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Abstract The copper isotopic compositions of 12 copper-rich minerals (including native copper, sulfides, carbonates, oxides,
and copper chloride) have been determined using a 206 nm ultraviolet femtosecond laser ablation multi-collector inductively
coupled plasma mass spectrometry (UV-fs-LA-MC-ICP-MS). A pure copper wire NWU-Cu-B and a natural chalcopyrite
TC1725 were used as bracketing standards for calibration. Reliable and precise (2SD<0.07%o) 6”Cu values can be obtained
using matrix-matched standards under dry plasma condition and calibrated by the standard-sample bracketing method (SSB).
However, the 5" Cu values calibrated by non-matrix-matched standards were seriously affected by matrix effect, with a deviation
of up to 1.42%o. Therefore, matrix-matched standards are necessary for reliable in situ Cu isotope ratio measurement. Although
the analytical precision (2SD) is slightly improved, the use of Ga as an internal standard combined with the SSB correction does
not reduce the deviation caused by the matrix effect. However, the matrix effect can be significantly suppressed by adding
8.6 uL min' water into the carrier gas. The matrix-induced 6%Cu deviation of the TC1725 calibrated against the pure copper
NWU-Cu-B was reduced from 0.99%o in dry plasma mode to 0.03%o in wet plasma mode and achieved a long-term reprodu-
cibility of 0.10%o (2SD). For the Cu isotopic compositions of 12 natural copper-rich minerals determined under wet plasma
mode, the deviation of 5%Cu was less than 0.13%o if the mineral is homogeneous. These results indicate that the non-matrix-
matched standardization can be achieved by fs-LA-MC-ICP-MS under wet plasma condition, whether using chalcopyrite or pure

copper as the external bracketing standards.
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1. Introduction

Copper is an important transition metal element with two
stable isotopes “Cu (69.2%) and “Cu (30.8%). The isotopic
ratio is commonly expressed in J notation (565Cu:(Rsample/
Ryist976—1)%1000 where R=65Cu/63Cu). The precise and ac-
curate measurement of “°Cu/*Cu isotope ratios in geologi-
cal, biological, environmental, and anthropogenic samples
has gained increasing attention (Graham et al., 2004; Markl
et al., 2006; Jouvin et al., 2012; Lee et al., 2012; Mathur et
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al., 2012; Aramendia et al., 2013; Ryan et al., 2013; Chiar-
adia, 2014; Roebbert et al., 2018; Yang et al., 2019). Copper
is also a useful tool for studying redox interaction and metal
cycling (Moynier et al., 2017). As a metal isotope, copper
can directly trace the source of ore-forming metal and the
mineralization process (Li et al., 2010; Mathur et al., 2012;
Zhao et al., 2017).

Thermal ionization mass spectrometry (TIMS) has pre-
viously been used to determine the variation of the Cu iso-
topes. However, the precision is around 1.5%o (Shields et al.,
1965), which is larger than the terrestrial isotopic variation in
most cases. The recent wide application of multi-collectors
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inductively coupled plasma mass spectrometry (MC-ICP-
MS) makes it possible to determine the copper isotopic
composition of geological and biological samples with high
precision (0.03—0.07%o) (Borrok et al., 2007; Liu et al., 2014,
Hou et al., 2016; Yuan et al., 2017; Sullivan et al., 2020). At
present, solution nebulization MC-ICP-MS has been well
developed and widely used as the most precise method for
Cu isotopes, and significant mass-dependent Cu isotope
fractionation can be observed even in high-temperature
processes (Graham et al., 2004; Maher and Larson, 2007;
Seo et al., 2007; Brzozowski et al., 2020).

For some samples that are fine-grained, complexly inter-
grown with other minerals or heterogencous in isotopic
composition due to the core-rim structure (Graham et al.,
2004; Rouxel et al., 2004; Li et al., 2010), a high spatial
resolution analysis is necessary. The laser ablation (LA)-
MC-ICP-MS allows us to measure the Cu isotope compo-
sitions in situ at the resolution of dozens of microns. How-
ever, previous research has reported significant isotopic
fractionation induced by the laser ablation process. Jackson
and Giinther (2003) first determined Cu isotope composition
using LA-MC-ICP-MS with a high fluence ablation and re-
ported a large deviation (1.5-4.8%o0) compared with the ratio
analyzed by the solution nebulization MC-ICP-MS. They
suggested that the isotopic fractionation was dominated by
the preferential volatilization of the lighter Cu isotope and
the incomplete ionization of large particles, and the isotope
ratios closer to the true value can be achieved by filtering out
the large particles from aerosols. Kuhn et al. (2007) reported
the small particles produced by a 213 nm laser beam were
isotopically lighter by 0.7%o relative to the large particles.
Other research has also described this particle size-related
fractionation (d’Abzac et al., 2013; Zhu et al., 2017) and
suggests that the femtosecond laser ablation technique would
significantly reduce the elemental and isotopic fractionation
(Ikehata et al., 2008; Lazarov and Horn, 2015; Zheng et al.,
2018; Lin et al., 2019).

In addition, previous research suggests that in sifu analysis
of Cu isotopes using LA-MC-ICP-MS requires a matrix-
matched calibration standard to acquire reasonable results.
Ikehata et al. (2008) found a severe matrix effect on non-
matrix-matched calibration of Cu isotopes using a 780 nm
near-infrared femtosecond (NIR-fs) LA-MC-ICP-MS. The
offset of Cu isotopic value was found up to 2.67%o in chal-
copyrite, and up to 0.54%. in chalcocite, when calibrated
with the NIST SRM 976. Comparatively, the matrix-matched
calibration using 780 nm NIR-fs-LA-MC-ICP-MS can ob-
tain 6°°Cu values consistent with the solution value within
uncertainty with a precision better than 0.14%o. Ikehata and
Hirata (2013) found the 0% Cu shifts over 0.56%o when using
NIR-fs-LA-MC-ICP-MS compared to over 0.76%o when
using 260 nm UV-fs-LA-MC-ICP-MS for cubanite cali-
brated against NIST SRM 976, suggesting the matrix effect
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was not significantly reduced by using UV-fs-LA-MC-ICP-
MS. Lazarov and Horn (2015) reported that 194 nm UV-fs-
LA-MC-ICP-MS analysis did not require matrix-matched
reference materials to obtain reliable copper isotope values
for many copper-bearing minerals, including sulfides, oxi-
des, and carbonates, and the precision was better than 0.1%o
by using a low laser fluence. Thus, it remains unclear if the
accurate non-matrix-matched standardization of copper iso-
tope determination can be directly achieved by UV-fs-LA-
MC-ICP-MS in practice.

