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An in situ measurement method for simultaneous determination of carbon and nitrogen isotope ratios in organic matter
was developed by secondary ion mass spectrometry with a spatial resolution of ~ 12 lm. Secondary ion intensities of
12C -

2, 12C13C-, 12C14N- and 12C15N- were simultaneously measured by three Faraday cups and one electron multiplier.
Ions of 12C2H- were measured to monitor hydride interferences and to correct for mass bias. The analytical precisions of
d13C and d15N values of a reference material (UWLA-1 anthracite) were 0.16‰ and 0.56‰, respectively (2s). A negative
correlation was observed between the mass bias of carbon and 12C2H-/12C -

2 ratios of examined reference materials. In
contrast, there was no correlation between mass bias and hydrogen concentration for nitrogen. The d13CVPDB and d15NAir

values of twenty-two individual globules of organic matter, found in carbonate rock of the 1878 Ma Gunflint Formation,
were determined by the new procedure, ranging from -33.8‰ to -33.3‰ and +4.2‰ to 5.8‰, respectively. Means of
d13CVPDB and d15NAir values, -33.5 ± 0.25‰ and +5.2 ± 0.81‰, are consistent with reported values from bulk sample
analysis within analytical precision.

Keywords: secondary ion mass spectrometry, nitrogen isotope ratio, carbon isotope ratio, organic matter, anthracite,
Palaeoproterozoic.
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Carbon and nitrogen isotope ratios (d13C and d15N) of
Precambrian organic matter (OM) have been recognised as
key proxies to constrain the evolution of life and transition of
redox status of the ocean through geological time (e.g.,
Schidlowski 1988, Beaumont and Robert 1999, Sigman
et al. 2009, Thomazo et al. 2009). Typically, OM (kerogen
or pyrobitumen) was concentrated from bulk samples by
hydrochloric and hydrofluoric acid treatments or extracted by
organic solvents (bitumen). Nitrogen can be present in OM
or as ammonium in phyllosilicates (e.g., Ader et al. 2006,
Pinti and Hashizume 2011, St€ueken et al. 2015). Recent
studies suggest that the isotope ratio of nitrogen in kerogen
can be altered during metamorphism (e.g., Schimmelmann
and Lis 2010, St€ueken et al. 2015, 2017). In addition,
extraction of kerogen requires a large amount of sample,
homogenises multiple reservoirs and any zoning and
destroys evidence for complex origins of kerogen in

sedimentary rocks. Although the bulk methods of extraction
and analysis allow the fluctuation of isotope ratios of OM to
be studied at the centimetre-to-millimetre scale, occurrences
of OM at the micrometre scale (such as laminated kerogen
or microfossils), minerals, and coexisting relations in microme-
tre-scale observations yield more detailed records. This high-
spatial resolution analysis is beneficial for the comprehensive
understanding of the sedimentary environment.

Recently, studies using secondary ion mass spectrometry
(SIMS) have targeted OM at the micrometre scale. Such
in situ analyses of microfossils and minerals in sedimentary
rocks reveal new insights into ancient life and the corre-
sponding surface environment of Precambrian Earth (e.g.,
House et al. 2000, Wacey et al. 2013, 2016, Williford et al.
2013, 2016, Ushikubo et al. 2014, Morag et al. 2016).
During SIMS analysis, carbon is typically ionised as a
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monomer (12C-, 13C-) or dimer (12C -
2, 12C13C-, 13C -

2) of
negative ions with a positive primary beam (133Cs+). The
high ionisation efficiency of carbon enables a high spatial
resolution of elemental mapping and/or isotope ratio
determination, targeting carbon-bearing microstructures
and biogenic/abiogenic carbonate minerals (e.g., House
et al. 2000, Williford et al. 2013, 2016, Bell et al. 2015).
Nitrogen, on the other hand, is not efficiently ionised as a
monomer negative ion, but is usually ionised as a CN-

molecular ion for SIMS analysis. A few recent studies have
measured CN- ion beam intensities by high-lateral resolu-
tion SIMS (NanoSIMS) in a variety of research fields, as
indicators of nutrient distributions in the microstructure of
foraminifera, heterogeneous isotope distributions of OM in
meteorite and diamonds, and a biosignature for putative
microfossils (e.g., Wacey et al. 2013, 2016, Ito et al. 2014,
Nomaki et al. 2016, Smart et al. 2016). In these studies,
because the nitrogen concentrations and isotope ratios of
examined materials were significantly higher than those of
their matrix, only a mapping analysis of relative abundance
of nitrogen isotopes was required. For many astrobiology
studies, on the other hand, both high-spatial resolution and
high-precision (< 1 per mil) measurement methods for
isotope ratios are required to reconstruct the palaeo-
environment and microbial activity, targeting micrometre-
scale OM, in situ from sedimentary rocks.

Accurate SIMS measurement results require matrix-
matched OM reference materials (RMs) for d13C and
d15N values at the nanogram scale. Anthracite can be a
suitable RM for the SIMS analysis of OM; it typically consists
of 80% to 90% carbon with minor mass fractions of
nitrogen, hydrogen, oxygen and sulfur. Williford et al. (2016)
reported measurement results with precision of ± 0.3‰ (2s)
for d13C values among a series of anthracite RMs by SIMS
12C- and 13C- ion beam measurement, which is considered
to demonstrate no influence of inhomogeneity on the
precision. High-precision isotope determinations of d13C
and d15N values in diamond were reported by Smart et al.
(2016) also using an IMS 1280 instrument. They measured
12C- and 13C- ion beams for the carbon isotope ratio
measurements, and 12C14N- and 12C15N- ions for nitrogen
isotope ratio measurements. However, their method needs
two separate measurements on different spots and different
days because these ions cannot be measured simultane-
ously.

