(NH4) = NH4-N(CaCO3) / NH4-N(aq) and for nitrate as D(NO3) 477 
= NO3-N(CaCO3) / NO3-N(aq). In experiments SIMS 4 and 5, and in the selected calcite 478 
batches from experiments SIMS 2 and 3, D(NH4) values were calculated to range from 2.47·10-479 
3 to 17.1·10-3 (Table 2). We were able to manually separate spherulites, which were 480 
predominantly of aragonite mineralogy, from bulk crystals and run AQ-2 analyses in four 481 
samples (SIMS-6, 7, 8, and 9), where the mass of extracted crystals was sufficiently high. 482 
Partition coefficients for incorporation of ammonium into aragonite spherules range between 483 
15.4·10-3 and 29.1·10-3 (Table 2). This suggests that ammonium is more compatible with 484 
aragonite than with calcite. This difference in ammonium compatibility between calcite and 485 
aragonite is corroborated by sample SIMS-9. In the sample SIMS-9mix, where only calcite was 486 
identified by XRPD, AQ-2 analyses revealed a low partition coefficient for ammonium 487 
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(D(NH₄) = 7.56·10-3; Table 2). In contrast, analyses of coexisting spherulites from the same 488 
experiment (SIMS-9S) revealed higher ammonium concentrations, corresponding to a higher 489 
partition coefficient (D(NH₄) = 15.4·10-3). Nitrate D values in SIMS-9mix, which were 490 
identified as calcite with XRPD, is 0.0212 (Table 2).  Nitrate D values in aragonite spherulites 491 
(SIMS-9S), which were identified as aragonite with Raman spectroscopy, is 0.0296. 492 

Ion microprobe analyses of individual grains showed that calcium carbonate 493 
polymorph-controlled uptake is even stronger than observed with AQ-2 bulk ammonium 494 
analyses, such that aragonite and vaterite spherulites were found to be enriched with respect to 495 
calcite rhomboids by up to a factor of 15, as shown for the sample SIMS-9 (Table 3). No 496 
physical separation of polymorphs was performed prior to AQ2 analyses in sample SIMS-1, 497 
i.e., AQ-2 and XRPD data represent the mixture of both morphologies. Therefore, in this 498 
sample, mass balance calculations were performed using SIMS intensity ratios and AQ2 499 
concentration data to evaluate ammonium partition coefficients in polymorphs, where vaterite 500 
and calcite yielded abundances of 59 % and 41 % respectively (Table 2). 501 

N − NH4(Vtr)  = (CN/CC)Vtr / (CN/CC)Mix  · NMIX
AQ−2 [Eq. 3] 502 

N − NH4(Cal)  = (CN/CC)Cal / (CN/CC)Mix  · NMix
AQ−2      [Eq. 4] 503 

 504 
Here NVtr and NCal are nitrogen content in vaterite and calcite; CN/CC is an average of intensity 505 
ratios (cps/cps) from ion microprobe analyses for vaterite (CN/CC)Vtr = 0.3045, calcite 506 
(CN/CC)Cal = 0.06270 and their mixtures: 507 

              (CN/CC)Mix = (CN/CC)Vtr ⋅ 0.59 + (CN/CC)Cal ⋅ 0.41 = 0.2054        [Eq. 5] 508 

 NMIX
AQ−2 is NH4-N measured by AQ-2 (7.525 ppm).  509 

 510 
DVtr
NH4 = N − NH4(Vtr) / NFluid = 11.16 / 1272 = 8.77 · 10−3;             [Eq. 6] 511 

DCal
NH4 = N − NH4(Cal)  / NFluid = 2.297 / 1272 = 1.81 · 10−3.                       [Eq. 7]            512 
 513 

Similar calculations were performed for aragonite spherulites and calcite rhomboids from 514 
experiments SIMS-6, 7, and 8 (Table 5). Here, XRPD yielded both mineral phases and partition 515 
coefficients for specific polymorphs calculated by ion microprobe mass balance could be 516 
compared directly to those quantified by AQ2 analysis. The calculated partition coefficients 517 
are summarized in Table 5, where D(NH4) values are higher for aragonite and vaterite 518 
compared to co-existing calcite. This ion microprobe-based difference is more pronounced for 519 
aragonite and calcite in samples SIMS-6 and 7 compared to AQ-2 data on visually separated 520 
spherulites from bulk crystal mixes shown in Table 2. Additionally, the ion microprobe-derived 521 
values of DAR