To broaden the application of the femtosecond laser sys-
tem and reduce the matrix effect, some researchers in-
troduced water into the carrier gas. This so-called water-
assisted technique or “wet plasma” has been found to sig-
nificantly suppressed the matrix effect and the mass load
effect (Oeser et al., 2014; Allner et al., 2017; Luo et al., 2018;
Zheng et al., 2018; Lin et al., 2019). Zheng et al. (2018)
evaluated the matrix effect during Fe isotope analysis using
ns-LA-MC-ICP-MS and fs-LA-MC-ICP-MS and suggested
that the accuracy of isotope ratios during the non-matrix-
matched determination under a “dry” condition have been
significantly improved by water addition. Lin et al. (2019)
reported the precise Li isotope determination of tourmalines
using NIST glass as non-matrix-matched standards, and the
matrix effects of both ns-LA-MC-ICP-MS and fs-LA-MC-
ICP-MS were significantly reduced by adding water. The
deviation (~1.5%o) of 5'Li using fs-LA-MC-ICP-MS under a
“dry plasma” condition has been basically eliminated during
the water-assisted ablation process. In fact, the accurate
in situ isotope determination by LA-MC-ICP-MS in many
studies has been performed under the “wet plasma” condi-
tion (Oeser et al., 2014; Schuessler and von Blanckenburg,
2014; Lazarov and Horn, 2015).

In this study, we evaluated the matrix effect of the in situ
method for determining the Cu isotope compositions of 12
common copper-bearing minerals using 206 nm ultraviolet
fs-LA-MC-ICP-MS via matrix-matched and non-matrix-
matched standardization. In addition, water aerosol, nitro-
gen, and internal standard Ga were added to the plasma to
investigate the influence of matrix effect during laser abla-
tion Cu isotope analysis. Under the condition that the matrix-
matched determination is hard to process, this study seeks to
provide an alternative method for Cu isotope determination
in worldwide laboratories.

2. Experimental procedures

2.1 Instruments and data acquisition

The Cu isotope measurements were conducted on a Neptune
Plus MC-ICP-MS (Thermo Fisher Scientific, Germany) in
combination with an NWR-Femto"" Dualwave femtosecond
laser ablation system (ESI, USA) at the State Key Laboratory
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of Continental Dynamics (SKLCD), Northwest University,
China. The femtosecond laser system was equipped with a
fundamental near-infrared wavelength (1028 nm) and oper-
ated in ultraviolet wavelength 257 nm by the fourth-harmo-
nic generation and wavelength 206 nm by the fifth-harmonic
generation. A six-inch (1 inch=2.54 cm) TV2 chamber was
equipped for the laser ablation system. The chamber has
been inserted a Floating Floor, where the shape and the size
of the sample mounts would not be strictly limited. The
samples can be placed at any position in the sample chamber
drawer using plasticine. The Neptune Plus MC-ICP-MS was
equipped with 9 moveable Faraday cups and seven ion
counters. 63Cu, 65Cu, 69Ga, and "Ga were simultaneously
measured in 10" Q resistor Faraday cups L4, L2, H2, and
H3, respectively. NIST SRM 994 Ga (“Ga/”'Ga=1.50676
+0.00039 (Machlan et al., 1986)) was used for the instru-
mental mass bias correction. The NIST SRM 994 metal is
dissolve and dilute to 100 pg gf1 solution in 2% HNO;. The
parameters of the instrument are always tuned to reach the
highest sensitivity during “dry” and “wet” plasma condition,
and the detailed instrument settings and operating parameters
are listed in Table 1. For all the minerals, line-scan ablations
were performed with a spot diameter of 10-30 um and a line
length of ~60 pm. Due to the different concentrations of Cu
in mineral samples, the spot size was varied to provide near-
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constant Cu signal intensity between samples and bracketing
standards. The signal intensity of %Cu ranged from 5V to
15V on 10" Q resistors during the MC-ICP-MS analysis.
Due to the different Cu content in copper-rich minerals, the
signal intensities of the natural mineral samples were pre-
analyzed, and then the ablation spot size was adjusted to
ensure that the signal intensity of samples and the reference
materials matched with each other by £15%. The signal in-
tensity of aspirated NIST SRM 994 Ga was always adjusted
to be within £20% relative to the signal intensity of Cu by
changing the concentration of Ga in ultra-pure water. Each
measurement consists of 30 s background, 52.4 s data ac-
quisition, and 60 s washout. The on-peak baseline was
measured with the aspirated water and NIST SRM 994 Ga
before the laser emission in wet plasma condition. The
background of ®Cu was less than 5 mV in both dry and wet
ablation modes. All the samples and standards were analyzed
using line-scan ablation to get a relatively stable signal and a
lower effect of down hole fractionation. The scanning speed
was set to 1 pum s, and a total of 100 cycles of data can be
obtained for calculation during the whole 52.4 s measure-
ment time. The samples and bracketing standards were
placed close to each other. Generally, the standards and the
samples are placed parallel to the horizontal direction, and
the bracketing standard is placed on the left or right of the

Table 1 Summary of the operation parameters of fs-LA-MC-ICP-MS for Cu isotope measurements

MC-ICP-MS Neptune Plus (Thermo Fisher)
RF power 1200 W
Cooling gas flow rate (Ar) ~15.0 L min™"
Auxiliary gas flow rate (Ar) ~0.70 L min™"