The purposes of this study were (a) to develop new
geometry and aperture settings to measure C and N isotope
ratios simultaneously, with high precision and high spatial
resolution, (b) to evaluate homogeneity of d15N values in the
candidate RM with homogeneous d13C values and (c) to

apply the new method to compare Palaeoproterozoic OM
found in carbonate rock from the Gunflint Formation,
anthracite from the Michigamme Formation and shungite
from the Karelia region of Russia.

Experimental

Potential RM for d15N measurements

Five anthracites, UWLA-1 (LCNN anthracite), UWHA-1
(Harmony anthracite), UWJA-1 (Jeddo anthracite), UWMA-1
(Michigamme anthracite) and PSOC1468 (anthracite, Penn.
State Coal std.), and one shungite (SH95-S1a) were selected to
evaluate the homogeneity of nitrogen isotope ratios for use as
RMs. Approximately 500 lmdiameter fragments of eachwere
cast together in the same25 mmepoxymount. Their bulk d13C
values are reported by Williford et al. (2016) (Table 1).

Precambrian organic matter sample

Carbonate rock, with minor detrital quartz grains and
globules of organic matter (OM) among a matrix of
carbonate minerals, was selected from the Gunflint Forma-
tion (1878 Ma; Fralick et al. 2002), Ontario, Canada
(Figure 1). The d13CVPDB (defined as {R(13C/12C)sample/R
(13C/12C)VPDB –1}�1000, in per mil notation, where R
(13C/12C)sample and R(13C/12C)VPDB indicate the isotope
ratios of carbon for sample and international measurement
standard) and d15NAir (defined as {R(15N/14N)sample/
R(15N/14N)Air –1}�1000, in per mil notation, where R
(15N/14N)sample and R(15N/14N)Air indicate the isotope
ratios of nitrogen for sample and international measurement
standard) values of this bulk kerogen were obtained by
previous studies (sample #0708 in Ishida et al. 2012,
2017) and are summarised in Table 1. Sample #0708 was
prepared as a 25 mm round thin section with a thickness of
approximately 50 lm. Mineralogical observation was car-
ried out by a petrographic and scanning electron micro-
scope with an energy dispersive X-ray spectrometer (SEM/
EDS: Hitachi S-3400N). Backscattered electron (BSE) mode
was used to investigate the relative chemical heterogeneity
in the matrix minerals and examined RMs and samples. OM
was observed within ferro-dolomite associated with minor
detrital quartz grains, clay minerals and inter-filling calcite
(Figure 1). Matrix minerals are reworked carbonate, sug-
gesting the OM has also lost its primary sedimentary
structure, and would have migrated between ferro-dolomite
grains. OM exists as up to 50 lm globules. Two of the five
RMs, UWMA-1 (anthracite from the 1850 Ma Michigamme
Formation, Michigan, USA; Tyler et al. 1957) and SH95-S1a
shungite (2100–2000 Ma Karelia, Russia; Buseck et al.
1997), were also investigated to constrain the isotope
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distribution of carbon and nitrogen in Palaeoproterozoic
sedimentary rocks.

Bulk nitrogen isotope ratio measurement results
of RMs

The d15N values of bulk aliquots of each potential RM
were determined by gas-source isotope ratio mass
spectrometry. Unweathered and cleaned rock fragments,
which were prepared from the same portion with the
mounted RMs, were finely powdered using an agate

mortar. Measurements were performed by an elemental
analyser connected to an isotope ratio mass spectrometer
housed in the Astrobiogeochemistry Laboratory (abcLab) at
the Jet Propulsion Laboratory, USA (Costech 4010 and
Delta V Plus), and Tohoku University, Japan (Flash2000
and Delta V Advantage). An approximately 5 mg test
portion of powder was used for each measurement.
Typical repeatability precision of ± 0.5‰ (2s, standard
deviations) was determined by repeat measurements of
isotopic reference materials in both instruments. The
precision of bulk d15N values for each RM is shown in
Table 1 (quoted as 2s). Unless otherwise noted, the ‘2s’
represents standard deviation, not standard error hereafter
in this study.

Secondary ion mass spectrometry instrumentation

Carbon and nitrogen isotope measurements were con-
ducted using a CAMECA IMS 1280, a large-radius multi-
collector ion microprobe, housed at the WiscSIMS Laboratory,
University of Wisconsin-Madison. Two sessions were performed:
session 1 (17 February–19 February 2016) was to evaluate
homogeneity of d15N values of RMs, and session 2 (11 July–13
July 2016) was conducted to develop the simultaneous carbon
and nitrogen isotope measurement method and to apply it to
Palaeoproterozoic OM. In general, we followed the basic
measurement procedure of SIMS described in previous studies
(e.g., Kita et al. 2009, Valley and Kita 2009, Ushikubo et al.
2014,Williford et al.2016). Samplemounts were degassed for
more than 24 hr to below 1.33 9 10-5 Pa in the storage
chamber of the SIMS. In both sessions, a primary 133Cs+ beam
with an intensity of 2.5 nA and total impact energy of 20 keV
was focused on the sample surface with a spot diameter of
~ 12 lm. The secondary optics were configured as follows:
transfer lens magnification of 200, contrast aperture diameter

200 μm
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Figure 1. BSE image of carbonate thin section #0708

from the Gunflint Formation. Organic matter forms

globules (OM) among ferro-dolomite matrix (Dol) with

diameter of ~ 50 lm. Matrix consists of ferro-dolomite,

and in-filling calcite (Cal) with detrital quartz grains

(Qtz) and minor clay minerals. SIMS spots in OM

(circles) are labelled with d13CVPDB and d15NAir values

([d13CVPDB, d15NAir]).

