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Abstract 38 

Simultaneous analysis of carbon and nitrogen isotope ratios by SIMS was 39 
applied for the first-time to a natural diamond from the Kelsey Lake kimberlite, State Line 40 
Distinct, Colorado (UWD-1). This in situ procedure is faster, reduces sample size for 41 
analysis, and measures both isotope ratios from a single ~10 µm diameter pit, a critical 42 
advantage for zoned diamonds. The carbon isotope ratio (expressed as δ13CVPDB) of the 43 
bulk UWD-1 crystal, determined by the conventional combustion method in the present 44 
study, is -5.9‰±0.2‰ (VPDB, 2s). Nitrogen concentration ([N]) and isotope ratio 45 
(expressed as δ15NAir) were determined by stepwise combustion and gas-source mass-46 
spectrometry, resulting in 553±64 μg g-1 and -6.7‰±1.1‰ (Air, 2s), respectively. 47 
Secondary ions of 12C2–, 12C13C–, 12C14N–, and 12C15N– were simultaneously measured by 48 
SIMS using three Faraday cups and one electron multiplier. The spot-to-spot 49 
reproducibility of δ13C and δ15N values for the UWD-1 (178 spots on 16 chips, 10 μm 50 
spots), were 0.3‰ and 1.6‰, respectively (2s). While 12C14N–/12C2– ratios, which are an 51 
indicator for [N], varied up to 12% among these 16 chips, such variation did not correlate 52 
with either δ13C or δ15N values. We propose that UWD-1 is a suitable analytical standard 53 
for microscale in-situ analysis of δ13C and δ15N values in diamond samples. 54 
 55 
Introduction 56 

Carbon and nitrogen isotope ratios (expressed as δ13C and δ15N) in natural 57 
diamonds can constrain the formation process and environment of the diamond genesis, 58 
indicating conditions of Earth’s interior. Such data are important in many disciplines 59 
including gemology and materials science, Earth science, and cosmochemistry. Reported 60 
nitrogen concentrations of natural diamonds vary from <1 to 3500 μg g-1, and is the basis 61 
of classification (type-1 vs. type-2), reflecting differences in the genesis (Cartigny et al., 62 
2014, Shirey et al., 2019). Complex growth zoning observed by cathodoluminescence 63 
(CL) imaging and correlated C and N isotope ratios provide complementary geochemical 64 
data to understand diamond growth (e.g., Bulanova et al. 2002, Craven et al., 2009, Hauri 65 
et al. 2002, Palot et al. 2014, Petts et al. 2015). Microscale isotope heterogeneity in 66 
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diamond, revealed by SIMS analysis, provides new constraints on the genesis, such as 67 
subduction history of the slab or interaction with fluids (e.g., Cartigny et al., 2014, Deines 68 
et al. 1993, Thomassot et al., 2007, Palot et al., 2014). Previous reports for microscale 69 
analysis of carbon and nitrogen isotope ratio in diamond (e.g., Craven et al., 2009, Gress 70 
et al., 2021, Hauri et al. 2002, Palot et al. 2014, Petts et al. 2015, Stern et al., 2014), have 71 
required two laterally separate analysis spots for carbon and nitrogen measurements 72 
respectively. A recent SIMS study measured δ13C, [N], and δ15N values in the same spot, 73 
however, the δ15N value was measured separately after δ13C measurement (Lai et al., 74 
2022). In this case, depth differences can be problematic. The simultaneous determination 75 
of carbon and nitrogen isotopes in one analytical spot with high precision and spatial 76 
resolution for a diamond sample has not been previously reported.  77 
Recent improvements of microscale isotope analysis using a large-radius multicollector 78 

SIMS (IMS 1280) enables the simultaneous analysis of δ13C and δ15N in organic matter 79 
with high precision (2s): 0.17‰ for carbon and 0.56‰ for nitrogen isotope ratios from pits 80 
measuring 12 μm in diameter (Ishida et al. 2018). This method was achieved by developing 81 
a new geometry of detectors to be able to collect secondary molecular ions of 12C2–, 12C13C–, 82 
12C14N–, 12C15N–, and 12C2H– with a high mass resolving power of more than 8000. The 83 
mass bias of SIMS and tailing interferences were calibrated. In this method, it was 84 
confirmed that secondary ion yields of single carbon ions (12C-) and double carbon ions 85 
(12C2-) were similar for the same reference material, anthracite (UWLA-1), indicating that 86 
12C2- ions are appropriate for analysis in material that is mainly composed of carbon. This 87 
is also proven by previous diamond research which used 12C2- and 12C14N - ions to 88 
determine nitrogen concentrations in diamond (e.g., Smart et al., 2011, Lai et al., 2022). 89 
Simultaneous detection of m/z ratios of 24, 25, 26, and 27 enabled determinations of carbon 90 
and nitrogen isotope ratios from a single spot. Such analysis is not possible with analysis 91 
of mono-atomic carbon ions. Mass spectrum peak shapes are shown in the figure 2 in Ishida 92 
et al. (2018).  93 
In the present study, we investigated a diamond from the Kelsey Lake kimberlite, 94 