Sample gas flow rate (Ar)
Add gas flow rate (Ar)
Block number
Cycle number
Integration time
Guard Electrode (GE)
Analysis mode
Nebulizer
Sample uptake
Interface cones
Laser ablation system
Wavelength
Pulse duration
Laser beam spatial intensity profile
Energy density
Frequency
Spot size
Line scanning rate

Helium carrier gas flow rate

1.05 L min"' (dry plasma); 0.72 L min”’ (wet plasma)
0.00 L min™' (dry plasma); 0.30 L min”' (wet plasma)
1
100
0.524 s
On
Static
PFA micro-flow
~50 uL min”’

Nickel, standard sample cone + H skimmer cone
NWR-Femto"

206 nm
190 fs
Gaussian distribution
0.50 J e
8 Hz
10-30 pm
lpms™

700-750 mL min "' (dry plasma); 600-650 mL min~' (wet plasma)
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sample with no gap in the middle during measurement, so
that the position effect inside the sample cell can be ignored
within the uncertainty. All the Cu isotope ratios were re-
ported in the delta notion for the %cu/”Cu (565Cu) relative to
NIST SRM 976:
65Cu]

63Cu
65 Cu
“Cu std

65 _ 65 65
07" Cunisr srv 976 = Fsam ClUsea T 9ga CUnisT SRM 976

d%Cu,, = —1|x 1000, (1)

N 65 ¢ 65 -3
Hogam Clgg X g Clygr srmoze * 107,
2
where J, 65Cub is the per mileage deviation of sample a re-

lative to standard b, the subscripts std and sam represent the
bracketing standards (NWU-Cu-A or TC1725) and samples
used in this study. The external precision of the average
measurement is expressed as 2SD, and the internal precision
of a single analysis is expressed as 2SE, defined as follows:

2SE =2 x /\/[Jgustdl

Used1

2

oCu,
+

sam

2 2
+ qustd2] , (3)

Cuggn

usam

where oCugy, is the standard error of the first bracketing
standard, and oCugy, is the standard error of the second
bracketing standard, oCug,, represents the standard error of
the sample, Cugy; is the %Cu/”Cu value of the first brack-
eting standard, and Cugy, is the %Cu/”Cu value of the second
bracketing standard.

2.2 Connecting laser system and MC-ICP-MS

Helium gas was used as a carrier gas to flush the sample cell
during the laser ablation. In dry plasma condition, the ablated
material flushed out from the sample cell by helium was then
mixed with argon (sample gas) by a homemade glass
homogenizer to obtain stable transportation (Figure 1). The
sample aerosols carried by the Ar-He gas mixture were
subsequently introduced into the ICP. During wet plasma
condition, ultra-pure water was introduced into the ICP
through a quartz glass spray chamber and a PFA MicroFlow
nebulizer (~50 pL minﬁl) using the stream of argon gas
(added gas). The internal standard NIST SRM 994 Ga so-
lution was added into the ultra-pure water and introduced to
be mixed with sample aerosols. The NIST SRM 994 Ga and
water were added to sample aerosols just before the ICP
torch using a “Y* connector. The water uptake rate was
controlled by adjusting the flow rate of nebulization argon
gas using a mass flow controller on the MC-ICP-MS. Be-
cause the nebulization argon flow rate was very low during
our laser ablation analysis, the uptake rate of the nebulizer is
lower than its nominal rate. In addition, part of the water
aerosol will condense in the spray chamber and be dis-
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charged as waste. Thus, the actual uptake rates were de-
termined by measuring the mass loss of the solution and the
weight of the waste after aspiration for a known period. The
additional stream of nitrogen was first mixed with argon
(sample gas), via a “Y” connector and then mixed with the
carrier gas in the glass homogenizer (Figure 1).

2.3 Sample preparation

This study examined the Cu isotopic compositions of 12
copper-bearing minerals, including a native copper (Cu), five
natural copper sulfides (chalcopyrite (CuFeS,), digenite
(4Cu,S-CuS), covellite (CuS), tetrahedrite ((Cu, Fe);,Sb,
S13), bornite (CusFeS,)), two copper carbonates (azurite (Cus
(C0O;3),(0OH),), malachite (Cu,CO4(OH),)), one copper oxide
(cuprite (Cu,0)) and one copper chloride (atacamite (Cu,
(OH);Cl)). The major and minor elements analyzed by an
electron probe microanalyser (EPMA: JEOL JXA-8230) at
the SKLCD are summarized in Table 2.

The pure copper NWU-Cu-B and the in-house natural
chalcopyrite reference TC1725 were applied as the in situ
bracketing standards to study the matrix-matched and the
non-matrix-matched calibration of copper-bearing minerals.
NWU-Cu-B and TC1725 are considered isotopically
homogeneous for Cu isotope compositions and their 5%Cu
values relative to NIST SRM 976 are —0.05+0.03%0 (2SD)
(Yuan et al., 2017) and —0.06+0.03%0 (2SD) (Bao et al.,
2021), respectively. Fragments of the reference materials and
copper minerals were mounted in 16 mm-diameter round
epoxy mounts and polished with one-micron diamond paper
to obtain flat surfaces. Due to the heterogeneous distribution
of copper isotopes in natural copper minerals, a micro-dril-
ling system (MSS VI, Relion Industries, USA) was applied
to extract sample powders on the surface of the target sam-
ple, and the Cu isotopes of the minerals were measured using
solution nebulization MC-ICP-MS as described by Lv et al.
(2020). The diameter of the microdrill sampling pit was
300-350 um, and the line-scan ablation analyses were pro-
cessed around the edge of the microdrill sampling pit.

3. Results and discussion

3.1 Effects of laser fluence and frequency

The measurement of isotopic ratios may be affected by the
parameters of laser ablation system, including pulse dura-
tion, wavelength, energy density, and the frequency of the
laser beam, resulting in isotopic fractionation(Hirayama and
Obara, 2005; Lazarov and Horn, 2015). This study designed
an experiment to test the effects of laser fluence and fre-
quency on Cu isotope analysis. A SSB protocol was used to
analyze chalcopyrite and pure copper, respectively, under
different laser fluences. To avoid the potential matrix effect,
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Figure 1 Schematic representation of the online addition of water and Ga standard solution to the plasma during laser ablation.