Table 1.
Isotope ratios of carbon and nitrogen of reference materials and Gunflint organic matter measured in bulk
samples by conventional extraction and gas-source mass spectrometry

RM Names C (g/100 g) N (g/100 g) d13CVPDB (‰) 2s (‰) d15NAir (‰) 2s (‰)

UWLA-1a LCNN anthracite 95.7a 1.2a -23.56a 0.4 5.7 0.5
UWMA-1a Michigamme

anthracite
94.1a 1.2a -30.75a 0.4 5.0 0.5

UWJA-1a Jeddo anthracite 95.2a 1.1a -23.40a 0.4 3.3 1.4
UWHA-1a Harmony

anthracite
94.0a 1.0a -22.62a 0.2 5.1 0.5

PSOC1468a Anthracite, Back
Mt. seam

89.0a 0.8a -23.52a 0.6 4.9 0.5

SH95-S1aa Karelia shungite 66.0a 0.8 -37.12a 0.3 2.9 1.0
Kerogen (Gunflint
carbonate (#0708))b

84.6 0.2 -32.9 0.4 6.9 0.6

a d13C values of anthracites and shungite were from Williford et al. (2016).
b Bulk data of Gunflint kerogen (#0708) were from Ishida et al. (2012, 2017).
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of 400 lm, field aperture of 4000 lm 9 4000 lm, entrance
slit width of 30 lm, and energy slit width of 40 eV. An electron
gun and gold coating (up to 25 nm of thickness) on the sample
surface were used to provide charge compensation. The total
measurement time was ~ 300 s (5 min) for one spot consisting
of 60 s for pre-sputtering, 60 s to centre the secondary ion
beam (DTFA-X, DTFA-Y) and 160 s (8 s 9 twenty cycles) of
measurement time. The baseline intensities of Faraday cup
detectors (FCs) were determined before the beginning of each
day’smeasurement. Thedead timeof the electronmultiplier (EM,
68 ns) was also corrected. After SIMS measurements, all pits
were imaged and analysed by SEM/EDS.

Session 1: homogeneity of d15N in potential RMs

The homogeneity of nitrogen isotope ratios of each RM
was examined in session 1. Secondary molecular ions of
12C14N- and 12C15N- were collected simultaneously using
the combination of Faraday cup (FC) detector with 1010 Ω

resistor on the L’2 position and electron multiplier (EM)
detector on the axial position. Mass-resolving power (MRP)
of ~ 8000 was achieved with aperture settings of 30 lm for
the entrance slit and 150 lm for the exit slit for both FC and
EM. Measured nitrogen isotope ratios (d15Nmeas) are
expressed in per mil notation (‰) as follows:

d15Nmeas ¼ 1000�
12C15N�=12C14N�� �

measured
15N=14Nð ÞAir

� 1

" #

ð1Þ

where (12C15N-/12C14N-)measured denotes a ratio of mea-
sured count rates of 12C15N- and 12C14N- ions and
(15N/14N)Air is 0.0036765 (Junk and Svec 1958). The
precise correction of peak intensity and mass bias calibration
were omitted during the session 1, because the aim of this
session was to determine the heterogeneity of each RM.

Session 2: development of simultaneous
measurement of d13C and d15N

To achieve simultaneous measurement of carbon and
nitrogen isotope ratios, we measured four molecular ions
simultaneously (12C -

2, 12C13C-, 12C14N- and 12C15N-). The
detector geometry and aperture settings are shown in
Figure 2. Secondary ions were collected by Faraday cup
(FC) detectors on the positions of L’2 with a 1010 Ω resistor,
C and H1 with 1011 Ω resistors and with an electron
multiplier (EM) on H2 (low to high mass, respectively). The
12C2H- ion was automatically measured by peak jumping
on the FC on C position at the end of each measurement by
changing the voltage of DSP2X deflectors after the magnetic
field. During RM measurements, count rates of 12C14NH-

were also checked manually after each measurement using
the FC in the C position to test for a correlation with the count
rates of 12C2H- ion (see Mass bias calibration in Results and
discussion).

The exit slit configuration was modified for this session.
These slits are located immediately before the ion detectors
and can be changed to adjust mass-resolving power. The
standard configuration of an IMS 1280 has three different
exit slit widths that must be set to be the same for each
movable detector: 500, 250 or 150 lm corresponding to
the slit positions of #1, #2 and #3, respectively. Different slit
widths can be manufactured for specific purposes. Ushikubo
et al. (2014) modified slits in position #2 to optimise MRP for
simultaneous detection of four sulfur isotopes using four FCs.
In the present study, slit position #3 was modified as follows:
150 lm width for the FCs on C and H1 positions and the
EM on H2, while 500 lm width was used for the FC on L’2
position, resulting in MRP of ~ 8000 for FCs on C and H1,
and EM, and of ~ 2000 for FC on L’2 (Appendix S1). High
MRP is required on C, H1 and H2 positions to separate
isobaric interferences. The wider exit slit was applied for L’2
because it was placed further from the optic axis to detect
12C -

2 ions. Other secondary optics were configured as for
session 1. The detector positions and slit settings described
above improved the count rate and stability of secondary
ions during measurement.

Tailing interference

Tailing interferences from adjacent peaks were calculated
on each mass according to the procedure described by Kita
et al. (2009) and Ushikubo et al. (2014). Typical count rates
described in the following paragraph were obtained from
UWLA-1 anthracite in session 2. Although the actual source of
these divergent ions that made a tailing interference was
unclear in this study, the effect can be estimated and be
corrected by the following procedure. The 12C -

2 ion (L’2) does
not have neighbouring peaks that make a tailing interference.
The 12C13C- ion (C) is near the peak of 12C2H- and was
separated at MRP = 5600. The typical count rate on
anthracite was 1.8 9 107 counts per second (cps) for
12C13C- and 1.8 9 108 cps for 12C2H-. The contribution of
12C2H- tailing interference (12C2H

-
tail) to the 12C13C- was

estimated by the following steps: (a) calculation of the mass
difference between 12C2H- and 12C13C- (0.00447 Da), (b)
measurement of the intensity of 12C13C- mass spectrum at
0.00447 Da below the 12C13C- peak centre and (c)
calculation of the relative intensity factor of 12C13C-