Colorado, USA, that has been used previously as a standard for carbon isotope analysis 95 
(Liu et al. 2009), to evaluate it as a reference material for simultaneous SIMS analysis of 96 
δ13C, δ15N, and nitrogen concentration ([N], hereafter). Two suites of diamond, peridotite-97 
type (P-suite) and eclogite-type (E-suite) were recognized in the Kelsey Lake region 98 
(Schulze et al. 2008). The typical δ13C value for P-suite diamonds in this region is about -99 
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6.2‰ with variable but high [N] (approximately 1300 to 2550 μg g-1). In contrast, the E-100 
suite diamonds have more scattered δ13C values ranging from -12 to -5.5‰, with [N] less 101 
than 800 μg g-1 (e.g., Schulze et al., 2008, Van Rythoven et al., 2017). Similar ranges in 102 
δ13C values and [N] are reported by previous studies, suggesting differences in the 103 
formation model of the diamond (e.g., Cartigny et al. 2001, Cartigny and Marty 2013, 104 
Stachel et al. 2009a, Van Rythoven et al. 2017). The δ15N values of global P-suite diamonds 105 
mostly range from -18 to +12‰ globally with some negative outliers down to -40‰, and 106 
for E-suite diamonds, δ15N values mostly range from -12 to +12‰ (Cartigny et al. 2014). 107 
Such relatively lower values in δ15N of P-suite diamond are considered to be derived from 108 
the 15N-depleted primordial mantle (Cartigny and Marty 2013). Microscale analysis 109 
performed in previous studies revealed that δ13C values increase from the core to rim with 110 
decreasing [N] in some natural diamonds (e.g., Bulanova et al. 2002, Hauri et al., 2002, 111 
Lai et al., 2022, Smart et al. 2011, Stachel et al. 2009b). Such microscale zonation in 112 
diamonds constrains models of diamond genesis and whether an oxidized or reduced fluid 113 
was responsible. Thus, simultaneous microscale analysis of δ13C, δ15N, and [N] values can 114 
in some cases provide a detailed record of the origin, formation process, and temperature- 115 
time residence history of the diamond.  116 
 117 
Material and Methods 118 
Sample preparation 119 

The UWD-1 sample is part of a single crystal of diamond provided by Howard 120 
Coopersmith from the Kelsey Lake diamond mine in the State Line kimberlite distinct on 121 
the Colorado-Wyoming border, USA (Appendix Fig. S1). A 0.5 g piece of the diamond 122 
(formaly called KLD9.41) was cut by laser into a thin (1 mm thick, ~100 mg) slice, 123 
polished, and then cut into eighteen ~1 mm3 cubes at the Gemological Institute of America 124 
(GIA). The cubes and chips from this slice constitute the UWD-1 sample. Some pieces 125 
were used for the bulk carbon isotope analysis and four of the cubes were used for the bulk 126 
measurements of δ15N and [N]. For SIMS measurement, 16 chips were pressed into indium 127 
within 8 mm of the center of a 25.4 mm diameter mount at random rotations to vary the 128 
crystallographic orientation (Fig. 1). To avoid carbon and nitrogen contamination, no 129 
epoxy resin was used. There are no mineral inclusions observed in the polished face, and 130 
no clear zoning observed in CL images of examined samples (Appendix Fig. S2).  131 
 132 
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Bulk carbon and nitrogen isotope measurements of the diamond 133 
Carbon isotope ratios were analyzed by combustion of four aliquots of UWD-1 134 

using a gas-source mass spectrometer at the University of Wisconsin-Madison. Briefly, the 135 
0.28 to 1.05 mg samples were combusted in an oxygen atmosphere derived from CuO in a 136 
closed silica glass tube at 950 °C overnight. Generated CO2 was purified cryogenically and 137 
measured by Finnigan/MAT251 gas-source mass spectrometer. The long-term δ13CVPDB 138 
average value for NBS-21 graphite is -28.32±0.06‰ (2s, n=8) by using the same system. 139 

The bulk nitrogen isotope analyses were performed by the Balzers QMG420 140 
quadrupole mass spectrometer at Ibaraki University, Japan, based on the method described 141 
by Ishida et al. (2012). To determine the nitrogen isotope ratio for nitrogen concentrations 142 
at μg g-1 levels in carbonaceous material, surface contamination and generation of carbon 143 
monoxide are problematic and cannot be removed by a conventional method. Thus, a 144 
separate session using the stepwise combustion method is required. The platinum-wrapped 145 
sample was combusted in an oxygen atmosphere and heated in two temperature steps, at 146 
500 °C and 1200 °C. Heating at 500 °C was performed for 30 minutes to remove surface 147 
contamination, and the main phase of the diamond was combusted at 1200 °C for 90 148 
minutes. This analytical procedure was established by pilot analyses of an artificial 149 
diamond (see Appendix Information S3-1, Table S4). The oxygen pressure during each 150 
analysis was approximately 4.0 × 102 Pa and the nitrogen contamination associated with 151 
the oxygen was less than 2.0 × 10-11 g (<0.003% v/v of released sample N2). The amount 152 
of carbon, converted into CO2, was monitored during combustion, and the 1200 °C 153 
combustion was repeated 2 or 3 times until the total released amount of carbon reached 154 
100% v/v within analytical error. Nitrogen in the diamond was released accompanied by 155 
the combustion of diamond and was finally converted into N2 via the catalytic effect of 156 
platinum. The amount of N2 gas was quantified manometrically in the gas extraction line 157 
and was purified cryogenically and measured by the mass spectrometer. The 158 
reproducibility of nitrogen isotope analysis, ±0.73‰, was determined by replicate 159 
measurements of working standard of N2 gas purified from air (δ15NAir = -0.36‰, Appendix 160 
Table S5). Detailed procedure and standardization of working standard using international 161 
reference material are described in Appendix S3-1. 162 