Table 2 Mass fraction of major and minor elements of samples in this study“)

Sample species Sample name Species Formula Cu concentration (Wt%) Other elements (wt%)
Simple substance NC Native copper Cu 99.26
CPY-1 Chalcopyrite CuFeS, 34.44 S-34.88, Fe-30.38
CPY-SG Chalcopyrite CuFeS, 34.85 S-34.90, Fe-30.13, Co0-0.09
DIG Digenite 4Cu,S-CuS 78.83 S-21.55
Sulfide Ccov Covellite CuS 67.18 S-32.89
TET-G Tetrahedrite ~ (Cu, Fe),,Sb,S; 41.42 S-25.93, Sb-17.84, As-8.13, Fe-4.87, Zn-1.94, Ag-0.10
TC1725 Chalcopyrite CuFeS, 33.78" Fe-30.96"
BOR-Q Bornite CusFeS, 34.32 S-35.38, Fe-30.21
AZU Azurite Cu;3(CO3),(0OH), 49.83
Carbonate MAL-1 Malachite Cu,CO;(OH), 57.22
MAL-2 Malachite Cu,CO;(OH), 54.98 Zn-0.08
Oxide CUP-G Cuprite Cu,0 85.49
Chloride ATA-SG Atacamite Cu,(OH),;Cl1 49.50 Zn-0.10

a) Elements containing less than 0.05 wt% are not listed; b) Bao et al., 2021.

chalcopyrite was calibrated by TC1725 and pure copper was
calibrated by NWU-Cu-B. The 6%Cu value was determined
by varying the laser energy densities from 0.5 to 2.5 J cm
while the laser frequency and the linear scanning speed were
fixed at 8 Hz and 1 um s, the standards were analyzed
under the same laser ablation parameters as the corre-
sponding samples. For each energy density, the Cu isotope
ratios were analyzed four times, and the mean 6%Cu values
are summarized in Figure 2. With the increase of the energy
density, the mean 0%Cu of both pure copper and chalcopyrite
are consistent with their respective solution values. However,
the higher laser fluences (>1J cmfz) led to worse precision
(2SD) and reproducibility. The precision (2SD) of chalco-
pyrite CPY-1 was up to 0.15%0 when applying an energy

density of2.5] cm >, Thus, a low laser fluence (<1J cmfz) is
preferential for LA-MC-ICP-MS Cu isotope analysis (Lv,
2021).

The effect of laser frequency was evaluated by determin-
ing the 5% Cu values of chalcopyrite and pure copper using
varying frequencies from 2 to 20 Hz. Other laser parameters
were fixed at 0.5 J cm ~ for laser fluence and 1 pum s for
linear scanning speed. The Cu isotope ratios were analyzed
four times for each laser frequency and the mean 6%Cu va-
lues are summarized in Figure 3. The 6%Cu of chalcopyrite
tends to be lighter with the increase of frequency (Figure 3a).
When the frequency is less than 4 Hz, the 0”Cu tends to be
heavier relative to the solution value, but when the frequency
is higher than 15 Hz, the 0”Cu tends to be lighter relative to
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Figure 2 Variations of the 5%Cu values measured for chalcopyrite (CPY-
1) and pure copper (NWU-Cu-B) with the different laser energy densities.
Error bars are 2SD, calculated based on four repeated measurements. The
grey-shaded horizontal field in each plot represents a 0.05%o deviation.

the solution reference value. Though the effect of laser fre-
quency seems absent on pure copper using frequencies ran-
ging from 2 to 20 Hz, the 0%Cu value is relatively lower
using frequency <4 Hz (Figure 3b). Using frequencies be-
tween 6 Hz and 10 Hz can acquire 6%Cu value that is con-
sistent with the solution value within the 0.05%o uncertainty
(Lv, 2021). Therefore, in the subsequent experiments, the
laser fluence of 0.5 J cm > and the frequency of 8 Hz were
applied to ensure that the laser-induced isotope fractionation
can be ignored during the in situ Cu isotope analysis.

3.2 Effect of signal intensity

The concentration mismatch between the samples and the
standards can cause significant deviation during isotope
measurement using solution nebulization MC-ICP-MS. This
effect of concentration induced the matrix effect, which leads
to a difference in the mass bias of MC-ICP-MS (Zhu et al.,
2002). This study systematically evaluated the effects of
mismatched signal intensities of samples and standards
during the determination of copper isotope using LA-MC-
ICP-MS. The parameters of laser ablation were set at
0.5Jcm”, 8 Hz and 1 pm s', while the in-house standard
CPY-1 was calibrated using TC1725 as the matrix-matched
bracketing standard. The “Cu signal intensity of TC1725
was fixed at 6 V, and the Cu signal intensities of samples
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ranged from 2 to 12 V by changing the spot size of the laser
beam. As illustrated in Figure 4, operation under the mis-
matched signal intensity of the bracketing sequence will
result in a severe deviation of the 6" Cu value. When the “’Cu
signal intensity of the bracketing standard is about 6 V and
the sample signal is about 2 V (the signal intensity of the
sample is 66.7% lower than that of the standard), the 0%Cu of
chalcopyrite CPY-1 is 0.26%o lighter than its solution value.
When the signal intensity of the sample is twice as high as
the standard signal (the “Cu signal intensity of samples is
about 12 V), the 6%Cuof chalcopyrite is 0.20%o heavier than
the solution value. However, when the “Cu signal intensity
of the sample is range from 5 to 7 V (£15% relative to the
6 V signal intensity of standard), the 6%Cu of chalcopyrite
agrees with the solution value within the uncertainty.
Therefore, it is necessary to strictly match the signal in-
tensities of the samples and the bracketing standards for Cu
isotope determination using laser ablation MC-ICP-MS (Lyv,
2021). For the non-matrix-matched standardization, the
signal intensities of unknown samples should be pre-tested
due to the signal sensitivity of different minerals varies
significantly. By changing the ablation spots size, the Cu
signal of samples and standards should be controlled within
+15% relative to each other using the SSB protocol.