(RIFC = 12C13C-
tail/12C13C-

peak) and (d) of the 12C2H-
tail,

which was calculated by the RIFC and measured count rate of
12C2H-. We assumed that the mass spectrum shapes of
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12C13C- and 12C2H- were the same because the direct ion
images of these two ions were very similar. The RIFC in
session 2 was calculated as 6.0 9 10-5. Then, the 12C2H-

tail

was calculated as ~1.0 9 104 cps, corresponding to
0.52‰ of 12C13C- counts. These tailing interferences were
subtracted from measured values based on the tailing ratio
and count rate of 12C2H- in each measurement. Finally, we
obtained tailing-corrected d13C values (d13CRaw) defined as
follows:

d13CRaw ¼ 1000� ð13C=12CÞmeasured
13C=12Cð ÞVPDB

� 1

" #
ð2Þ

ð13C=12CÞmeasured ¼ 0:5� ð12C13C��12C2H
�
tailÞ

12C2
� ð3Þ

12C2H
�
tail ¼ RIFC � 12C2H

� ð4Þ

where 12C13C-, 12C2
- and 12C2H- are measured count rates.

The factor of 0.5 was derived by the probability of generating
12C2

- and 12C13C- ions in the combination of 12C- and 13C-

(12C2
-, 2 9 12C13C- and 13C2

- can be generated). The ratio
(13C/12C)VPDB is defined as 0.0112372 from 13C/12C ratio
of Pee Dee Belemnite (Craig 1957).

500 μm 150 μm 150 μm 150 μm

FC [L’2] FC [C] FC [H1] EM [H2]Detector [position]

Entrance slit: 30 μm

Primary beam condition 133Cs+ 2.5 nA, Spot size (12 μm),

Ions 

12C2- 12C13C-

12C2H-

12C14N-

12C13CH-

12C2H2-

12C15N-

13C2- 13C14N-

12C14NH-

13C2H-

12C13CH2-

12C2H3-

δ13CRaw δ15NRaw

δ13CVPDB

Data reduction

Bias(C) calibration by 12C2H-/12C2
- ratios

MRP ~ 2000 ~ 8000 ~ 8000 ~ 8000

cps cps cps cps

1.8×107

1.8×108
8.1×108 4.4×107 1.6×105

Field aperture: 4000 μm × 4000 μmAperture settings

Exit slit (position #3)

(typical cps 

on UWLA-1)

Bias(N) calibration by bracketing analysis of RM

δ15NAir(‰) (‰)

Mass bias correction

tailing correction tailing correction

10 kV

δ13C δ15N

m/z 24 25 26 27

Figure 2. Chart of measurement conditions developed for simultaneous measurement of d13C and d15N. Four

detectors were used to measure molecular ion beam intensities. Mass spectrometer exit slits (at entrance of

detectors) were modified to attain different mass-resolving power (MRP) on each detector to separate isobaric

interferences while optimising intensity. Tailing from adjacent peaks on 12C13C- and 12C15N- ions was measured

and subtracted from main peaks. After the tailing corrections, both d13CVPDB and d15NAir values were obtained by

the mass bias calibrations defined by reference material measurements in session 2.
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The closest neighbour peak of 12C14N- (detector
position H1) was 13C2

- which is resolved at MRP = 7200.
The typical count rate of 13C2

- was < ~ 104 cps on UWLA-1
anthracite, which was ~ 103 lower than the count rate of
12C14N- (4.4 9 107 cps). Even if we assumed the same
tailing factor with 12C2H

-
tail/

12C2H
-
peak (6.0 9 10-5), the

tailing of 13C2
- was calculated as a few cps. Thus, the tailing

correction for 12C14N- was calculated as less than 0.007‰,
which is negligible compared with the counting statistics.

The 12C15N- ion (detector position H2) has a neighbouring
peak of 13C14N-which requiresMRP = 4300. The typical count
rate of 12C15N-was 1.6 9 105 cps for UWLA-1 anthracite. The
contribution of 13C14N- tailing interference (13C14N-

tail) to the
12C15N-was estimated by the sameprocedure used for carbon.
The mass difference between 12C15N- and 13C14N- was
calculated as 0.00632 Da. The relative intensity factor of
nitrogen (RIFN) was determined by the relative intensity of
12C15N- mass spectrum at 0.00632 Da below the 12C15N-

peak centre (RIFN = 12C15N-
tail/

12C15N-
peak). Then, the

13C14N-
tail could be calculated by the RIFN and the count rate

for 13C14N-. A count rate for 13C14N- ions canbecalculated from
that of the 12C14N- and 13C/12C ratio of each analytical spot.
The typical count rate of 12C14N-was~ 4.4 9 105 cps, and the
RIFNwas ~1.9 9 10-5 on theUWLA-1 anthracite.We obtained
tailing-corrected d15N value (d15NRaw) defined as follows:

d15NRaw¼1000� ð12C15N��13C14N�
tailÞ=12C14N�

ð15N=14NÞAir
�1

" #

ð5Þ
13C14N�

tail ¼ RIFN � ð13C=12CÞmeasured�12C14N� ð6Þ

The 13C14N-
tail was calculated as ~ 10 cps, correspond-

ing to the 0.056‰ in UWLA-1. The magnitude of this tail
depends on the (13C/12C)measured ratio (calculated by
Equation 3) of each measurement spot; thus, the tailing
interferences were subtracted from measured d15NRaw

values based on the tailing ratio and count rate of
12C14N- and (13C/12C)measured ratio on each measurement
spot. The simultaneous isotope ratio measurement method of
carbon and nitrogen in this study enables precise evaluation
of tailing correction of nitrogen, using carbon isotope ratio
determined in the same spot (Figure 2).

Results and discussion

Bulk d15N and chemical composition of RMs and
Gunflint OM

Measured bulk d15NAir values of RMs, ranging from
+2.9 to +5.7‰, are summarised in Table 1. Mass fractions

of five elements (H, C, N, O and S) in RMs are summarised in
Appendix S2 (this study, Ishida et al. 2012, Williford et al.
2016). The chemical compositions were also measured by
SEM/EDS adjacent to the SIMS pits. There was no significant
difference in chemical composition or visible mineral inclu-
sions in RM and the Gunflint OM. BSE images of individual
SIMS pits in the Gunflint OM are shown in Appendix S3.