The value of δ13CVPDB is defined as, 163 
 δ13CVPDB = [(13C/12C)sample/(13C/12C)VPDB –1] × 103  (‰) (1) 164 

,in per mil notation, for a sample and the VPDB standard (Vienna Pee Dee Belemnite). The 165 
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values of δ15NAir is defined as, 166 
δ15NAir = [(15N/14N)sample/(15N/14N)Air –1] × 103  (‰)  (2) 167 

,in per mil notation for a sample and Air, the international measurement standard. The 168 
(13C/12C)VPDB ratio is defined as 1.12372 × 10-2 from the 13C/12C ratio of Pee Dee Belemnite 169 
(Craig 1957), and the (15N/14N)Air is defined as 3.6765 × 10-3 (Junk and Svec 1958). 170 
 171 
SIMS analysis 172 

Carbon and nitrogen isotope measurements were conducted using a CAMECA 173 
IMS 1280, a large-radius multi-collector ion microprobe, housed at the WiscSIMS 174 
Laboratory, Department of Geoscience, University of Wisconsin-Madison. The indium 175 
sample mount was degassed for more than 24 hours to attain below 1.3 × 10-5 Pa in the 176 
storage chamber of the SIMS before analysis. The primary 133Cs+ beam with an intensity 177 
of 2.5 nA and total impact energy of 2.0 × 104 V was focused on the sample surface with a 178 
spot diameter of ~12 μm. The secondary optics and detector array were configured to match 179 
those described in Ishida et al. (2018). The total analysis time was ~5 minutes for one spot 180 
consisting of 60 seconds for pre-sputtering, 60 seconds for centering of secondary ions 181 
(DTFA-X, -Y), and 160 seconds (8 seconds × 20 cycles) of measurement. An electron gun 182 
and gold coating on the sample surface were used for electric charge compensation. 183 

Secondary molecular ions of 12C2–, 12C13C–, and 12C14N– were collected using 184 
three Faraday cup (FC) detectors on the positions of L’2 with 1010 Ω resistor, C and H1 185 
with 1011 Ω resistors. The secondary molecular ions of 12C15N– were collected by an 186 
electron multiplier (EM) on H2 position, simultaneously (see Fig. 1 and 2 in Ishida et al., 187 
2018 for detailed analytical conditions and detector geometry). Typical count rates of these 188 
secondary ions on UWD-1 are 6.7 × 108 counts per second (cps), 1.5 × 107 cps, 2.3 × 106 189 
cps, and 8.3 × 103 cps, respectively. The exit slit configurations were set as follows: 150μm 190 
width for the FCs on C and H1 positions and the EM on H2, and 500μm width for the FC 191 
on L’2 position (corresponding to position #3 in Ishida et al., 2018). Mass resolving power 192 
(MRP) of ~8000 was achieved with aperture settings of 30 μm for the entrance slit and 150 193 
μm for the exit slit for both FC and EM. Potential interference ions (12C2H– next to 12C13C–, 194 
13C2– next to 12C14N–, and 13C14N– next to 12C15N–) were clearly separated under the MRP 195 
in the present study (see Fig.2 in Ishida et al., 2018). Measured carbon and nitrogen isotope 196 
ratios (δ13CRaw and δ15NRaw) are expressed in per mil notation as follows: 197 

δ13CRaw = 103 × [(12C13C–/12C2–)measured / (13C/12C)VPDB – 1] (‰)  (3) 198 
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where (12C13C–/12C2–)measured is defined as the ratio of measured count rates of 12C13C– and 199 
12C2–.  200 

δ15NRaw = 103 × [(12C15N– / 12C14N– )measured / (15N/14N)Air – 1] (‰)  (4) 201 
where (12C15N–/12C14N–)measured denotes a ratio of measured count rates of 12C15N– and 202 
12C14N– ions.  203 