NH4 (Table 5) are comparable to, or approximately half of, the AQ-2-based values 522 
(Table 2). This discrepancy is likely due to variations in the calcite-to-aragonite ratio among 523 
different sample batches. Note that experiments SIMS 7 and 8 contained nitrate at ppm levels 524 
and an order of magnitude concentration difference in the aqueous growth media (1 and 10 525 
ppm. respectively). However, these nitrate concentrations in the growth media had an 526 
insignificant effect on the SIMS data, as CN/CC values are very similar in these samples (3.5 527 
and 3.4 cps/cps for SIMS-7 and SIMS-8 spherulites), with standard deviations of 4.0 and 1.7 528 
% respectively. Nitrate in the aqueous growth media thus generated no difference in D(NH4), 529 
which was well below the analytical error and the variability due to nitrogen heterogeneity. 530 
Overall, the average DAR

NH4 of 0.0163 is five times higher than average DCAL
NH4 of 0.00309 (Table 531 

5). 532 
Although the clear difference in ammonium uptake between calcite and other polymorphs 533 

was identified via two different techniques at the macro (AQ-2) and ion microprobe scales, 534 
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there is a potential caveat in the interpretation of these data due to textural difference. Unlike 535 
calcite rhomboids, vaterite and aragonite spherulites can contain ammonium between needle-536 
like crystals at the sub-µm scale, which could cause an overestimation of the analysed NH4-N. 537 
Such an effect was not observed for nitrate uptake as its concentration in the fluid is much 538 
lower than the ammonium concentration. However, this hypothesis—that ammonium is 539 
entrapped at the surface of individual microcrystals—was not corroborated by ion microprobe 540 
analyses of the sample SIMS-4, as the CN/CC values of calcite spherulites overlap with those 541 
of rhomboids, suggesting the preferential incorporation of ammonium into aragonite spherules 542 
was controlled by carbonate polymorph rather than crystal morphology. 543 

Unlike ammonium uptake, nitrate uptake by CaCO3 does not systematically depend on 544 
polymorph or crystal morphology, suggesting that there is no difference between partition 545 
coefficients (D(NO3)) for aragonite and calcite. Therefore, D(NO3) values of unseparated 546 
CaCO3 mixtures are similar to those of spherulites picked from a pile of mixed crystals (Table 547 
2 and Figure 10). The D(NO3) decreases from 0.769 to 0.021 when NO3(aq) in the growth 548 
media increases from 0.84 to 66.0 ppm. These experimentally determined values are about 2 549 
times lower than D(NO3) re-calculated from speleothem nitrate data in Wynn et al. 2021 (0.48–550 
2.6, average of 1.3). Despite a drastic difference in the composition of the aqueous growth 551 
media, i.e., high ammonia chloride in our experimental system, in contrast with low salinity 552 
drip waters in the cave system (Wynn et al. 2021), both datasets show similar trends. This 553 
suggests that nitrate uptake occurred out of equilibrium, which is common for ion incorporation 554 
to calcite under environmental conditions. For sulphate uptake into the carbonate crystal lattice, 555 
pH and crystal growth rate were demonstrated to be key controlling factors (Wynn et al. 2018). 556 
However, for nitrate, neither pH nor growth rate can explain the trend observed in our 557 
experiments (Figure 10). Growth media composition (NH4Cl and CaCl2) and thus pH were 558 
similar in SIMS-7, 8, and 9 (Tables 1 and 2). The concentration of aqueous nitrate is the only 559 
difference (x100) between the experiments, suggesting competition of NO3

- with CO3
2- during 560 

uptake into the carbonate lattice and/or modification to the carbonate surface (Hofmann 2016) 561 
may have affected the crystallization reaction and nitrate uptake.  562 