Homogeneity and analytical precision of d15N in
RMs (session 1)

The homogeneity of nitrogen isotope ratios of RMs was
examined in session 1 before starting simultaneous C and N
isotope measurement (Table 2; Appendix S4). Measure-
ments were performed with one spot each on five to twelve
grains of each of the six RMs. UWLA-1 and UWMA-1
anthracites show better precision of d15Nmeas values for
each bracket than other anthracites (± 0.36‰, n = 62, and
± 0.40‰, n = 10, respectively, 2s). Both RMs are fit for
intended purpose to use as a RM during the analysis of OM
samples. Taking into consideration the better homogeneity of
carbon isotope ratios reported by Williford et al. (2016), we
used UWLA-1 as a RM for quality control of analysis during
OM measurements. SH95-S1a (shungite) shows the most
homogeneous d15Nmeas values (± 0.21‰, n = 8, 2s);
however, shungite was not used as a RM because the
carbon mass fractions of UWLA-1 are closer to that of the
sample OM from the Gunflint Formation (Appendix S2). No
systematic change in d15Nmeas values of UWLA-1 was
observed during session 1 (Appendix S5). Mass bias of
nitrogen between d15Nmeas and bulk d15NAir values ranged
from -8.7 to -7.0‰ with a mean of -8.2 ± 1.4‰ (2s) in the
examined RMs (Table 2).

Table 2.
Summary of nitrogen isotope precision and mass
bias for in situ SIMS measurements of reference
materials in session 1

RM Grain Number
of

analyses

2s (‰) Mass bias
of

nitrogena

(‰)

UWLA-1 12 62 0.43 -8.3
UWMA-1 9 10 0.40 -7.7
UWJA-1 5 5 0.78 -8.8
UWHA-1 5 5 2.11 -7.0
PSOC1468 8 9 0.53 -8.7
SH95-S1a 8 8 0.21 -8.4

Mean -8.2
2s 1.4

a Mass bias of nitrogen in per mil notation (d15N).
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Orientation effects could be ignored in the present study,
because all examined materials are polycrystalline (Kita et al.
2011). Two amber samples from Williford et al. (2016) (Baltic
and Dominican amber) were also studied. However, the
ionisation efficiency of CN- of amber was significantly lower
than for anthracite (Appendix S4). This is because the main
component of amber is terpenoid, which does not contain
nitrogen (Mills et al. 1984). Thus, they were not suitable as
calibration RMs in the isotope ratio measurements of nitrogen.

Simultaneous measurement of d13C and d15N
(session 2)

In session 2, the newly developed exit slit and detector
geometries were applied to detect 12C2

-, 12C13C-, 12C14N-

and 12C15N- ions simultaneously (Figure 2 and
Appendix S1). First, we analysed the five anthracite RMs
and the shungite RM to examine the intermediate precision
of d13CRaw and d15NRaw measurement results using the new
setting. The 12C2H-/12C2

- ratios were also measured to
evaluate whether correlations exist with mass bias calibra-
tions for carbon and nitrogen isotope ratios. After calibration
tests were completed, d13C and d15N values were
measured in OM from Gunflint Formation sedimentary rock
using the procedure and mass bias calibration established
by the RM analyses in the same session. UWLA-1 was
mounted and polished in the thin section and used as a RM
for quality control of analysis. To monitor and correct for any
possible shift of isotope ratios caused by a subtle change of
conditions, bracketing measurements were made of UWLA-
1 before and after measurements of 13–18 samples.

Measurement results of the RMs are summarised in
Table 3. The ion yields for 12C2

- and 12C14N- of anthracite
and shungite RM ranged from 300 to 350 9 106 cps per
1 nA of primary ion beam (Mcps nA-1) and 15 to
23 Mcps nA-1, respectively. Ratios of 12C2H-/12C2

- range
from 0.07 to 0.27. The 2s precision of UWLA-1 measurement
results was 0.16‰ for d13C and 0.56‰ for d15N, respectively
(n = 20). The analytical precision of carbon isotope ratio
measurement results of UWLA-1 was better than reported by
Williford et al. (2016) using the 12C- ion (± 0.34‰).

Mass bias calibration

For carbon isotope measurement results of OM by SIMS,
a negative correlation between the mass bias of carbon
isotope ratio and 12CH-/12C- ratio was reported by Williford
et al. (2016). To examine this correlation for the conditions
of the present study, the mass biases of carbon (Bias(C))
and nitrogen (Bias(N)) were calculated by the following
equations: Ta
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Bias (C) ¼ 1000� ða13CSIMS � 1Þ ð7Þ

a13CSIMS ¼ ð1þ ðd13CRaw=1000ÞÞ
ð1þ ðd13CVPDB=1000ÞÞ

ð8Þ

Bias (N) ¼ 1000� ða13NSIMS � 1Þ ð9Þ

a15NSIMS ¼ ð1þ ðd15NRaw=1000ÞÞ
ð1þ ðd15NAir=1000ÞÞ

ð10Þ

where Bias(C) and Bias(N) are mass biases in ‰ for carbon
and nitrogen; d13CRaw and d15NRaw are tailing-corrected
values (calculated by Equations 2–5); and d13CVPDB and
d15NAir are isotope values for RMs (relative to VPDB and Air,
respectively), which were determined by conventional
gas-source mass spectrometry (Table 1). Bias(C) ranged
from -8.8 to -5.8‰ and was smaller than values reported by
Williford et al. (2016) who measured single carbon ions
(13C-, 12C-). A negative correlation between Bias(C) and
12C2H-/12C2

- ratios was observed for anthracite and
shungite measurements (Figure 3a). The linear regression
of the trend (R2 = 0.94) between Bias(C) and 12C2H-/12C2

-

is expressed as follows:

Bias (C) ¼ �13:451�
12C2H

�

12C�
2

� 4:679 ð11Þ

Bias(C) for each measurement spot on OM samples was
calculated by Equation (11) and 12C2H-/12C2

- ratios mea-
sured on that spot.

