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Key Points:
●  We developed a measurement system for the integrated analysis of N2 and Ar isotopes from submilligram samples.
●  The newly established measurement system is characterized by an exceptionally low background (total N blank ≤0.4 ng), ensuring

reliable determination of N2 isotopes.
●  The integrated N2–Ar analysis method holds promise for investigating a variety of extraterrestrial materials, including lunar samples

and future asteroid-return missions.
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Abstract: As one of the major volatile components in extraterrestrial materials, nitrogen (N2) isotopes serve not only as tracers for the
formation and evolution of the solar system, but also play a critical role in assessing planetary habitability and the search for
extraterrestrial life. The integrated measurement of N2 and argon (Ar) isotopes by using noble gas mass spectrometry represents a
state-of-the-art technique for such investigations. To support the growing demands of planetary science research in China, we have
developed a high-efficiency, high-precision method for the integrated analysis of N2 and Ar isotopes. This was achieved by enhancing gas
extraction and purification systems and integrating them with a static noble gas mass spectrometer. This method enables integrated
N2–Ar isotope measurements on submilligram samples, significantly improving sample utilization and reducing the impact of sample
heterogeneity on volatile analysis. The system integrates CO2 laser heating, a modular two-stage Zr–Al getter pump, and a CuO
furnace-based purification process, effectively reducing background levels (N2 blank as low as 0.35 × 10−6 cubic centimeters at standard
temperature and pressure [ccSTP]). Analytical precision is ensured through calibration with atmospheric air and CO corrections. To
validate the reliability of the method, we performed N2–Ar isotope analyses on the Allende carbonaceous chondrite, one of the most
extensively studied meteorites internationally. The measured N2 concentrations range from 19.2 to 29.8 ppm, with δ15N values between
−44.8‰ and −33.0‰. Concentrations of 40Ar, 36Ar, and 38Ar are (12.5–21.1) × 10−6 ccSTP/g, (90.9–150.3) × 10−9 ccSTP/g, and
(19.2–30.7) × 10−9 ccSTP/g, respectively. These values correspond to cosmic-ray exposure ages of 4.5–5.7 Ma, consistent with previous
reports. Step-heating experiments further reveal distinct release patterns of N and Ar isotopes, as well as their associations with specific
mineral phases in the meteorite. In summary, the combined N2–Ar isotopic system offers significant advantages for tracing volatile
sources in extraterrestrial materials and will provide essential analytical support for upcoming Chinese planetary missions, such as
Tianwen-2.
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 1.  Introduction
As the sixth most abundant element in the solar system (Lodders,

2003), nitrogen⎧⎪⎪⎪⎨⎪⎪⎪⎩δ15
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displays a remarkably variable isotopic composition, ranging from

δ15N

−483‰  to  +4500‰  among  solar  system  bodies  and  their

constituent  materials.  is  in  ‰.  This  pronounced  isotopic

heterogeneity  makes  nitrogen  a  valuable  tracer  for  investigating

the origin of volatiles as well as the processes of planetary forma-

tion and evolution (Hashizume et al., 2000; Füri and Marty, 2015).

Asteroid  exploration  has  emerged  as  a  primary  objective  in  the

next phase of China’s deep space missions (Liu B et al., 2023; Jiao

YF et al., 2024; Wei SJ et al., 2024). Elucidating the origin of asteroid

materials  and  their  genetic  relationships  to  different  meteorite

groups represents a central scientific challenge in modern plane-

tary  geochemistry  (Lin  YT  et  al.,  2020).  Integrated  N2 and  Ar

isotope measurements in asteroid samples offer significant poten-

  
Correspondence to: F. Su, sufei@mail.iggcas.ac.cn
Received 30 JUN 2025; Accepted 18 SEP 2025.
First Published online 31 OCT 2025.
©2025 by Earth and Planetary Physics. 