3.3 Matrix effect of Cu isotope analysis using fs-LA-
MC-ICP-MS (dry plasma)

The 6”Cu values of 12 natural copper minerals were ana-
lyzed by fs-LA-MC-ICP-MS with pure copper NWU-Cu-B
and chalcopyrite TC1725 as bracketing standards. Each
sample was repeatedly analyzed (n=6) by line-scan mode,
and the results were compared with the solution values ob-
tained using the microdrilling technique. The results were
summarized in Figure 5 and Table 3. The 6"Cu values of
natural minerals with different matrices calibrated against
NWU-Cu-B using 206 nm femtosecond laser ablation sys-
tem are systematically higher than the solution nebulization
values, indicating the measurement of non-matrix-matched
Cu isotopic composition was strongly affected by the matrix
effect using 206 nm UV-fs-LA-MC-ICP-MS.

The 6*°Cu values of copper sulfides (chalcopyrite CPY-1,
CPY-SG, digenite DIG, covellite COV, tetrahedrite TET-G,
bornite BOR-Q) calibrated against pure copper NWU-Cu-B
show deviations of 0.73—1.10%o from their solution values
(Figure 5, Table 3). The 6%Cu values of carbonates (azurite
AZU, malachite, MAL-1, MAL-2) calibrated against pure
copper have deviations of 0.58-0.94%o from the solution
values. The mean ¢”°Cu values of cuprite CUP-G and ata-
camite ATA-SG corrected by NWU-Cu-B is 0.78%0 and
0.85%o, higher than their solution values. In contrast, the
mean 6°°Cu value of natural copper NC (0.3140.06%o, 2SD,
n=6) obtained by laser ablation experiments using pure
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Figure 3 Variations of the 5%Cu values measured for chalcopyrite (CPY-
1) and pure copper (NWU-Cu-B) with the different laser frequencies. Error
bars are 2SD, calculated based on four repeated measurements. The grey-
shaded horizontal field in each plot represents a 0.05%o deviation.
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Figure 4 The 5%Cu values of chalcopyrite CPY-1 using the mismatched
signal intensity of standards and samples. The signal intensity of TC1725
was fixed at 6 V, and the signal intensity of sample CPY-1 ranged from 2 to
12 V. The abscissa is the percentage of relative deviation of signal intensity
between standards and samples. The dotted line is the solution value of
CPY-1 (0.05+0.02%o). Error bars are 2SD of four repeated measurements.

copper as the bracketing standard agrees well with the so-
lution nebulization value (565Cu=0.23i0.02%o, 2SD, n=4).
The 12 natural minerals were also analyzed using chal-
copyrite TC1725 as the bracketing standard. Except for tet-
rahedrite TET-G, the mean 0°°Cu values of copper sulfides
(chalcopyrite CPY-1, CPY-SG, digenite DIG, covellite COV,
bornite BOR-Q) were all in good agreement with their so-
lution values, the deviation was less than 0.07%o (Table 3).
Though both TC1725 and TET-G are sulfides, the mean
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0%Cu value of tetrahedrite calibrated against TC1725 is
0.14%o lighter than its solution value. This may be attributed
to the 17.84 wt% Sb contained in TET-G (Table 2), which
results in a matrix effect. The laser ablation analysis on oxide
(cuprite CUP-G) and chloride (atacamite ATA-SG) calibrate
by TC1725 yield the mean 0%Cu values of 2.08:0.18%o
(2SD, n=6) and 1.5040.18%0 (2SD, n=6) respectively, both
of which are in good agreement with the solution values of
2.03+0.18%o (2SD, n=6) for CUP-G and 1.51+0.18%. (2SD,
n=6) for ATA-SG. The results indicate that the Cu isotope
compositions of cuprite and atacamite can be calibrated by
chalcopyrite using 206 nm fs-LA-MC-ICP-MS. In contrast,
the mean 6”°Cu values of carbonate (azurite AZU, malachite,
MAL-1, MAL-2) calibrated by chalcopyrite were 0.22—
0.26%o lighter than the solution values, and up to 1.42%o
deviation of 9*’Cu values was found for native copper (NC)
using chalcopyrite TC1725 as the bracketing standard.

The results clearly showed that, for copper-rich minerals,
Cu isotope determination using 206 nm UV-fs-LA-MC-ICP-
MS and calibrated using pure copper (NWU-Cu-B) as the
bracketing standard suffered from severe matrix effect and
up to 1.42%o systematical error was found during the non-
matrix-matched standardization. For laser ablation Cu iso-
tope determination using chalcopyrite (TC1725) as the
bracketing standard, most copper sulfides (except tetra-
hedrite), cuprite and atacamite give consistent results within
uncertainty with the solution values. However, for laser ex-
periment of copper carbonate calibrated by TC1725 still
causes systematic bias compared with solution values. This
indicates that for 206 nm UV-fs-LA-MC-ICP-MS analysis,
matrix-matched standardization is still necessary (Lv, 2021).
Reliable Cu isotope compositions can only be obtained by
calibrating against matrix-matched standards or the stan-
dards with similar chemical compositions. However, the
matrix-matched standard of Cu isotopes is very rare. As far
as we know, there is only one published Cu isotopic standard
of natural minerals (TC1725, chalcopyrite). The lack of re-
ference materials greatly limits the application of the in situ
Cu isotope analysis. In this study, we try to determine the Cu
isotope of cooper-bearing minerals with non-matrix-matched
standardization and hope to provide an alternative method
for Cu isotopes determination in other laboratories world-
wide.