In contrast to carbon, no correlation was observed
between Bias(N) and 12C2H-/12C2

- ratios (Figure 3b). Bias
(N) was essentially constant with mean value of
-11.25 ± 1.35‰ (2s, range = -12.0 to -10.1‰). The mass
biases of nitrogen on RMs were not the same as those of
session 1, because the detector configurations and geome-
tries were completely different between the sessions. The 2‰
difference in the mass bias between examined RMs is
caused by UWJA-1, which has 1.4‰ precision in the bulk
d15N measurements (Table 1). UWJA-1 might have hetero-
geneously distributed components with significantly different
d15N, indicating that this is not suitable as a calibration RM
for d15N analysis. This is the first report of SIMS measure-
ments that tested for a correlation between the magnitude of
Bias(N) and hydrogen concentrations (12C2H-/12C2

-) in OM.
Considering the strong correlation of mass bias for carbon
isotope ratio during SIMS analyses, hydrogen concentrations
should be considered with the generation of secondary ions
for N and other elements; the lack of a correlation seen here
may not apply under different measurement conditions.
Hydride ions, such as 12C2H-, can be used for monitoring
bias of carbon; however, in our analytical procedure,

12C14NH- could not be measured simultaneously dur-
ing sample OM measurements because 12C15N- (also at
~ m/z = 27) was measured. Instead, count rates of
12C14NH- ions were measured manually on each RM at
the end of every measurement to determine the
12C14NH-/12C14N- ratios (Table 3). This procedure added
60 s to the time for each run. Appendix S6a shows the
positive correlation between 12C2H-/12C2

- ratios and
12C14NH-/12C14N- ratios of RMs, suggesting 12C2H- can
be used as a measure of hydrogen content as a proxy for
12C14NH-. Sangely et al. (2005) suggested that the
relationship between mass bias of carbon and hydrogen
concentrations could be explained by the secondary
collision of molecular ions on the sample surface caused
by the implantation of ions from the primary Cs+ beam. They
preferred this interpretation rather than differences of
chemical bonding and vibrational frequency because
graphite, which has strong double bonds of carbon, should
have the strongest isotope fractionation when ionised,
suggesting that a larger mass bias should be observed in
samples which have low H/C ratios (i.e., highly graphitised).
However, this model cannot explain the absence of
correlation between Bias(N) and 12C2H-/12C2

- ratios (Fig-
ure 3b). In addition, the 12C2

- yields do not correlate with
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Figure 3. Correlation of SIMS analytical mass bias for

(a) carbon and (b) nitrogen isotope ratios against
12C2H-/12C2

- ratios, measured on five anthracite refer-

ence materials and one shungite reference material in

session 2.
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both Bias(N) and 12C14N- yields, suggesting that the
difference of graphitisation does not appear to affect the
mass bias factor of nitrogen (Appendix S6b–d). Thus, in the
present study, mass bias of nitrogen for each measurement
of an unknown sample was determined by the average of
bracketing measurements of UWLA-1, without a correction
for 12C2H-/12C2

- ratio.

Data threshold and evaluation of contamination
for OM sample analysis

In the present study, data of OM samples were
examined by SEM/EDS for evidence of contamination by
inclusions of other phases. Spot measurements were
considered suspect if the intensity of 12C2

- or the ratios of
12C2H-/12C2

- are out of the range of RM measurements
summarised in Table 3. Threshold values for OM sample
analysis were set if the yield of 12C2

- was out of the range
300–350 Mcps nA-1 or if the ratio of 12C2H-/12C2

-

deviated from the range 0.07–0.27 based on measure-
ment results of RMs. Nine OM measurement results out of
thirty-one measured points from the Gunflint Formation were
outliers based on these criteria. Seven OM measurement
results were also excluded because irregular trends were
observed in their cycle-by-cycle data (Appendix S7c). Most
outlier data have a larger analytical precision than
bracketing UWLA-1 measurement results (~ 0.6‰ for
d15N results of OM; Appendix S4). Such irregular mea-
surement results could result from inclusions or amorphous
carbon phases that have different composition or ionisation
efficiency.

The contamination of epoxy was carefully monitored
based on the procedures performed by Williford et al.
(2016). The possible penetration of epoxy into sample pores
was assessed using transmitted light microscopy observation.
The SIMS pits after measurement were examined by EDS to
monitor chlorine, which is a common minor constituent of
epoxy (Appendix S8). In addition, the typical yields of 12C2

-

and 12C14N- ion on epoxy were ~ 250 Mcps nA-1 and ~

100 Mcps nA-1, which are distinguishable from those of
RMs and sample OM. Even in the case that a small amount
of epoxy would have contaminated the examined OM, it
could be detectable as an irregular cycle-by-cycle trend in
each single measurement.

Contamination of carbon and nitrogen components from
matrix carbonate is negligible due to low yields of molecular
ions. Calcite UWC-3, which is commonly used as a RM for
SIMS measurements of d13C in carbonate (e.g., Kozdon
et al. 2009, Ferry et al. 2010, Williford et al. 2016), was
analysed using the methods of this study. Typical yields were

0.07 Mcps nA-1 for 12C2
- ions and 0.01 Mcps nA-1 for

12C14N- ions, respectively. Compared with typical ion beam
intensities of UWLA-1 anthracite (330 and 17 Mcps nA-1,
respectively), contributions of these ions from carbonate are
negligible and smaller than the analytical precision. This
difference of ionisation efficiency results from differences of
chemical bonding of carbon and concentration of nitrogen.
Anthracite contains abundant C–C bonds, as both aromatic
and saturated and unsaturated hydrocarbons, whereas
carbonate contains C–O bonds. This difference makes the
ionisation of 12C2

- ions in anthracite more efficient than in
carbonate. The ionisation efficiency of 12C2

- ions in carbon-
ate is ~ 4.7 9 103 times lower than that of anthracite. This
further suggests the possibility that the C–C bond in the
target material is required for the purpose of 12C2

- ion
intensity measurement by the SIMS. The yields of 12C14N-

ions on UWC-3 were negligibly smaller than the measure-
ment precision. The origin of nitrogen in UWC-3 is unclear,
and several factors such as atmosphere in the analysis
chamber, micrometre-scale RM debris or epoxy contami-
nated during polishing are considered. These differences in
ionisation efficiency of 12C2

- and 12C14N- ions suggest that
measurement of molecular ions, as demonstrated in this
study, will be highly advantageous in studies analysing
reduced carbonaceous matter in a carbonate matrix.