 
 

http://www.eppcgs.org/
https://doi.org/10.26464/epp2026010
https://doi.org/10.26464/epp2026010
https://doi.org/10.26464/epp2026010
mailto:sufei@mail.iggcas.ac.cn


tial  for  tracing  their  source  reservoirs  and  identifying  links  to
corresponding  meteorite  types  (Broadley  et  al.,  2023).  For  exam-
ple,  noble  gas  and  nitrogen  isotope  data  from  the  Hayabusa2-
returned samples exhibit isotopic signatures similar to those of CI
chondrites, suggesting a close genetic relationship between aster-
oid  Ryugu  and  CI-type  meteorites  (Okazaki  et  al.,  2022).  China’s
Tianwen-2 mission will return samples from the near-Earth asteroid
2016  HO3,  and  integrated  N2–Ar  isotopic  analyses  of  these
samples are expected to place important constraints on the origin
and  evolutionary  history  of  volatiles  on  this  small  body.  In  addi-
tion,  the  N  and  Ar  isotopes  in  lunar  samples  can  provide
constraints  on  the  transport  of  volatiles  within  the  solar  system
(Zhang H et al., 2023; Cao JB et al., 2024).

Conventional N isotope analyses have typically relied on dynamic
mode  measurements  using  isotope  ratio  mass  spectrometry,
requiring sample quantities of approximately ~100 mg (Chang et
al.,  1974; Thiemens  and  Clayton,  1981).  This  requirement  makes
the method unsuitable for analyzing rare extraterrestrial materials
that  are  available  only  in  submilligram  quantities.  Recent
advances  in  static  noble  gas  mass  spectrometry  have  enabled
high-precision measurements of trace amounts of N2 (Humbert et
al., 2000; Barry et al., 2012). Wright et al. (1988) demonstrated high-
precision N2 isotope ratio measurements at the nanomole level by
using noble gas mass spectrometry. Humbert et al. (2000) further
improved the technique by utilizing CO2 laser heating and a high-
sensitivity,  high-resolution  mass  spectrometer  in  static  mode,
enabling accurate quantification of N2 at the picomole scale.  The
system  exhibited  an  exceptionally  low  blank  level  of  ~2  pmol  of
N2 (equivalent  to  ~60  pg  of  N),  allowing  for  routine  analysis  of
milligram-sized  samples,  such  as  mantle-derived  minerals,  mete-
orite  constituents,  and  lunar  soil  particles.  Building  on  this
progress, Barry  et  al.  (2012) used  a  modified  VG-5440  noble  gas
mass spectrometer to perform multicollector measurements of all
three  nitrogen  isotopes  from  <0.5  nmol  of  N2 (<10−3 ccSTP),
further demonstrating the suitability of noble gas systems for low-
level  nitrogen isotopic  analysis.  These developments have estab-
lished  noble  gas  mass  spectrometry  as  a  leading  technique  for
investigating  volatile  components  in  extraterrestrial  materials.
However, the application of this technique remains largely absent
in China.

In  this  study,  we  address  key  technical  challenges  in  integrated
N–Ar isotope analysis—the efficient separation and purification of
reactive  and  noble  gases—by  modifying  an  existing  noble  gas
mass  spectrometry  system.  This  modification  enables  integrated
measurements  of  N  and  Ar  isotopes  from  submilligram  samples.
The method was validated using the Allende carbonaceous chon-
drite, confirming the capability of the system to accurately deter-
mine  elemental  abundance  and  isotopic  composition.  This
successful development offers a novel and robust analytical  plat-
form for  future investigations of  volatile  components in  extrater-
restrial materials in China.

 2.  Analytical Method

 2.1  Gas Extraction and Purification System
Figure  1 shows  the  integrated  N2–Ar  isotope  analytical  system
developed  in  this  study,  which  consists  of  a  gas  extraction  unit

and an ultra-high vacuum (UHV) purification line. Gas extraction is

performed  using  CO2 laser  heating  (wavelength:  10.6  μm;  maxi-

mum power: 50 W). The sample chamber is made of 316L stainless

steel  and  fitted  with  a  chemical  vapor  deposition  diamond

window,  which  ensures  high  CO2 laser  transmittance,  maintains

UHV  conditions,  and  minimizes  background  gas  levels.  The

sample  holder,  which  directly  contacts  the  samples,  is  made  of

oxygen-free  copper  and  can  accommodate  up  to  20  individual

samples,  significantly increasing analytical throughput. All  critical

sealing  interfaces  use  metal  knife-edge  flanges  paired  with

oxygen-free  copper  gaskets,  providing  fully  metallic,  leak-tight

seals essential for maintaining system integrity under UHV condi-

tions.