3.4 Non-matrix-matched calibration of Cu isotope
analysis under wet plasma condition

The severe matrix effect greatly limits the application of
laser ablation Cu isotopic analytical technique. To achieve
accurate non-matrix-matched standardization, a small
amount of water was introduced into the plasma. The Cu
isotope analysis of 12 natural copper minerals was conducted
under the so-called “wet” plasma condition. After adding
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Table 3 Laser ablation and solution measurement of copper-bearing minerals
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MC-ICP-MS fs-LA-MC-ICP-MS (SSB) fs-LA-MC-ICP-MS (SSB+Ga)
(SSB+Ga)a) Dry plasmab) Adding 8.6 uL min ' water+2 mL min "' NZC)
Sample " TC1725 corr” CUB corr” TC1725 corr” CUB corr”
07Cu (%) 2SD 65 65 65 65
0 Cu (%) 2SD n offset J Cu(%o) 2SD n offset 0 Cu (%) 2SD n offset J Cu (%) 2SD n offset
NC 023 0.02 4 -1.19  0.06 6 -1.42 031 0.06 6 0.08 0.18 0.09 6 -0.05 0.28 0.09 6 0.05
CPY-1 0.05 0.02 4 005 0.02 6 0.01 1.04 0.03 6 0.99 004 0.06 6 -0.01 0.07 0.06 6 0.03
CPY-SG -0.40 0.03 3 —043  0.09 6 -0.03 037 0.04 6 0.77 —043  0.09 6 -0.03 -032 0.07 6 0.08
DIG 0.10 0.03 4 009 0.03 6 —0.01 120 020 6 1.10 0.19 0.04 6 0.09 0.21 0.07 6 0.11
Cov 030 0.06 4 023 0.06 6 -0.07 125 0.08 6 095 028 013 6 -0.02 0.38 0.07 6 0.08
TET-G 021 005 3 -035 015 6 -0.14 052  0.09 6 0.73 -0.34 011 6 -0.13 -024 0.07 6 -0.03
BOR-Q 0.18  0.01 3 021 0.04 6 0.03 097 002 6 0.79 028 0.06 6 0.10 0.31 005 6 0.13
AZU 098 0.06 4 071 0.14 6 -0.26 1.55  0.09 6 0.58 080 0.08 6 -0.17 0.86 011 6 -0.12
MAL-1  -0.35 0.02 4 -0.60 0.09 6 -0.24 059 0.08 6 094 -0.47 0.08 6 -0.12 -042 004 6 -0.07
MAL-2 041 0.02 4 -0.63 0.16 6 -0.22 052 0.07 6 093 -0.54 0.04 6 -0.12 -047 0.07 6 -0.06
CUP-G 203 003 3 208 0.18 6 0.05 2.81 015 6 0.78 202 016 6 -0.01 2.13 0.16 6 0.10
ATA-SG .51 0.03 3 1.50 0.18 6 -0.02 236 023 6 0.85 .71 020 6 0.19 1.77 023 6 025
TC1725 -0.06 0.03 093 0.04 6 099 -0.09 0.04 6 -0.03

a) Reference value obtained using microdrill and solution nebulization MC-ICP-MS; b) laser analyses under dry plasma condition and SSB protocol; ¢)
adding 8.6 L min"' water and 2 mL min"' N, into carrier gas, calibrated using SSB combine with Ga as internal standard; d) calibrate using TC1725; e)
calibrate using NWU-Cu-B; n represent the number of analysis, offset represent the deviation of ¥cu (%o) relative to the solution value.

ultra-pure water into the plasma, the signal intensity of “Cu
was decreased by ~28% (the introduced amount of water was
about 8.6 uL minﬁl) relative to those measured under dry
plasma condition during the same analytical session (Ap-
pendix Figure S1, https://link.springer.com). Such a decrease
is consistent with previous studies (Zheng et al., 2018; Lin et
al., 2019). NIST SRM 994 Ga was added in the ultrapure
water as an internal standard to calibrate the mass bias of the
instrument. The signal intensity of Ga was adjusted by
changing the concentration of Ga in ultrapure water to match
the signal intensity of Cu within +20%. In addition,
2 mL min"' nitrogen was simultaneously introduced into the
plasma to reduce the yield of oxide and hydride (Hill et al.,
1992; Hu et al., 2008; Fu et al., 2016), and the signal in-
tensity of %Cu was reduced again by about 63% relative to
those adding water aerosol (8.6 uL mirfl) (Figure S1).
However, the results show the use of Ga as an internal
standard has little effect on the matrix effect (Figure 6). The
6" Cu values before and after internal standard correction are
basically the same, but the precision (2SD) of the mean 5¥Cu
values after Ga correction are better than those of the SSB
correction only.

The accuracy and precision of matrix-matched calibration
of 6°°Cu are not si gnificantly improved by introducing water.
For matrix-matched calibration with the chalcopyrite
TC1725, the deviations of 0% Cu values relative to solution
value are 0.02%o for CPY-1, —0.03%0 for CPY-SG, —0.07%o
for COV, and —0.01%0 for DIG in dry plasma condition,
while the deviations are 0.01%o for CPY-1, —0.03%. for CPY-
SG, —0.02%0 for COV, and 0.09%o for DIG in wet plasma

condition. The mean 6”Cu value of NC obtained using
NWU-Cu-B as matrix-matched reference is 0.08%o deviated
from the solution value under dry plasma condition and
0.05%0 deviated from the solution value under wet plasma
condition.

However, the introduction of water can significantly im-
prove the results obtained from non-matrix-matched cali-
bration. The mean 6”Cu values of copper sulfides
(chalcopyrite CPY-1, CPY-SG, digenite DIG, covellite COV,
bornite BOR-Q) calibrated against the NWU-Cu-B are in
good agreement with their solution values, the deviations
range from 0.03%o to 0.13%o (Figure 5; Table 3). For copper
carbonates (azurite AZU, malachite, MAL-1, MAL-2), the
deviations of mean 0”Cu values range from 0.06%o0 to
0.12%o. The laser ablation analyses on oxide (cuprite CUP-
G) and chloride (atacamite ATA-SG) yield mean ”Cu va-
lues that are 0.10%o and 0.25%o deviated from the solution
values, respectively (Figure 5; Table 3). These results in-
dicate that the introduction of water can significantly reduce
the matrix effect when using pure copper to calibrate the
copper-bearing minerals. Except for the deviation of ataca-
mite (ATA-SG) and azurite (AZU) are slightly larger due to
their extreme heterogeneity, the 5%Cu values obtained by
laser ablation of the rest of the samples are close to those of
solution values.