Palaeoproterozoic organic matter

A total of twenty-two points were analysed in the Gunflint
OM from the carbonate-rich thin section along with
bracketing measurements of UWLA-1 (Appendix S9). Data
were processed by the following procedure after rejection of
outliers based on the RM threshold, defined in the former
section. The mean values for 12C2

-, 12C14N- yields and
12C2H-/12C2

- ratios of the Gunflint Formation OM were 329,
23.4 and 0.24 Mcps nA-1, respectively. After the tailing
correction, carbon and nitrogen isotope values were deter-
mined by the following equations:

d13CVPDBðsampleÞ ¼ ðd13CRaw=103 þ 1Þ
ðBias(C)sample=103 þ 1Þ � 1

" #
� 103

ð12Þ

d15NAirðsampleÞ ¼ ðd15NRaw=103 þ 1Þ
ðBias(N)sample=103 þ 1Þ � 1

" #
� 103

ð13Þ

where d13CVPDB(sample) and d15NAir(sample) are values
calculated based on international measurement standards.
Bias(C)sample was calculated from Equations (7, 8, 10)
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(Figure 3a) and 12C2H-/12C2
- ratios of each measurement

spot. Bias(N)sample was calculated from the average of Bias
(N) of bracketing measurements and Equation (8), respec-
tively. All data are summarised in Table 4. Eight to nine spots
of UWLA-1 were measured to bracket every approximately
ten measurements of OM samples. Values of d13CVPDB(sam-
ple) and d15NAir(sample) ranged from -33.8 to -33.3‰ and
+4.2 to +5.8‰, respectively.

The d15NAir(sample) values of UWMA-1 and SH95-S1a,
which are from Palaeoproterozoic OM-rich sediments, were
5.9 ± 0.70‰ and 3.1 ± 0.70‰ based on bracketing
measurements of UWLA-1 and Equations (12, 13) in session
2 (2s; Table 3). These measurement results are reasonably
consistent with bulk data of d15N within analytical precision
(Table 1), suggesting that the mass bias calibration of
nitrogen based on the bracketing measurements of UWLA-1
in the present study is suitable for analysis of Palaeopro-
terozoic OM.

This is the first report to obtain d15N values and its low
variance within analytical precision in UWMA-1, which is the
oldest known anthracite (1850 Ma, Michigamme Fm., USA;
Tyler et al. 1957), and SH95-S1a, shungite (2100 to
2000 Ma, Karelia, Russia; Buseck et al. 1997). Both of
these samples have smaller 12C2H-/12C2

- ratios and higher
12C2

- yields than the anthracite RMs, which are Phanerozoic
in age (Table 3). These differences imply that the degree of
graphitisation of OM and increased C-C bonds in OM yield
more efficient generation of 12C2

- ions.

The intermediate precision of each bracket was deter-
mined by calculating two standard deviations of d13Cmeas

and d15Nmeas mean values on UWLA-1 (N = 38). Mean
intermediate precisions of UWLA-1 were ± 0.16‰ for
carbon and ± 0.56‰ for nitrogen, through session 2
(Appendix S4; 2s). The analytical precision of one measure-
ment on each spot was calculated based on two standard
deviations of the mean of the twenty cycles that make up a
single measurement (we hereafter refer to this analytical
precision as the ‘internal precision’). However, the internal
precision can be influenced by several factors, including not
only how heterogeneous the distribution of material or
isotope ratios with depth is, but also the change of trajectory
of secondary ion beam according to the pit that was
sputtered by the primary ion beam. Thus, the internal
precision of SIMS measurement does not reflect the true
depth heterogeneity. The mean internal precision of UWLA-1
measurements was smaller than the mean intermediate
precision of bracketing measurement during sample mea-
surements (Appendix S4). Average internal precision of
Gunflint OM was similar (± 0.20‰ for d13C, ± 0.40‰ for

d15N, 2s) to that of UWLA-1 measurements (Appendix S4).
Thus, in the present study, the analytical precision for
d13CVPDB(sample) and d15NAir(sample) values of each
unknown analysis was propagated by intermediate preci-
sion of bracketing measurement of UWLA-1 (Table 4).

In summary, the variations in both d13CVPDB(sample) and
d15NAir(sample) values determined on the OM samples can
be explained by the analytical precision of each data. Means
of d13CVPDB(sample) and d15NAir(sample) values of Gunflint
OM were -33.5 ± 0.25‰ and +5.2 ± 0.81‰, respectively
(n = 22, 2s). The bulk d13CVPDB and d15NAir values of
kerogen, extracted from the same rock sample, were
-32.9 ± 0.4‰and+6.9 ± 0.6‰, respectively (Table 1). Thus,
the d13C and d15N values of both SIMS and bulk kerogen
measurement results are consistent within analytical precision
(based on the comparison calculation by Linsinger 2010).