The gas purification system adopts a modular design comprising

two-stage  Zr–Al  getter  pumps  (SAES  GP50),  a  CuO  oxidation

furnace, and a dual cold-trap configuration:

(1) The first-stage Zr–Al getter pump (Getter 1) minimizes N2 back-

ground  during  the  initial  phase  of  analysis  and  is  then  isolated

from the line during sample measurements via manual valve V2.

(2)  The  CuO  oxidation  furnace,  equipped  with  a  K-type  thermo-

couple  (maximum operating temperature:  1200 ± 5 °C),  catalyzes

the conversion hydrocarbons into CO2 and H2O.

(3)  The quartz cold trap CF1,  held at  liquid nitrogen temperature

(77  K),  selectively  adsorbs  high-boiling-point  species  (e.g.,  CO2

and H2O) while allowing N2 to pass through unimpeded.

(4) The second-stage Zr–Al getter pump (Getter 2), combined with

an activated charcoal  cold  trap  (CF2),  facilitates  low-temperature

purification of Ar.

(5)  A  5-liter  standard  gas  tank  is  manually  filled  by  drawing  3.75

cm3 of  atmospheric  air  via  valve  M1.  A  calibrated  0.1  cm3 mini-

volume, located upstream of the tank, enables precise aliquoting

of isotopic calibration. With the exception of the CuO furnace and

the  CF1  cold  trap,  all  components  are  made  of  electropolished

316L  stainless  steel.  The  internal  volumes  of  each  module  were

precisely determined using 99.99% pure He as a tracer gas, result-

ing in a measurement uncertainty below 1%. The system features

volume of laser chamber of 100.2 cc,  with the remaining parts A,
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Figure 1.   Schematic diagram of the extraction and purification

piping of the integrated N2–Ar measurement system.
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B, C, D, and E having volumes of 160.3 cc, 21.3 cc, 69.5 cc, 25.1 cc,
and 127.0 cc, respectively.

 2.2  Sample Analysis Protocol
Prepared  samples  were  placed  into  the  laser  sample  holder
(Figure 1, Laser) and integrated with the UHV system. The vacuum
line was evacuated and baked at 120 °C for ~48 hours to remove
adsorbed atmospheric gases from the sample surfaces. Given that
solar wind components are typically implanted only to depths of
tens  of  nanometers,  heating  at  this  temperature  does  not  alter
their  release  characteristics.  This  has  been confirmed by  rare  gas
isotope analyses of lunar soil: samples baked at 120 °C still exhibited
clear  solar  wind-derived  rare  gas  signals,  especially  He  isotopes,
which  retain  typical  solar  wind  signatures  in  the  initial  release
stage  (Zhang  XH  et  al.,  2024).  If  heating  had  affected  these
components, the He isotope ratios would have shown significant
changes, yet no such variations were observed.

Gas  extraction  was  performed  using  a  CO2 laser,  via  either  total
fusion or stepwise heating. In the total fusion mode, the sample is
fully melted under ~90% of the laser’s maximum output power to
release all trapped gases. In the stepwise heating mode, the laser
output  power  is  carefully  modulated  to  incrementally  heat  the
sample,  enabling  gas  release  at  distinct  temperature  intervals.
This  approach  allows  for  the  characterization  of  gas  release
profiles  associated  with  specific  mineral  phases  or  trapping  sites
within the sample.

Gases  released  from  the  laser-heated  sample  diffused  freely  into
four  designated volumes:  regions  A,  B,  C,  and D.  Gas  in  region A
was  designated  for  the  measuring  of  N2 abundance  and  its
isotopic composition. To increase the relative proportion of N2, an
additional tube was added to expand region A, raising its volume
to  ~43%  of  the  total.  The  remaining  gas,  distributed  across
regions  B,  C,  and  D—including  the  laser  sample  chamber—was
reserved  for  Ar  isotope  analysis,  comprising  ~57%  of  the  total
volume. Gas from regions B to D was then directed into region E
for  purification  by  a  Zr–Al  getter  pump.  The  purified  gas  was
trapped in CF2, a liquid nitrogen-cooled cold trap (77 K), where Ar
was  selectively  adsorbed.  After  adsorption,  residual  gases—
primarily He—were evacuated using an ion/molecular pump. The
adsorbed Ar in CF2 was released by heating, repurified using the
Zr–Al  getter  pump,  and  introduced  into  the  mass  spectrometer
for isotopic analysis.