 563 
Table 5. Calculated ammonium partition coefficients for vaterite, aragonite, and calcite 564 
(DVtr,Arg,Cal

NH4 ) .  565 
 SIMS-1 SIMS-6 SIMS-7 SIMS-8 

XRPD: Vtr % 59 n/a n/a n/a 

XRPD: Arg % n/a 91 22 35 

XRPD: Cal % 41 9 78 65 

(CN/CC)Vtr 0.3045 n/a n/a n/a 

(CN/CC)Arg n/a 3.415 3.458 3.358 

(CN/CC)Cal 0.06270 0.5850 0.4050 1.410 

(CN/CC)Mix 0.2054 3.160 1.077 2.092 

N − NH4(Vtr), ppm 11.16 n/a n/a n/a 

N − NH4(Arg),  ppm n/a 64.18 156.1 88.55 

N − NH4(Cal), ppm 2.297 10.99 18.29 37.18 

DVtr
NH4

 8.77·10-3
 n/a n/a n/a 

DArg
NH4

 n/a 10.4·10-3
 24.5·10-3

 14.0·10-3
 

DCal
NH4

 1.81·10-3
 1.78·10-3

 2.87·10-3
 5.90·10-3
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Data are based on AQ-2 and ion microprobe analyses. Vtr, Arg, Cal, and Mix are vaterite, 
aragonite, calcite, and a mixture of two CaCO3 minerals, respectively, i.e., Cal+Vtr or Cal+Arg. 
(CN/CC)Vtr, Arg, Cal averages ion microprobe intensity ratios of 12C14N/12C12C of multiple spots in 
vaterite, aragonite, and calcite, respectively, i.e., the weighted average of the CN/CC data 
presented in Table 3. (CN/CC)MIX was calculate using equation 5. Concentrations of ammonium 
nitrogen, i.e., N − NH4(Vtr, Cal), were calculated using equations 3 and 4 for vaterite and calcite 
(similarly for aragonite). Partition coefficients DVtr,CAL

NH4  were calculated using equations 6 and 5 for 
vaterite and calcite (similarly for aragonite). 
 

 566 
The high intra-crystalline heterogeneity observed in the calcites is consistent with 567 

previous studies on other elements distribution in similarly grown calcite. Sectoral zoning of 568 
boron (B) in calcite was reported by Hemming et al. (1998), and partition coefficients of B and 569 
lithium (Li) between calcite sectors and growth media were evaluated by Gabitov et al. (2021). 570 
The growth entrapment model (Watson et al. 2004) provides a possible explanation for this 571 
heterogeneity, where observed sectoral zoning occurred because of the differences in surface 572 
enrichment factors of geometrically non-equivalent adjacent sectors. The nature of contrasting 573 
surface enrichment factors was suggested by Hemming et al. (1998) to be due to different rates 574 
of adsorption of tetragonal boron species and their conversion to trigonal species (BO3

-), which 575 
are abundant in calcite. A more significant uptake of B by vicinal faces with acute growth steps 576 
compared to those with obtuse growth steps was ultimately suggested to cause the observed 577 
sectoral zoning. 578 

 579 

 580 
Figure 10. Nitrate uptake by experimental CaCO3 and speleothem calcite (triangles, Wynn et 581 
al. 2021). Diamonds are unseparated mixtures of calcite and aragonite analysed with AQ-2; 582 
circles are picked spherulites (aragonite in SIMS-7, 8 and calcite in SIMS-9). 583 

 584 
 Overall, the carbonate textures produced in this study are relevant to natural settings. 585 
Aragonite and vaterite spherulites resemble many biogenic marine and freshwater minerals, 586 
such as corals and fish otoliths (Dauphin, 2001; Mukkamala et al., 2006; Weiner and Addadi, 587 
2011; Christy, 2017). Corals benefit from spherulitic growth because aragonite crystals grow 588 
up to 10 times faster along the c-axis than the a-axis. In spherulites, where growth is primarily 589 
along the fast c-axis, this geometry allows for more efficient space filling than any other growth 590 
pattern (Sun et al. 2017). Similarly, calcite and aragonite spherulites can be texturally 591 
analogous to speleothems found in terrestrial and coastal caves (Fairchild et al., 2006; Frisa, 592 
2015). Therefore, the obtained partitioning data could be applied as a proxy for carbonate 593 
deposits to study ammonia and nitrate cycling. 594 
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 595 
5. Conclusions 596 