Tailing corrections for both carbon and nitrogen isotope compositions were 204 
evaluated, found to be insignificant and were omitted in this diamond analysis. The 12C2H– 205 
ion, which was monitored for tailing correction of 12C13C–, could not be detected because 206 
the hydride ion from diamond was below the detection limit of the FC detector in the 207 
present study. For nitrogen isotopes, the tailing from 13C2– next to 12C14N– is negligibly 208 
small at MRP 8000 (Hauri et al. 2002, Ishida et al. 2018). To correct for possible tailing of 209 
the 13C14N– ion on 12C15N– ion, the relative intensity factor of nitrogen (RIFN) was 210 
calculated as 1.25 × 10-5, estimated from the peak to tail ratio of 12C15N– (see the method 211 
in Ishida et al., 2018). Considering the maximum count rate of 12C14N– (2.4 × 106 cps; refer 212 
to Results and Discussion section), the tailing intensity of 13C14N– ion on 12C15N– ion 213 
becomes less than 0.3 cps for UWD-1. This corresponds to less than 0.04‰ on measured 214 
δ15N values, which is negligible compared to the analytical reproducibility expected in this 215 
method (< 0.56‰, 2s; Ishida et al., 2018). During SIMS measurement, UWD-1 chip 216 
number 1 was frequently measured as a bracketing running standard to check for drift. 217 
 218 
Results and Discussion  219 
Bulk carbon and nitrogen isotope compositions of UWD-1 220 

Bulk carbon isotope compositions (δ13Cbulk) of UWD-1 chips ranged from -5.98 221 
to -5.75‰ with a mean value of -5.89±0.20‰ (2s, N=4, Table 1). Bulk nitrogen 222 
concentration ([N]) and nitrogen isotope ratios (δ15Nbulk) of four aliquots of UWD-1 range 223 
from 528 to 596 μg g-1 and -7.4 to -6.1‰ with mean values of 553±64 μg g-1 and -6.7±1.1‰, 224 
respectively (2s, Table 2). The Detailed results of nitrogen isotope measurement are 225 
summarized in Appendix S3, S5 and S6. 226 
 227 
Simultaneous measurement of δ13C and δ15N 228 

Results of SIMS analysis conducted during a single session are summarized in 229 
Table 3. A total of 178 spots on 16 individual chips of UWD-1 were measured. Secondary 230 
ion yields (definition of “yield” in this study is the number of secondary ions detected per 231 
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primary ion impact) for 12C2– and 12C14N– of UWD-1 range from 193 to 329 × 106 cps per 232 
nA 133Cs (Mcps nA-1, hereafter) of the primary ion beam, and 0.6 to 1.2 Mcps nA-1, 233 
respectively. The 12C14N–/12C2– ratios range from 1.96 to 3.88 × 10-3, with mean value of 234 
3.51±0.42 × 10-3 (2s). The δ13CRaw values range from -10.4 to -9.7‰ with a mean value of 235 
-10.1±0.3‰ (2s). The δ15NRaw values range from -15.6 to -10.6‰ with a mean value of -236 
12.8±1.6‰ (2s). These standard deviation values are comparable with those measured on 237 
bulk analyses of UWD-1 (±0.2‰ for carbon and ±1.1‰ for nitrogen, respectively in 2s).  238 
Bracketing analyses of chip #1 (N=46) proved that there was no systematic drift in δ13CRaw 239 
or δ15NRaw values through the session. All measured raw data are summarized in Appendix 240 
Table S7. There were no correlations between δ13CRaw and δ15NRaw values and secondary 241 
ion yields (Figs. 2 (a) to (c)). A typical cycle-by-cycle trend for the 20 cycles that comprise 242 
one spot analysis is shown in Appendix Fig. S8 (correspond to filename of 243 
20200316@7.asc on chip #1 in Appendix Table S7). A monotonic trend with time was 244 
observed in the four measured secondary ions. By checking all cycle-by-cycle trends of 245 
examined spots on UWD-1, irregular elevation in secondary ion counts or isotope ratios, 246 
suggesting existence of included minerals, were not confirmed during analysis. Mean 247 
internal precisions, expressed as SE in the Appendix Table S7 were 0.2‰ and 1.6‰, for 248 
δ13CRaw and δ15NRaw values, respectively. As discussed by Ishida et al (2018), such internal 249 
precision of SIMS measurement does not reflect the heterogeneity with depth of the sample, 250 
however, these values were smaller or comparable with those determined reproducibility 251 
by 176 spot-by-spot analyses above. 252 
 253 
Evaluation of UWD-1 as an analytical standard for diamond analysis by SIMS 254 