The gas designated for N2 analysis in region A is first oxidized by
O2 released  from  a  CuO  furnace  operated  at  850  °C.  This  step
primarily converts carbon-bearing species (e.g., CO, CxHγ) into CO2

and  H2O.  Additionally,  residual  hydrogen- and  sulfur-bearing
compounds are oxidized to H2O and SO2, respectively.

Excess  O2 not  consumed  during  oxidation  is  subsequently
removed through sequential  absorption in the CuO furnace held
at  600  °C  and  450  °C.  The  gas  mixture  in  region  A  then  diffuses
into  region  B,  where  condensable  species  produced  during  the
oxidation process are cryogenically trapped in CF1, a cold trap at
liquid nitrogen temperature. Finally, the purified gas is introduced
into the mass  spectrometer  to  determine the N2 abundance and
isotopic composition.

 2.3  Measurement
Measurements  of  N2 and  Ar  isotopes  were  performed  using  a
Helix SFT noble gas mass spectrometer operating in peak-jumping
mode. In the Ar isotopic analysis, 40Ar was measured using a Fara-
day  cup,  whereas 38Ar  and 36Ar  were  detected  with  an  electron
multiplier. Each acquisition comprised 11 measurement cycles. In
the  N2 isotope  analysis,  masses  28  (primarily 14N14N)  and  29
(primarily 14N15N) were measured using the Faraday cup, whereas
mass  30  (predominantly 15N15N)  was  detected  with  the  electron
multiplier.

To  prevent  premature  filament  failure  resulting  from  excessive
trap  current,  the  trap  current  was  deliberately  reduced  during
integrated  N2–Ar  measurements.  Although  this  adjustment
reduced sensitivity, the data quality remained unaffected because
of the relatively high concentrations of N and Ar in the extraterres-
trial  samples.  During  the  N2 analysis,  the  trap  current  was  set  to
50 μA,  resulting  in  a  sensitivity  of  approximately  2.90 × 10−11 
ccSTP/fA.  For  the  Ar  analysis,  the  trap  current  was  set  to  150 μA,
with  a  corresponding  sensitivity  of  ~5.05 × 10−12 ccSTP/fA.  Each
analysis  run  included  11  cycles.  Nitrogen  isotopic  ratios  were
determined  by  linearly  extrapolating  ion  signals  to  time  zero,
corresponding to the sample gas entry point into the mass spec-
trometer.

Data  correction  procedures  included  baseline  subtraction,  inter-
ference correction for CO species,  and normalization to an atmo-
spheric  air  standard.  Background  measurements  were  routinely
conducted  between  analyses,  typically  after  every  one  to  two
sample or standard runs, to monitor and correct for instrumental
drift and residual gas contributions.

 2.4  Data Correction

 2.4.1  Standard air
To ensure the analytical stability of the mass spectrometric system
during the course of the experiments, standard gas measurements
were  periodically  performed.  These  tests  involved  quantitative
extraction of gas from a 5-liter standard air reservoir maintained at
an  initial  pressure  of  approximately  0.57  torr.  For  each  test,  the
extracted gas volume was precisely adjusted to 0.1 cm3, producing
nitrogen quantities in the range of ~1.2 × 10−6 to 1.2 × 10−5 ccSTP,
appropriate  for  matching  the  signal  intensities  of  typical  sample
analyses.

A  calibration  curve  was  constructed  by  aligning  the  ion  signal

intensity  of  the  standard  gas  with  that  of  the  samples,  thereby

correlating the measured 15N/14N isotopic ratio in standard air  to

the  signal  magnitude  (Figure  2).  This  calibration  procedure

yielded  an  analytical  precision  better  than  2‰  for  the 15N/14N

ratio,  demonstrating  the  reliability  of  the  system  under  the

selected analytical conditions. It is important to note that this cali-

bration  curve  is  applicable  only  to  the  specific  measurement

session reported here. For different sets of samples or experimental

runs,  the  calibration  must  be  repeated  to  account  for  possible

variations in system behavior, such as changes in detector gain or

ion source conditions.