For samples with a systematic deviation of 5%Cu due to the
matrix effect calibrated by TC1725 under dry plasma con-
dition, the mean 0%Cu values are also in good agreement
with solution values under wet plasma condition. The mean
0°Cu values of carbonates AZU, MAL-1, MAL-2 and nat-
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ural copper NC calibrated against the TC1725 are —0.17%o,
—0.12%o0, —0.12%0 and —0.05%0 deviated from the solution
values, respectively. All the above results indicate that the
matrix effect of non-matrix-matched standardization using
chalcopyrite as bracketing standard has also been sig-
nificantly reduced under wet plasma condition. Among
them, the results of carbonate calibrated by pure copper are
better than that of calibration using chalcopyrite after adding
water. The results of tetrahedrite (TET-G) corrected by
TC1725 has no obvious improvement in wet plasma, while
the results calibrated against pure copper are closer to its
solution value with a mean 6°°Cu value deviation of —0.03%o
within uncertainty (Figure 5; Table 3). However, due to the
reduction of signal intensity resulted from the introduction of
water and nitrogen, the precision (2SE) of the single analysis
calibrated using the SSB combined with Ga as the internal
standard under wet plasma condition is worse than those
under dry plasma and calibrated using the SSB protocol
(Figure 5). Under dry plasma condition, the internal precision
(2SE) of CPY-1 calibrated against TC1725 or NWU-Cu-B
using the SSB protocol is less than 0.05%o, while the preci-
sion increases to 0.08%o after adding water and nitrogen.

In order to further confirm the contribution to the sup-
pression of the matrix effect between Ga and water in-
troduction on the matrix effect, only ultrapure water was
introduced to the ICP, and the sample DIG, which is con-
sidered to be relatively homogeneous in 0”Cu, was cali-
brated by pure copper NWU-Cu-B and chalcopyrite TC1725

using SSB method. The results showed that the introduction
of water is the main factor in suppressing the matrix effect.
The mean 6°°Cu value of DIG is 0.200.08%o (2SD, n=3) for
pure copper calibration and 0.14+0.10%. (2SD, n=3) for
chalcopyrite calibration (Figure S2), which is consistent with
the results of introducing water and Ga solution at the same
time (Table 3). Furthermore, during the solution nebulizer
MC-ICP-MS analysis, the 5%Cu value of NWU-Cu-A with
additional matrix elements is consistent with that of pure
copper solution using SSB calibration without adding inter-
nal standard Ga (Table 4). Therefore, the matrix effect can be
significantly reduced under wet plasma condition, whether
Ga solution is introduced or not. However, the precision of
the result after Ga correction is improved (Table 3).

In addition, to match the signal intensity of Ga with Cu
during the water amount experiments, the smaller the water
aerosol is introduced, the more Ga solution is added to the
water, and the increasing amount of Ga does not have an
obvious suppression effect on the matrix effect of Cu isotope.
However, adding water aerosol alone has significantly re-
duce the matrix effect during Cu isotope analysis (Figure
S2), and the results are completely consistent with the results
of adding water and Ga at the same time.

3.5 The effect of water introduction rate

The water aerosol was introduced into MC-ICP-MS through
a nebulizer with argon (add gas), the amount of water can be
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changed by adjusting the flow rate of the add gas. After
changing the add gas, the sample gas flow rate needs to be re-
tuned to obtain the maximum Cu and Ga intensities. When
the argon flow rate (add gas) is 0.3 L min’' (the water in-
troduction rate is about 8.6 pL min_l), the mean 6°°Cu value
of TC1725 calibrated against NWU-Cu-B is —0.04+0.05%o
(n=5, 2SD), which is indistinguishable within measurement
uncertainty from the solution result of —0.06+0.03%o (2SD).
Compared with the results under dry plasma, the data clearly
show that the addition of water has significantly reduced the
matrix effect of non-matrix-matched standardization. How-
ever, with the increase of water addition, the 6% Cu values of
chalcopyrite TC1725 calibrated by NWU-Cu-B are biased
towards lighter delta values than that of the solution. When
increasing the amount of water to 14.5 pL min”' (add gas
flow rate is 0.4 L minfl), the acquired mean 6”Cu value of
TC1725 deviated to —0.16+0.04%o (n=6, 2SD). Beyond this
amount of water aerosol, the mean 6”Cu value remains
stable with a further increase of water amount. Thus, for the
non-matrix-matched standardization, an accurate 5”Cu va-
lue can be obtained at 8.6 pL min~ water addition rate
(Figure 6).

Matrix effect of LA-MC-ICP-MS is known as originated
during laser ablation process, aerosol transport, ICP ioniza-
tion, ion extraction, and depends on the composition and
concentration of the sample matrix (Jackson and Giinther,
2003; Agatemor and Beauchemin, 2011). For fs-LA-MC-
ICP-MS, there is very little isotopic fractionation that occurs
during laser ablation and transmission (Lin et al., 2019).
Figure S3 shows the morphologies of ablation craters and
deposited particles from CPY-SG (chalcopyrite) and NWU-
Cu-B (pure copper) generated by a 206 nm femtosecond laser.
The craters were ablated for 100 pulses at a repetition rate of
8 Hz and an energy density of 0.5 J cm >, As shown in Figure
S3, there is a small amount of melted ejecta around the crater
of CPY-SG, and almost no melted ejecta around the crater of
NWU-Cu-B. Most aerosol particles are taken away with the
carrier gas, rather than condensed around the crater. Sig-
nificant melting phenomenon was not observed during fem-
tosecond laser ablation, illustrating the thermal effects and
isotopic fractionation of femtosecond laser are dramatically
lower than that of nanosecond laser. The matrix effect mainly
originated from the composition-related space charge effects
in mass spectrometry, because femtosecond laser tends to
produce finer and mono-modal particles, which can be
quantitative ionized in the ICP (Agatemor and Beauchemin,
2011; Poitrasson and d’Abzac, 2017; Zheng et al., 2018).