Zoning and systematic grain-dependent differences have not been observed in 255 
UWD-1 for δ13CRaw and δ15NRaw values, and 12C14N–/12C2– ratios. While secondary ion 256 
yields of 12C2–, 12C14N–, and 12C14N–/12C2– ratios show wide variation, δ13CRaw, and δ15NRaw 257 
values show homogeneous distribution within stated precision of 0.3‰ and 1.6‰, 258 
respectively (2s, Figs. 2 (a) to (e)). A slightly larger variation of δ15NRaw was observed, 259 
however, there was no correlation between 12C14N– yields or any other analytical factors, 260 
such as primary beam intensity and pressure in the analysis chamber (Fig. 2(b), Appendix 261 
Table S7). The 12C14N–/12C2– ratios, which indicate [N] at each spot, varied ±12% m/m (2s, 262 
Table 3), and also have no correlation with other analytical parameters such as topography 263 
or slight gradations seen in CL images (Appendix Fig. S2). Figures 2 (d) and (e) show plots 264 
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of δ13CRaw or δ15NRaw values against 12C14N–/12C2– ratios, indicating that neither δ13CRaw 265 
nor δ15NRaw values have a correlation with [N] in UWD-1. One outlier value in figures 2 266 
(d) and (e), indicated as @42, was observed on chip #4 (corresponding to 267 
20200316@42.asc in Appendix Table S7). The 12C2– yield of this outlier spot is 300 Mcps 268 
nA-1, which is similar to the average value of all examined spots. However, the 12C14N– 269 
yield shows an anomalously low value of 0.6 Mcps nA-1, (indicated in Fig. 2 (b)), indicating 270 
that the lowest 12C14N/12C2– value, 1.96 × 10-3, was caused by the low yield of 12C14N–. 271 
There are some other scattered points of 12C2– and 12C14N– yields in figures 2 (a) and (b), 272 
however, such data are included in the major population of 12C14N/12C2– ratio and are not 273 
outliers in Figs. 1 (d) and (e). Thus, the spot @42 is the only irregular domain of apparently 274 
low-N diamond. It is noteworthy that δ13CRaw and δ15NRaw values of this spot do not show 275 
irregular values. We conclude that UWD-1 has intrinsic minor heterogeneity in [N], but 276 
that doesn’t affect the isotope values.  277 

In summary, the UWD-1 chips examined in the present study are homogeneous 278 
in δ13C and δ15N within ±0.3‰ and ±1.6‰, respectively (2s) and can be used as an 279 
analytical standard for carbon and nitrogen isotope analysis. Meanwhile, evaluation of [N] 280 
has ±12% m/m of analytical uncertainty, which is consistent with variations measured in 281 
bulk [N] (Table2, 3). 282 
 283 
Evaluation of crystal orientation effects 284 

Crystal orientation effects have been reported for SIMS analysis of isotope ratio 285 
in a few, mostly cubic minerals where differences in measured values are caused by 286 
channeling of primary ions within the crystal and thus correlate to crystal orientation 287 
(Huberty et al., 2010, Kita et al. 2011). Diamond has not been tested for an orientation 288 
effect previously. Chip-to-chip differences were not distinguishable for either carbon or 289 
nitrogen isotope ratios (Table 3), suggesting that any effect was at least smaller than 290 
analytical precisions in this study where the 16 UWD-1 chips were randomly rotated. 291 
However, all chips in Figure 1 expose the same polished surface for analysis and thus not 292 
all crystallographic orientations were examined. 293 

The possibility of orientation effect for carbon isotope ratio was further tested in 294 
a separate session with oriented crystals of diamond (Appendix Information S3-2). In this 295 
session, 4 chips from a natural 70 mg diamond (GIA-3, ISO-27, type Ⅱa), were mounted 296 
together. SIMS analysis before cutting showed homogeneity of δ13C values across one face 297 
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(±0.05‰, N=15). Three chips were cut along crystal planes of (100), (110), and (111), 298 
while the fourth was polished on a randomly selected surface. The four chips were pressed 299 
into a single indium mount (Appendix Fig. S9). The resulting, differences of average 300 
δ13CRaw values between the randomly mounted chip and three oriented chips were less than 301 
0.13‰, and the total 2s of all examined chips was 0.19‰ (Appendix Table S10). These 302 
results show that an orientation effect is not detectable for carbon isotope ratios in a 303 
diamond at the 0.2‰ level.  304 
 305 
SIMS Mass bias calibration 306 

Mass biases (or instrumental mass fractionation: IMF) for SIMS data of both carbon 307 
(Bias(C)) and nitrogen (Bias(N)) isotope ratios were calculated against newly measured 308 
δ13Cbulk and δ15Nbulk values of UWD-1 based on the following equations.   309 

Bias(C) = 103 × (α13CSIMS – 1)    (5) 310 
α13CSIMS = [1 + (δ13CRaw / 103)] / [1 + (δ13Cbulk / 103)] (6) 311 
Bias(N) = 103 × (α15NSIMS – 1)    (7) 312 
α15NSIMS = [1 + (δ15NRaw / 103)] / [1 + (δ15Nbulk / 103)] (8) 313 