In  contrast,  no  significant  linear  dependence  was  observed
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between  the 40Ar/36Ar  or 38Ar/36Ar  ratios  and  the  signal  intensity
of 40Ar. This result indicates that, within the range of signal inten-
sities  encountered,  Ar  isotopic  measurements  were  not  substan-
tially  affected  by  signal  amplitude-related  fractionation.  As  a
result,  Ar  isotopic  data  were  corrected  by  referencing  the
measured 40Ar/36Ar  and 38Ar/36Ar  ratios  of  each  sample  to  the
average values obtained from the full experimental dataset, which
were  310.6 ± 4.3  and  0.191 ± 0.002,  respectively.  These  values
were used in comparison with the theoretical  atmospheric  ratios
to perform internal normalization and correct for any instrumental
drift or background interference. This approach ensured consistent
Ar isotope data quality across all analyzed samples.

 2.4.2  Background correction
Background  correction  is  especially  important  for  samples  with
low  N2 content.  A  full-procedure  system  blank  analysis  was
conducted  prior  to  each  sample  or  standard  air  measurement.
Throughout the experimental campaign, the N2 background level
of  the  system  remained  stable,  showing  a  negligible  difference
between cold and hot blank conditions. The average background
level  was  0.35  ±  0.05  ×  10−6 ccSTP  (1σ),  equivalent  to  ~0.4  ng  of
N2.  This  background  level  is  significantly  lower  than  those
reported by leading international laboratories for N2 isotope anal-
ysis  (4.2–14.6  ×  10−6 ccSTP; Barry  et  al.,  2012).  The  background
contribution to the total N2 in the samples was less than 10%.

A nitrogen isotope background correction was applied using the
following equation (Barry et al., 2012):

δ15
NC =

δ15NS − [δ15NB ×
[N2]B[N2]S

]
1 −

[N2]B[N2]S

.

In this equation, C, B, and S represent the corrected value, system
background, and measured value of the sample, respectively.

The  average  system  background  for 40Ar  was  ~1.6  ±  0.2  ×  10−9

ccSTP (1σ). The background correction was typically performed by
subtracting the background value from the measured signal.

 2.4.3  Interference CO correction
The  extracted  gas  mixture  contains  carbon  monoxide  (CO)  and
diverse  hydrocarbons.  Although  oxidation  within  the  CuO  purifi-
cation  furnace  converts  these  species  predominantly  to  CO2 and
H2O,  their  complete  elimination  is  not  achieved.  Consequently,
residual CO interferes with the quantification of molecular nitrogen
(N2)  during  mass  spectrometric  analysis  because  of  overlapping
mass-to-charge m/z) ratios. Specifically, limited instrument resolu-
tion  precludes  the  complete  separation  of  signals  at m/z 28,  29,
and 30, which represent composite intensities arising from N2 and
CO  isotopologues.  To  resolve  this  interference,  the  correction
protocol established by Barry et al. (2012) was applied. The signal
contributions were defined by the following equations:[M28] = [14

N
14

N] + [12
C

16
O], (1)[M29] = [14

N
15

N] + [13
C

16
O] + [12

C
17

O], (2)[M30] = [15
N

15
N] + [12

C
18

O] + [13
C

17
O], (3)

where  [MX]  denotes  the  measured  signal  intensity  at *m/z* =  X.
Minor isotopologue contributions (enclosed in brackets) are negli-
gible  under  standard  analytical  conditions  and  were  excluded
from subsequent calculations.

Assuming  isotopic  equilibrium,  the  relative  abundance  of  N2

isotopologues follows the statistical distribution:[14
N

14
N] ∶ [14

N
15

N] ∶ [15
N

15
N] = 1 ∶ 2r ∶ r2, (4)

where r is  the 15N/14N  ratio.  Further  assuming  that  the  isotopic
ratios  within  CO  (13C/12C, 18O/16O, 17O/16O)  conform  to  natural
terrestrial abundances, Equations (1 – 3) can be reformulated as[M28] = [14

N
14

N] + [12
C

16
O], (5)[M29] = 2r × [14

N
14

N] + R13 × [12
C

16
O], (6)[M30] = r2 × [14

N
14

N] + R18 × [12
C

16
O], (7)

where R13 = 13C/12C and R18 = 18O/16O represent the natural abun-
dance  ratios.  Solving  this  system  of  equations  simultaneously
yields the value of r (the 15N/14N ratio).  Additionally,  the absolute
concentrations  of 14N14N  and 12C16O  can  be  derived,  enabling
quantification of the CO interference on the N2 signal.