Understanding the role of nitrogen in the carbonate palaeorecord depends upon 597 
quantitative knowledge of partitioning across the aqueous - CaCO3 interface. Partitioning is 598 
seen to vary depending on nitrogen species and carbonate polymorph. Ammonium 599 
demonstrated a greater efficiency of incorporation into synthesised crystals of aragonite and 600 
vaterite compared to calcite. Ion microprobe analysis revealed a more homogenous distribution 601 
of ammonium within the aragonite and vaterite spherulites, as opposed to within calcite 602 
rhomboids. Individual large aragonite spherulites are homogeneous in nitrogen within 10% of 603 
the relative standard deviation. Calcite rhomboids were monocrystalline, with heterogeneity 604 
likely arising due to sectoral zoning. However, aragonite and vaterite spherulites were 605 
polycrystalline. An analytical spot size larger than the width of individual spherulite needles 606 
thereby masked any potential heterogeneity between these crystalline needles. Nitrate 607 
partitioning into CaCO3 demonstrated a higher compatibility with all polymorphs, with no 608 
distinction in partition coefficients between calcite and aragonite phases. A combination of 609 
bulk automated colourimetry (AQ-2, providing absolute concentrations of N in calcium 610 
carbonate) and ion microprobe techniques (providing count rates of CN/CC at the µm scale) 611 
suggests that calcium carbonate polymorphs, grown by the adopted protocol where ammonium 612 
is a predominant nitrogen aqueous species, have a potential to be used as reference materials 613 
for the development of a nitrogen calibration curve. This represents an initial step toward 614 
developing a carbonate nitrogen standard, as substantial intracrystalline heterogeneity was 615 
observed within individual calcite crystals. By improving our understanding of how nitrogen 616 
species may be incorporated into carbonate polymorphs, and by developing preliminary 617 
reference materials for calibrating micro-analytical techniques, this study provides a 618 
foundation for exploring the potential role of nitrogen in the carbonate palaeorecord. 619 
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8. Appendix A. Supplementary Material 636 

S1_Edinburgh ims-7f-geo:  Data collected at the NERC Ion Micro-Probe (SIMS) Facility, 637 
University of Edinburgh, using the CAMECA IMS 7f-GEO instrument. The 12C14N counts 638 
per second were calculated by correcting the total intensity at 26 amu for 13C13C interference 639 
(see main text for details). 640 
 641 



20 
 

S2 Micrograph of SIMS 1-5 mounted crystals coated with gold: Optical micrograph of 642 
mounted and polished calcite crystals (SIMS-1 to SIMS-6) prepared for ion microprobe 643 
analysis. The inset images of individual crystals show the SIMS analytical spot sites. 644 
Numbered analytical spots represent analysis undertaken using the CAMECA IMS 1290 645 
instrument at UCLA, summarized in Tables 3 and 4 in the main manuscript text. 646 
 647 
S3 Micrograph of SIMS-6–9 mounted crystals coated with gold: Optical micrograph of 648 
mounted and polished rhomboids and spherulites (SIMS-1–4, SIMS-6–9) prepared for ion 649 
microprobe analysis. The inset images of individual crystals show the SIMS analytical spot 650 
sites. Numbered analytical spots represent analysis undertaken using the CAMECA IMS 651 
1290  instrument at UCLA, summarized in Tables 3 and 4 in the main manuscript text. 652 
 653 
S4 XRPD: X-ray powdered diffraction results for crystal products from each experiment 654 
(SIMS-1–9). 655 
 656 
S5 Raman: Raman spectroscopy data for crystal products from each experiment (SIMS-1–9), 657 
including spectra for reference materials and different morphological types. 658 
 659 
S6 UCLA SIMS CAMECA IMS-1290: Data collected at the UCLA SIMS Laboratory using 660 
the CAMECA IMS 1290 instrument. Each mount is presented on a separate sheet. 661 
 662 
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