Applying average SIMS measured δ13CRaw and δ15NRaw values, Bias(C) and Bias(N) in this 314 
study were calculated as -4.2‰ and -6.1‰, respectively. The correlation between Bias(C) 315 
and Bias(N), and hydrogen concentration, which is used to calibrate analysis of organic 316 
matter (e.g., Williford et al. 2016, Ishida et al. 2018), were not applied because hydride 317 
ions were below the detection limit on UWD-1. Mass biases determined in this study are 318 
different from those reported in previous diamond studies (< 1‰; e.g., Hauri et al., 2002, 319 
Smart et al., 2011, Stern et al., 2014). These differences are expected due to differences in 320 
type of SIMS instrument used and analytical conditions, such as secondary ion trajectory, 321 
between simultaneous and sequential methods. For this study, the errors of mass bias are 322 
calculated as ±0.4‰ and ±1.9‰ for carbon and nitrogen respectively (2s). These were 323 
propagated from results of deviations bulk isotope analysis, ±0.3‰ and ±1.0‰, and 324 
microscale analytical precision of ±0.3‰ and ±1.6‰, respectively (2s).  325 
 326 
Homogeneity in carbon and nitrogen isotope ratios in UWD-1 327 
With analytical uncertainty, a homogeneous isotope distribution of δ13C and δ15N values 328 

was confirmed by SIMS in the UWD-1 diamond. Although [N] values vary by ±12% m/m, 329 
there is no correlation with either δ13C or δ15N values. Inverse correlations between [N] 330 
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and δ13C or δ15N values corresponding to the cores and rims of single grains of diamond, 331 
were reported by previous investigators, suggesting possible differences in oxidation states 332 
of fluid during crystal growth (e.g., Bulanova et al. 2002, Lai et al., 2022, Smart et al. 2011, 333 
Stachel et al. 2009b). In the present study, δ13C or δ15N values are consistent within 334 
analytical precision, ±0.3‰ and ±1.6‰, respectively (2s). Thus, there is no evidence to 335 
support a multistep growth model for UWD-1, and the slow growth model in a stable upper 336 
mantle is consistent with our results (e.g., Cartigny et al., 2001).  337 
 338 
Conclusions 339 
We report the first single-spot simultaneous measurement of δ13C and δ15N values and 340 

[N]. The bulk carbon and nitrogen isotope ratios of UWD-1, a natural, N-rich diamond 341 
from Kelsey Lake, were determined by conventional gas-source mass spectrometry 342 
methods and gave means of δ13C = -5.9‰ and δ15N = -6.7‰, with [N] of 553 μg g-1. Results 343 
of SIMS analysis in a total of 178 spots on 16 chips of UWD-1 show homogeneous δ13C 344 
and δ15N values within 2s precisions of 0.3‰ and 1.6‰, respectively. There is no 345 
measurable orientation effect on these isotope ratios by SIMS. Although 12C14N/12C2– ratio, 346 
an indicator of [N], varies by ±12% (2s) among different chips, there is no correlation 347 
between [N] and measured isotope ratios. The isotopically homogeneous UWD-1 can be 348 
used as a new analytical standard for simultaneous or sequential analysis of C and N isotope 349 
ratios in diamond using SIMS. 350 
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Figure and Table captions 499 
 500 
Figure 1. 501 
Image of randomly rotated UWD-1 chips in an indium mount. The larger central grain is a 502 
synthetic diamond for ion beam test and tuning. Each UWD-1 chip is numbered, and SIMS 503 
analysis spots are shown by circle symbols. Scale bar indicates 3 mm. (b) Enlarged view 504 
of chip #1 (squared area in (a)). The size of SIMS analysis spots is not actual size (~12 μm). 505 
 506 
Figure 2.  507 
Plots of (a) δ13CRaw values vs. 12C2– yields, (b) δ15NRaw values vs. 12C14N– yields, (c) δ13CRaw 508 
values vs. δ15NRaw values, (d) δ13CRaw values vs. 12C14N/12C2– ratios, and δ15NRaw values vs. 509 
12C14N/12C2– ratios. Error bars on each plot, indicating internal precision during one spot 510 
analysis (Appendix Table S7), were omitted to show plots clearly. Mean values for 511 
precisions are 0.2‰ and 1.6‰, for δ13CRaw and δ15NRaw values, respectively. There is no 512 
correlation among these values. Distributions of δ13CRaw and δ15NRaw values are shown 513 
together in the Figure 2 (c) (gray histograms on each axis). On (b), (d), and (e), an 514 
anomalous spot of 20200316@42.asc in Appendix Table S7 is shown as @42 with arrows. 515 
 516 
Tables 517 
 518 
Table 1 519 
Bulk δ13CPDB values of four UWD-1 aliquots measured by combustion and gas-source 520 
mass spectrometry. 521 
 522 
Table 2.  523 
Bulk δ15NAir values of four UWD-1 aliquots measured by combustion and gas-source 524 
mass spectrometry. 525 
 526 
Table 3.  527 
Summary of 178 SIMS analyses of 16 UWD-1 chips. 528 
  529 
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Supporting materials 530 
 531 
Appendix Figure S1 532 
Original polished slab of UWD-1 broken into two pieces before cutting into ~ 1-mm cubes. 533 
Scale bar is 1 mm. 534 
 535 
Appendix Figure S2 536 
Cathodoluminescence images of measured chips of UWD-1. Each number corresponds to 537 
the chip number in Fig. 1. There is no clear zoning in any chips. Chips number #3, #9, #11, 538 
and #16 are absent because these were used for bulk δ15N measurement. Scale bar is 0.5 539 
mm. 540 
 541 
Appendix Information S3  542 
S3-1. Results of supportive measurements of bulk δ15N value of UWD-1. 543 
S3-2. Evaluation of crystal orientation effect of diamond using synthetic diamond. Original 544 
data summarized in Appendix Table S10. 545 
 546 
Appendix Table S4 547 
Combustion profile of pilot measurement of synthetic yellow diamond from ANCO 548 
Industrial Diamond Corp. 549 
 550 
Appendix Table S5 551 
Reproducibility of δ15N values of standard air gas analysis of nitrogen isotope ratio by 552 
stepwise combustion method. 553 
 554 
Appendix Table S6 555 
Combustion profiles of measured four chips of UWD-1 diamond. 556 
 557 
Appendix Table S7 558 
Table of all SIMS analytical data for simultaneous analysis of δ13C, δ15N, and [N]. 559 
Analyses of chip #1 were used as a running standard to bracket sample analyses. 560 
 561 
Appendix Figure S8 562 
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Typical cycle-by-cycle trends for a single spot analysis: UWD-1 (file name: 20200316@7 563 
on UWD-1 chip 1, in Appendix Table S10). 564 
 565 
Appendix Figure S9 566 
(a) Chips of diamond GIA-3 mounted together in indium to test for a possible orientation 567 
effect of SIMS analysis of carbon isotope ratio in diamond. Chips cut along crystal planes 568 
of (100), (110), and (111), and a randomly cut chip are shown. Scale bar is 1.0 mm. (b) 569 
Enlarged view of randomly oriented chip. Numbers with @ marks correspond to analysis 570 
numbers by SIMS summarized in Appendix Table S10.  571 
 572 
Appendix Table S10 573 
Table of all SIMS analytical data in the session to evaluate orientation effects for 574 
measurement of carbon isotope ratios.  575 
 576 
Appendix Table S11 577 
The consumption rate of oxygen during three repeated 90-minutes combustion cycles of 578 
UWD-1 (#3) at 1200 °C. The 1200 °C step was repeated 3 times until the released 579 
amount of carbon reached 100% v/v. 580 
 581 
Appendix Figure S12 582 
Plot of oxygen consumption rate during three repeated measurements at 1200 °C of UWD-583 
1 (#3). Legends of circle, square, and triangle correspond to oxygen consumption rates of 584 
the first, second, and third heating at 1200 °C. Data are summarized in Appendix Table S11. 585 
  586 
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Appendix Information S3  587 
Supportive measurements of the present study.  588 
 589 
S3-1. Evaluation of bulk nitrogen isotope ratios of UWD-1 by stepwise combustion 590 
method 591 
Pilot measurement of industrial diamond 592 