Given  the  significantly  higher  natural  abundance  of 14N14N  and
14N15N  compared  with 15N15N,  the  signal  intensity  at m/z 30
([M30]) serves as a robust indicator of the CO contribution. Appli-
cation  of  this  correction  methodology  revealed  that  CO
contributed approximately 2% to the total signal intensity during
sample analysis in this study.

 3.  N2 and Ar Isotopes of the Meteorite Allende

 3.1  Feasibility of the Method
To evaluate the reliability and performance of the newly developed
integrated  N2–Ar  measurement  system  and  analytical  protocol,
we  selected  the  Allende  meteorite—a  well-characterized  CV3
carbonaceous  chondrite  from  a  witnessed  fall—as  the  test
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Figure 2.   Calibration curve of nitrogen isotopes in standard air at

different signal intensities. The gray data points represent the

measured values of standard air. The blue data points indicate the
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sample.  The  Allende  meteorite  primarily  consists  of  coarse-

grained, Mg-rich olivine and a fine-grained Fe-rich olivine matrix.

It  also  contains  abundant  calcium–aluminum-rich  inclusions

(CAIs),  which  represent  some  of  the  earliest  solid  condensates

formed  during  the  cooling  of  the  solar  nebula.  Despite  having

undergone  moderate  thermal  metamorphism,  Allende  remains

chemically  heterogeneous,  displaying  distinct  features  of  a

nonequilibrated  chondrite  (Young  and  Russell,  1998; Cuvillier  et

al., 2015).

Schultz  and  Franke  (2004) compiled  a  comprehensive  dataset  of

Ar  isotopic  compositions  in  Allende,  reporting  whole-rock

concentrations of 40Ar, 38Ar, and 36Ar ranging from (0.32–286.44) ×

10−6,  (3.6–53.5)  ×  10−9,  and  (6.5–176.0)  ×  10−9 ccSTP/g,  respec-

tively.  The 36Ar/38Ar  ratios  vary  between  0.71  and  5.35.  Nitrogen

concentrations range from 18 to 70 ppm, with δ15N values span-

ning from –43‰ to –5‰ (Gibson et al.,  1971; Kung and Clayton,

1978; Frick and Pepin, 1981). Despite extensive research on N and

noble gas isotopes in Allende, no previous work has reported inte-

grated N and Ar isotope analyses on the same sample aliquot. This

study  thus  presents  the  first  integrated  N2−Ar  isotope  measure-

ments conducted on a single Allende specimen.

Four  Allende  samples  were  analyzed  using  the  newly  developed

integrated  N2–Ar  measurement  system.  Two  samples  underwent

total melting, whereas the other two were subjected to step-heat-

ing extraction.  The resulting N2 and Ar  isotopic  data are summa-

rized  in Table  1 and Figure  3.  The  analytical  uncertainties  for

isotopic concentrations are approximately 5%, whereas those for

δ15N  values  are  approximately  15%.  Concentrations  of 40Ar, 38Ar,

and 36Ar  are  (12.5–21.1)  ×  10−6 ccSTP/g,  (19.2–30.7)  ×  10−9

ccSTP/g,  and  (90.9–150.3)  ×  10−9 ccSTP/g,  respectively.  The  N2

concentrations  range  from  19.2  to  29.8  ppm,  with  δ15N  values

between –33.0‰  and –44.8‰.  Cosmic  ray  exposure  (CRE)  ages

were  calculated  using  the  relation T38 = C38/P38,  where C38 is  the

cosmogenic 38Ar  content  and P38 is  its  production  rate.  The P38

values were determined based on Eugster (1988), incorporating a

corrected  (22Ne/21Ne)c ratio  of  1.11,  as  recommended  by  Wieler

(2002). The calculated CRE ages range from 4.5 to 5.7 Ma, consistent

within uncertainty with previously reported exposure ages of 5 ±

1 Ma (Das and Murty, 2009). The temperature-dependent behavior

of  N  isotopes  closely  matches  the  classic  pattern  reported  by

Thiemens and Clayton (1981). At lower temperatures, δ15N values

are  influenced  by  atmospheric  contamination  and  approach  the

atmospheric  endmember.  With  increasing  temperature,  δ15N

values decrease, indicating a shift toward the isotopic composition

of  the  primordial  solar  nebula.  At  higher  temperatures,  δ15N

values increase slightly, likely because of cosmogenic 15N, resulting

in  a  characteristic  V-shaped  δ15N–temperature  trend  (Figure  4).