Furthermore, under wet plasma condition the signal sen-
sitivity decreases compared to that in dry plasma condition,
which is also contradictory to the speculation that water may
be improving the temperature of the plasma and the ioniza-
tion efficiency of particles (Alder et al., 1980). Therefore, the
effect of water is probably related to its effect on the space
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charge effect to a certain extent. To further investigate the
effect of the water, pure copper solution (NWU-Cu-A) was
used as an unknown sample and calibrated by pure copper
solution NWU-Cu-B by solution nebulization MC-ICP-MS.
Single standard solutions of Fe and S was added to NWU-
Cu-A (Cu:Fe:S =1:1:1, molar ratio) to simulate the matrix of
chalcopyrite. During the solution nebulizer MC-ICP-MS
analysis, the 6%Cu value of NWU-Cu-A with additional Fe
and S (without Ga doping) is in good agreement with that of
pure copper solution within uncertainty (Table 4), which is
consistent with our previous research that the matrix effect
can be ignored during solution nebulizer MC-ICP-MS ana-
lysis of Cu isotope in copper-bearing minerals (Lv et al.,
2020; Zhang et al., 2020). An Aridus 3 desolvating nebulizer
system (Teledyne CETAC Technologies, USA) was used
here to remove solvent and introduce the NWU-Cu-A in dry
plasma condition. Under dry plasma condition, the 6”Cu
value of NWU-Cu-A calibrated by NWU-Cu-B agreed with
the preferred value (0.91+0.03%o (Yuan et al., 2017)); how-
ever, after adding matrix elements Fe and S, the difference of
0”Cu value of NWU-Cu-A from the preferred value is up to
0.76%o (Table 4). Thus, compared with the “dry” plasma, the
“wet” plasma is more robust and more tolerant to the matrix.
The matrix effect becomes more severe in dry plasma con-
dition even if the sample aerosol is formed by nebulizer
rather than the laser ablation system, so it is considered that
the water mainly affects the ICP ionization process and ion
extraction process, and the matrix effect of Cu isotopes is
reduced under the condition of wet plasma. Although many
studies have applied the wet plasma to suppress the matrix
effect, it is still difficult to fully investigate the detailed
mechanism at present. further investigation on the detailed
mechanism is still needed.

3.6 Long-term analytical reproducibility

The long-term reproducibility of our copper isotope analysis
was tested on a repeated determination of 0”Cu values for
CPY-1 and TC1725 over a 6-month period, including matrix-
matched calibration under dry plasma condition and non-
matrix-matched calibration under wet plasma condition. The
0”Cu values of CPY-1 and TC1725 are illustrated in F igure
7. For dry plasma condition, the CPY-1 was calibrated using
the SSB method and the chalcopyrite TC1725 was adopted
as the bracketing standard. The Cu isotopic results obtained
by the fs-LA-MC-ICP-MS yield an average 0”Cu value of
0.05+0.07%0 (n=75, 2SD), which agrees well with the pre-
vious data of solution analysis (0.05+0.02%., =4, 2SD). For
wet plasma condition, the TC1725 was calibrated using the
SSB combined with the internal standard Ga, while the pure
copper NWU-Cu-B was used here as a non-matrix matched
standard. The mean 6”Cu value of non-matrix-matched ca-
libration using fs-LA-MC-ICP-MS was —0.07+0.10%o
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Table 4 5*Cu value of NWU-Cu-A under wet and dry plasma condition”

NWU-Cu-A NWU-Cu-A +Fe+S (1:1:1)
o%Cu 2D n 6®Cu 28D n
Wet plasma 0.91 0.03 3 0.95 0.03 3
Dry plasma 0.87 0.01 3 0.15 0.04 3

a) These results were all measured without Ga doping.
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Figure 7 The long-term reproducibility of laser ablation Cu isotope
analysis of chalcopyrite TC1725 and CPY-1. (a) 6"°Cu of TC1725 non-
matrix-matched calibration under wet plasma condition; (b) 5%Cu of CPY-
1 matrix-matched calibration under dry plasma condition. Error bars for
single analyses are 2SE and for average values are 2SD. The dotted line
represents the solution value.

(n=100, 2SD) for TC1725 over a 6-month period, which is
consistent with the preferred value obtained by solution
nebulization MC-ICP-MS (-0.06+0.03%o (Bao et al., 2021)).
The data summarized here have demonstrated that the non-
matrix-matched calibration of Cu isotope using fs-LA-MC-
ICP-MS is applicable for copper-bearing minerals with long-
term reproducibility <0.1%., and the precision of both ma-
trix-matched and non-matrix-matched calibrations of fs-LA-
MC-ICP-MS using the SSB technique and the SSB com-
bining internal standard Ga technique are comparable to
solution nebulization MC-ICP-MS.

4. Conclusion

Cu, isotopic compositions of copper-rich minerals, were
analyzed using the 206 nm femtosecond laser MC-ICP-MS.
Matrix-matched reference materials are needed because the
matrix effect results in a deviation of 6 °Cu up to 1.42%o when
using chalcopyrite to calibrate the pure copper, while precise
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(2SD<0.07%o0) and accurate Cu isotope ratios can be acquired
using matrix-matched standardization. In addition, lower
fluence (<1J cmfz) and proper frequency (6—10 Hz) can re-
duce the effect of laser-induced Cu isotope fractionation.
However, the matrix effect can be significantly suppressed by
adding 8.6 pL min "' water into the carrier gas. Consequently,
reliable non-matrix-matched Cu isotope determination can be
routinely achieved using the 206 nm fs-LA-MC-ICP-MS
with a Jong-term precision of <0.1%o (2SD), no matter the
pure copper or the chalcopyrite were used as the bracketing
standard. Non-matrix-matched calibration has expanded the
application of in situ copper isotope measurement on typical
Cu ore minerals with high resolution and comparable preci-
sion to solution nebulization MC-ICP-MS.
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