Ishida et al. (2012) reported heterogeneous distribution of
d15N values in bulk samples of kerogen, chemically isolated by
HCl/HF acid treatment, from the same rock as Gunflint sample
#0708. In Ishidaet al. (2012), thed15Nvaluesweremeasured
by the stepwise combustion method, which resolves the
complex origin of organic d15N values based on the
combustion temperatures of each organic component, and it
was concluded that the kerogen contains at least two reservoirs
with different d15N compositions: +5.0 ± 0.6‰ and
+7.3 ± 0.4‰. This variation in d15Nvalueswas not recognised
in the present study, suggesting that such heterogeneous
reservoirs might be distributed as a mixture of OM in a smaller
scale than the spot size of SIMS measurement, 12 lm.

Contamination of measured OM by ammonium (NH4
+) is

less likely. The substitution of NH4
+ in sediments is commonly

found in phyllosilicates where it substitutes for K+ (Shen et al.
2006). EDS analyses ofminor component ofOMoneach SIMS
pit indicated that 0 to 1.4 g/100 g, withmean value of 0.2 g/
100 g, of Si or Al was included in examined OM, while K was
not detected (Appendix S8). Even in the case where 1.4 g/
100 g of claymineral was included in theOM, the contribution
of ammoniumwould benegligible comparedwith the nitrogen
concentration of the OM. In addition, although the OM was
investigated by SEM/EDS and measurement data by SIMS in
the present study, evidence of contamination, such as from
epoxy, which can be a source of different d15N components,
was not identified.

The Michigamme anthracite, which was deposited in the
same sedimentary basin (Animikie Basin), but is younger
than the Gunflint Formation, has similar d13C and d15N
values with a lower variance of nitrogen isotope ratios
(Table 3). This difference might be caused by the change of
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sedimentary environment. The Sudbury impact layer corre-
sponds to the top of the Gunflint Formation and separates it
from the Michigamme Formations (Addison et al. 2005). This
event drastically changed ocean chemistry, probably caus-
ing a change in the biosphere nitrogen cycle to a simple
system from the complex system observed in the Gunflint
Formation (Cannon et al. 2010).

The 2100 Ma Karelia shungite measurement results
have lower variance and show the lowest mean d13C and
d15N values (-37.2‰ and +3.1‰, respectively) among the
three examined Palaeoproterozoic sedimentary OM sam-
ples in this study. The d13C value is lower than typical values
that were fractionated by oxygenic photosynthetic bacteria,
and is closer to that of methanogens (Schidlowski 1988). The
d15N value of shungite is slightly lower than those of other
Palaeoproterozoic samples, but is still in the reasonable
range of values produced by the biological nitrogen isotope
fractionation under an oxic ocean (i.e., Sigman et al. 2009).

The mean d13CVPDB(sample) and d15NAir(sample) val-
ues determined by SIMS in situ measurements in three
Palaeoproterozoic OM samples are consistent with those
determined by bulk gas-source analysis within analytical
precision. These d15N values are comparable to those of
Archaean kerogen reported by St€ueken et al. (2015), and
their chronological transition, which may constrain the
evolution history of enzymes, such as nitrogenase. d13C
values also can be used as an indicator to understand the
enzymatic metabolic pathway in conjunction with metal
elements, which can be an indicator of enzymes (e.g.,
Schidlowski 1988, Moore et al. 2017). The micrometre-
scale co-study of d13C and d15N values in OM, in relation to
mineral occurrences and element mass fractions, will provide
a more detailed metabolic pathway and corresponding
environment at that age. To evaluate this possibility, it is
necessary to study additional Precambrian samples in
association with the bulk rock chemistry and mineralogy. A
detailed characterisation of these micrometre-scale geo-
chemical features will allow a more fundamental under-
standing of low atomic number element isotope
geochemistry and may constrain the Precambrian biosphere.

Applications for further study and
concluding remarks

In the present study, reference materials and measure-
ment procedures were established for the simultaneous
measurement of d13C and d15N from a single 12 lm spot
in organic matter by SIMS. Mass bias calibration is required
for carbon isotope ratio measurements based on 12C2H-

ratios, while mass bias of nitrogen does not require a matrix

correction for variable 12C2H- ratios. Ionisation efficiency of
12C2

- ions in carbonate is significantly lower than that of
reduced organic matter because of the difference in carbon
bonding between these materials. Measurement of 12C2

-

ions is highly advantageous for micrometre-scale organic
matter in a carbonate matrix.

Analysis of twenty-two OM globules from unmetamor-
phosed carbonate of the Palaeoproterozoic Gunflint For-
mation shows homogeneous d13CVPDB(sample) and
d15NAir(sample) values within analytical precision. These
carbon and nitrogen isotope characteristics are consistent
with those measured in the Gunflint Formation in previous
studies (e.g., Schidlowski 1988, House et al. 2000, Poulton
et al. 2004, Godfrey et al. 2013, Williford et al. 2013), as
well as with biological carbon and nitrogen cycling models
in the Gunflint ocean, where oxygenic photosynthetic
bacteria lived as primary producers in the shallow ocean
(e.g., Ishida et al. 2017).

The d15N values found for the 1850 Ma Michigamme
anthracite and the 2100 Ma Karelia shungite were
5.9 ± 0.7‰ and 3.1 ± 0.7‰, respectively (n = 4, 2s).
These differences in d15N values and homogeneity among
examined Palaeoproterozoic organic matter samples sug-
gest differences of ocean chemistry and microbial activity.

Simultaneous measurement of carbon and nitrogen of
OM, such as kerogen, pyrobitumen and microfossil
samples found in Precambrian sedimentary rocks, can be
made in situ, allowing correlations with textures and other
geochemistry. The sedimentary structure and occurrence of
minerals provide new insight into detailed microbial activity
and corresponding sedimentary environments. This work
helps to expand the range of analytical tools available for
the study of stable isotopes as biosignatures. Furthermore,
this quick, precise analytical technique will have applica-
bility to research in modern biological studies such as the
following: using d13C and d15N as a proxy of modern or
ancient food chains; determining the maturation of coal;
fossil-based study of palaeo-ecosystems; and palaeocli-
matology targeting organic matter in marine biocarbon-
ates.
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