The  close  agreement  between  the  isotopic  signatures  and  CRE

ages  obtained  in  this  study  and  those  reported  previously

strongly supports the accuracy and reliability of the newly devel-

oped  N–Ar  analytical  method.  Although  the  Allende  meteorite

had long been stored in an atmospheric environment, the N and

Ar  isotope  results  showed  no  interference  from  storage,  further
 

Table 1.   N–Ar isotopes of meteorite Allende.

Laser output power (%)
40Ar

(×10−6 ccSTP/g)

36Ar
(×10−9 ccSTP/g)

38Ar
(×10−9 ccSTP/g)

T38

(Ma)
N2

(ppm)
δ15N (‰)a 36Artr/N2

Total fusion

Allende-T1, 0.622 mg 21.08 150.28 30.71 5.74 29.81 −44.83 6.72E-06

Allende-T2, 0.384 mg 16.04 103.09 21.55 5.03 19.21 −33.02 7.13E-06

Step heating

Allende-S1, 2.523 mg 3 2.48 7.70 1.44 1.68 4.01

4 3.92 2.49 0.72 2.72 0.04

5 1.89 2.25 0.60 3.97 −32.54

6 1.12 2.46 0.79 1.78 −95.31

8 0.40 1.92 0.34 0.46 −98.48

90 4.87 81.25 16.47 10.59 −48.67

Total 14.67 98.07 20.36 4.48 21.20 −40.23 6.15E-06

Allende-S2, 3.189 mg

3 7.70 8.30 1.75 2.33 3.04

4 2.49 4.23 0.88 5.09 −16.58

5 2.25 5.97 1.28 3.07 −70.14

10 2.46 40.50 8.61 8.04 −47.90

20 1.92 21.92 4.50 2.93 −34.36

90 81.25 10.01 2.14 0.75 −44.27

Total 98.07 90.94 19.15 4.76 22.21 −36.56 5.43E-06

aNo correction for cosmogenic N.
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confirming the effectiveness of the experimental sample-handling

procedures.

 3.2  Release Character of N and Ar Isotopes
Step-heating  experiments  using  a  CO2 laser  were  conducted  by

progressively  increasing  the  output  power  to  achieve  controlled

temperature  increments.  This  technique  provides  high  heating

efficiency  and  low  system  background,  making  it  the  standard

method for stepwise noble gas isotopic analyses in modern noble

gas  laboratories.  Although  infrared  optical  pyrometers  can  be
utilized  to  monitor  temperature,  they  often  fail  to  accurately
reflect  the true heating temperature of  the sample,  complicating
precise  temperature  determination.  After  each  heating  step,  the
released gases were analyzed for both N and Ar isotopic measure-
ments,  allowing  characterization  of  their  release  behaviors.  The
amount  of  released  gas  is  closely  correlated  with  the  magnitude
of  temperature increase.  In  practice,  temperature steps are often
adjusted  according  to  the  release  profile  of  a  specific  isotope,
such  as 40Ar.  However,  gas  release  often  occurs  over  discrete
temperature  intervals,  resulting  in  step-specific  concentrations
(Figures  5a and 5c).  For  example,  in  sample  S1,  the  final  heating
step  released  only  33%  of  the  total 40Ar  yet  accounted  for  more
than 80% of the total 36Ar and 38Ar and approximately 50% of the
total N2 (Figure 5a). This pattern likely reflects the combination of
high-temperature  cosmogenic  gas  components  (typically
released  at  elevated  temperatures; Manuel  et  al.,  1972)  and  the
varying degassing temperatures of different mineral phases (Frick
and Pepin, 1981).