The nitrogen isotope ratio (δ15N) of bulk UWD-1 sample was analyzed using 593 
Balzers QMG420 quadrupole mass spectrometer housed at Ibaraki University, Japan, 594 
following the method described by Yamamoto et al. (1998) and Ishida et al. (2012). Four 595 
chips (< 0.9 mm3 each, ~ 2.1 mg) were prepared from the same slab which was used for 596 
bulk δ13C measurement. To investigate the temperature-dependent combustion profile of 597 
diamond, pilot measurements were performed using pale yellow industrial diamonds 598 
(~1.0 mm diameter) provided by ANCO Industrial Diamond Corporation. Approximately 599 
0.7 mg of a crushed diamond particle was wrapped in platinum foil, loaded in the 600 
measurement line and was combusted in ~4.0 × 102 Pa of oxygen atmosphere. 601 
Combustions were performed in 100°C steps from 200 to 1200 °C. The 1200 °C step was 602 
repeated to confirm the complete combustion of carbon. Results are summarized in 603 
Appendix Table S4. The combustion profile shows three pieces of important information. 604 
First, below 500 °C, only a minor amount of carbon, less than 0.35% m/m of total carbon, 605 
was released suggesting that intrinsic carbon of diamond was not oxidized and released 606 
below 500 °C. Second, at 200 °C, surface contamination of carbon and nitrogen was 607 
released. Thus, it turned out combustion at 500°C is necessary to release contamination 608 
nitrogen without combustion of diamond, and isotope measurement could be omitted. We 609 
treat this step as “precombustion” hereafter. Third, the major release of carbon as CO2 610 
began at 600 °C and ceased at 1100 °C. This is consistent with the previous report of 611 
diamond combustion experiments in an oxygen atmosphere (Javoy et al., 1984). Major 612 
release of nitrogen occurred in the temperature range from 700 to 1100 °C. Thus, we 613 
determined the bulk analysis procedure of diamond as two-step combustion, 500 °C of 614 
precombustion and 1200 °C of the main combustion. To confirm the complete 615 
combustion of diamond, the experimental duration at 1200 °C step was set as 90 minutes, 616 
and this step was repeated until the total released amount of carbon is 100 % v/v. 617 
 618 
Reproducibility of δ15N measurement 619 
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Reproducibility of δ15N values in the stepwise combustion method was 620 
determined by repeated analysis of standard air gas (STD-N), which has collected and 621 
purified from atmosphere in Ibaraki, Japan, having δ15N = -0.36 ‰. Its δ15N value was 622 
calibrated by measuring the working standard of iron nitride (Fe4N, Kojundo Chemical 623 
Laboratory Co. Ltd.) which δ15N value was determined by gas-source EA-IRMS as -624 
6.4±0.2‰ (standardized by commercial stable isotope standard of L-Alanine having 625 
δ15NAir = 1.79±0.2‰, which was calibrated against IAEA-N-1 and -N-2 (+0.4‰ and 626 
+20.3‰) by Shoko Science Co. Ltd.). A total of 30 pipettes of STD-N were measured 627 
before, between, and after every 4 chips of UWD-1 sample measurement. The two 628 
standard deviations (2s) of STD-N throughout the different sessions was 1.46 ‰ 629 
(Appendix Table S5). The reproducibility of nitrogen concentration measurement in this 630 
system is also determined as approximately ±8%. Blank nitrogen levels associated with 631 
the gas-extraction system ranges from < 0.001 × 10-9 g at < 900 °C, to 0.03 × 10-9 g at 632 
1200 °C. The detection limits for CO2 pressures on this analytical line are 1.3 × 10-8 g.  633 
 634 
The bulk δ15N measurement of UWD-1 635 