In  contrast,  sample  S2  exhibited  a  distinct  degassing  pattern,  in
which both N and Ar isotope releases followed a parallel rise-and-
fall trend across temperature steps (Figure 5c). These intersample
differences are further reflected in the Ar isotopic ratios. As shown
in Figures  5b and 5d,  both  samples  display  similar 40Ar/36Ar
trends,  which  increase  initially  and  then  decrease  with  tempera-
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ture,  reaching  peak  values  of  ~1753  for  S1  and  ~769  for  S2.  This

behavior is interpreted as reflecting the release of radiogenic 40Ar

concentrated in intermediate temperature fractions. Additionally,

the 38Ar/36Ar ratios are relatively stable in S2 (ranging from 0.2054

to  0.2105)  but  vary  significantly  in  S1  (ranging  from  0.1868  to

0.2889).  These  variations  in  isotopic  ratios  highlight  the  intrinsic

heterogeneity of the Allende meteorite, potentially resulting from

differences  in  mineralogical  composition  and  the  relative  abun-

dances  of  cosmogenic  and  neutron-capture  products  within  the

analyzed fragments (Manuel et al., 1972).

 3.3  Potential Application of the Method to Lunar or

Asteroid Samples
The  system  blank  level  is  critical  for  reliable  N  isotope  measure-

ments  in  extraterrestrial  materials.  Apollo  samples—including

regolith, breccia, feldspar, and ilmenite—contain 3–407 ppm of N

(Frick et al., 1988; Kerridge, 1993; Wieler et al, 1999; Assonov et al.,

2002; Furi  and  Marty,  2015; Mortimer  et  al.,  2015).  Thus,  a  1 mg

aliquot  is  expected  to  contain  at  least  ~3 ng of  N.  Our  system

contributes only 0.4 ng of N as blank—almost an order of magni-

tude below the minimum expected content of lunar samples. This

ultralow background enables high‑precision δ15N determinations

in lunar materials.

The  setup  is  equally  suited  to  asteroid  N  isotope  analyses.  Early

spectroscopy classified near‑Earth asteroid 2016 HO3 as an S‑type

or volatile‑rich C‑type (Reddy et al.,  2017). Later orbital‑dynamics

modeling  and  spectral  comparisons  indicated  a  close  composi-

tional  match  to  lunar  farside  ejecta  from  the  Bruno  crater.  These

data  imply  that  2016 HO3 is  lunar  ejecta  produced  by  an  impact

~10 million  years  ago  (Jiao JF  et al., 2024).  Consequently,  the

abundance  and  distribution  of  solar  wind-implanted  N  in

2016 HO3 should mirror those of  lunar materials.  The expected N

concentration  remains  well  above  the  0.4 ng  system  blank.  Even

for  C‑type  asteroids  with  high  N  contents—for  example,  Ryugu

(~700 ppm;  Okazaki et al., 2022)—a  0.4 ng  blank  adds  negligible

error to 1 mg analyses. Accordingly, the system satisfies the strin-

gent  requirements  for  high‑confidence δ15N tracing in  lunar  and

asteroid specimens.

 4.  Conclusions
In  this  study,  we  developed  a  novel  analytical  approach  that

enables  the  integrated  measurement  of  N2 and  Ar  isotopes  in

trace amounts of extraterrestrial materials. This was accomplished

through the innovative design of a gas extraction and purification

system, representing the first implementation of such a method in

China.  The  system  is  characterized  by  an  ultralow  background

level (N2 blank as low as 0.35 × 10−6 ccSTP, ~0.4 ng), high analytical

precision  (δ15N  reproducibility  better  than  2‰,  with  elemental

abundance uncertainties ≤5%), and minimal sample consumption

(submilligram  level).  This  integrated  determination  of  N2 and  Ar

isotopes  in  a  single  run  significantly  improves  sample  utilization

efficiency  and  reduces  the  influence  of  sample  heterogeneity  on

the interpretation of volatile components in extraterrestrial mate-

rials. The combined use of N2 and Ar isotopes provides a powerful

tool for tracing the origin and evolution of planetary volatiles.  As

China’s Tianwen-2 asteroid sample return mission targeting aster-

oid 2016 HO3 progresses, this analytical protocol will offer essential

technical support for the volatile investigations of returned aster-

oid samples.
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