Measurements of UWD-1 chips consisted of 30 minutes of precombustion at 636 
500 °C, and 90 minutes of main combustions at 1200 °C in 4.0 × 102 Pa of oxygen 637 
atmosphere. Any gas evolved at 500 °C was discarded because this fraction contains 638 
surface contamination. The quantification of carbon was manometrically measured by 639 
CO2 that was cryogenically trapped during sample combustion. The 1200 °C combustion 640 
step was repeated until the total released amount of carbon reached 100 % v/v. Oxygen 641 
consumption rates (Pa min-1) were measured every few minutes and are summarized in 642 
Appendix Table S11 (sample ID: UWD-1 #3). The maximum peak of oxygen 643 
consumption rate for the 1200 °C combustion appeared at around 20 minutes from the 644 
combustion start (Appendix Fig. S12). This peak at around 14 minutes appeared again in 645 
the second 1200 °C combustion on the same sample. To our knowledge, such trends have 646 
not been studied in previous diamond combustion experiments. We tentatively concluded 647 
that this trend resulted from a combination of reactions of graphitization of diamond 648 
under high temperature, oxidation of graphite, and oxidation of diamond in an oxygen 649 
atmosphere. There are many previous studies about the phase transition of graphite to 650 
diamond under anoxic high pressure, but no other studies with a similar condition to this 651 



 22 

study (e.g., Aleksenski et al. 1997, Bundy et al. 1961, Ohfuji et al. 2010, Qian et al. 652 
2004). Further study is needed to investigate this possibility. 653 

Results of nitrogen and carbon concentrations and δ15N values of four UWD-1 654 
chips are summarized in Appendix Table S6. The δ15N values ranged from -7.4 to -6.1 ‰, 655 
with nitrogen concentrations of 528 to 596 μg g-1 among the four chips. The bulk δ15NAir 656 
value and nitrogen concentration of UWD-1 were determined adopting average values of 657 
those analyses: -6.7±1.1‰ and 553±64 μg g-1, respectively (2s).  658 
 659 
S3-2. Evaluation of orientation effect on diamond 660 

A separate analysis session was designed to evaluate any possible crystal 661 
orientation effect (Huberty et al., 2010; Kita et al., 2011) of carbon isotope ratios in 662 
diamond by SIMS analysis, which has not been tested previously. In this session, a 663 
nitrogen-poor diamond (GIA-3, ISO-27) that is homogeneous in δ13C was selected to test 664 
the intrinsic effect of the crystal structure of diamond on measured SIMS data. Three 665 
chips were prepared laser-cut along with crystal planes of (100), (110), and (111), and one 666 
other chip was randomly cut without considering orientation. These four chips were 667 
mounted in the same indium mount (Appendix Fig. S9). Analytical conditions of SIMS 668 
and definitions of carbon isotope ratio in permil notation were the same as those 669 
described in the material and methods section in the main text. 670 

Measured values are summarized in the Appendix Table S10. The δ13CRaw 671 
values measured on the “random” chip ranged -26.07 to -25.85 ‰ with a mean value of -672 
25.93±0.15 ‰ (2s, N=9). Mean δ13CRaw values of three crystals with specific planes cut 673 
were -26.00‰ (N=5), -25.98‰ (N=4), and -26.06‰ (N=4) corresponding to planes of 674 
(111), (100), and (110), respectively. Thus, differences in mean δ13CRaw values of 675 
diamonds against “random” chip values were smaller than 2s measured on the “random” 676 
chip. The variation of all 22 spots measured on 4 chips was ±0.19 ‰ (2s). These results 677 
indicate that any orientation effect is below detection in this study for carbon isotope 678 
ratios in a diamond. Orientation effect of nitrogen isotope ratios could not be tested 679 
because nitrogen concentration is too low to evaluate isotope homogeneity smaller than 680 
reproducibility. 681 
 682 
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