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Abstract: In general, no more than 1 g of metal sulfide can be completely digested in 20 mL of
inverse aqua regia using the Carius tube technique. In this study, the sample weight increased after
adding HClO4 to inverse aqua regia while the volume of acid concurrently decreased significantly.
Three grams of metal sulfide were digested in 12 mL of acid (3 mL of HClO4 and 9 mL of inverse
aqua regia) via the HClO4-inverse aqua regia method. The results using molybdenite reference
materials JDC and HLP mixed with 3 g of pyrite were consistent with certified values. Compared to
the traditional method, the HClO4-inverse aqua regia method could dissolve a larger sample mass
(3 g) with a smaller volume of acids (12 mL). We simultaneously found that the oxidation of digestion
acids greatly affected the Os signal but had no influence on the equilibrium of isotope exchange
between 185Re and 190Os spikes in Re and Os samples. Remarkably, the heating temperature was the
most significant factor influencing the equilibrium of isotope exchange, and the Os in a sample was
not equilibrated with the spike until the heating temperature reached 190 ◦C.

Keywords: Re-Os isotope; low concentration Os in metal sulfide; perchloric acid; equilibrium of
isotope exchange; acid oxidation

1. Introduction

Re-Os isotopes are an important part of isotopic geochronology. Re and Os are highly siderophile
elements (HSE) indicating a strong preference for a metal or sulfide phase over forming silicate
minerals [1–3]. Therefore, the Re and Os could be enriched in metal sulfides such as molybdenite,
pyrite, chalcopyrite, and arsenopyrite. Some minerals have economic value (e.g., molybdenite
and chalcopyrite) while others coexist with minerals of economic value (e.g., pyrite and arsenopyrite).
Therefore, the application of Re-Os isotope systems on a metal sulfide can be a powerful tool for
directly dating the metallogenic epoch [4–8].

The most successful application of the Re-Os isotopic system for dating metal sulfides is
molybdenite: the mineralization epoch of deposits is easily dated if molybdenite develops in a
mining area [9–11]. However, besides molybdenite, other sulfide metals have lower probabilities of
success on Re-Os dating because sulfide metals have low levels of Re and Os. For example, the content
of Re and Os in pyrite is distributed between ppb to sub-ppb [12], and these minerals are denoted
as low-content Re-Os metal sulfides including pyrite, chalcopyrite, and arsenopyrite. In the case of
molybdenite, the application of the Re-Os isotopic system on low-content Re-Os metal sulfides can be
used to date many more types of deposits [13–18]. Unfortunately, low-content Re-Os metal sulfides
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have a low probability of success when using Re-Os dating, and the inability to guarantee the stability
of the measured signal is one of the reasons that leads to an inaccurate determination of the Re and Os
content in metal sulfides.

Generally, 0.4 g of metal sulfide can be completely digested with 11 mL of inverse aqua regia [18,19].
In order to increase the Os signal, some researchers have dissolved larger samples (~1 g) in larger
Carius tubes with nearly 20 mL of inverse aqua regia [20,21]. However, with low levels of Os in metal
sulfides, this sample weight is not sufficient for Re-Os dating. For sample weights greater than 1 g,
the dissolving capacity of acids might not be sufficiently strong to oxidize Os to OsO4. OsO4 plays
an important role in Os separation techniques. For ICP-MS analysis, the sensitivity of Os (VIII) is
much higher than other valence states of Os [22]. All Os separation techniques, including distillation,
micro-distillation, and solvent extraction methods are based on the volatility and non-polarity of
OsO4 [23,24]. Furthermore, Shirey and Walker [25] indicated that the oxidation of acids leads to the
oxidation of Re and Os to their highest valence states and promotes the complete chemical equilibration
of 185Re and 190Os in a sample. Qi et al. [26] improved the Carius method in that the samples were
first dissolved with HNO3 in a 120 mL Carius tube to release gas with a small portion of volatile Os
released at the same time (6% of total Os). They then collected Os using HCl and transferred these back
to the Carius tube after the sulfides were reacted with HNO3. This method allowed the sample mass to
be increased to 3 g using nearly 30 mL of acids, but the procedure appeared to be very complex.

Gao et al. [27] demonstrated that the HClO4-inverse aqua regia method could dissolve 0.8 g
of sample with only 9 mL of acids (8 mL of inverse aqua regia and 1 mL of HClO4). In this paper,
we focused on the effectiveness of the HClO4-inverse aqua regia method for sample weights greater
than 1 g. The conditions were optimized to maximize the amount of sample tested. The influencing
factors during the dissolution process for Re-Os dating are also discussed in this paper. This refined
method was verified using several standard reference samples.

2. Material and Methods

2.1. Instrumentation

A Thermo Scientific Element I inductively coupled plasma-mass spectrometry (ICP-MS) instrument
was used to analyze the sample. The Carius tubes were based on those described by Shirey and
Walker [25], but the inner volume of the tube was approximately 100 mL.

2.2. Reagents and Solutions

Compared with other low-content Re-Os metal sulfides, pyrite is a low Re-Os sulfide commonly
found in many types of sulfide deposits. Hence, it is always used as a preferred metal sulfide in
applications of the Re-Os isotopic system. In our experiments, pyrite was used as a low-content Re-Os
metal sulfide. HCl was prepared by sub-boiling distillation. HNO3 was further purified by boiling to
four-fifths to remove volatile OsO4 after sub-boiling distillation. HClO4 was obtained from MERCK
(Germany). The 185Re and 190Os spike samples were obtained from Oak Ridge National Laboratory.

2.3. Analytical Methods

The details of this procedure have been described by Shirey and Walker [25]. The process is
summarized as follows: the spiked sample, HCl, HNO3, and HClO4 were added to the Carius tube
through a thin-neck long funnel after which acids were frozen with ethanol-liquid nitrogen slush
(−80 ◦C to −50 ◦C). The top was sealed using an oxygen-propane torch. The tube was then placed in a
stainless steel jacket and heated to 210 ◦C for 36 h. Since large amounts of gases are produced in the
tube during the 24 h heating period, the air pressure inside was much greater than the atmospheric
pressure outside. Therefore, outgassing was necessary before the commencement of the Re and Os
separation procedure. The Os separation procedure in this study was reported by Jin et al. [28] in
which an economic electrothermal timing steamer for the common Carius tube in situ Os distillation
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was employed. In this technique, the Carius tube was sealed with a rubber head, and two thin Teflon
tubes were inserted through two holes in the upper part of the rubber head serving as an inlet and an
outlet for clean air and OsO4, respectively. The Os was separated from the solution in Carius tube by
distillation in the steam bath and trapped in 3 mL of Milli-Q (MQ) water. Re was extracted from the
aqueous residue via an anionic resin (AG1x-8, 200–400 mesh) as reported by Morgan et al. [29].

3. Results and Discussion

3.1. Influence of HClO4 Addition on Sample Digestion

According to previous studies, 1 g of pyrite is usually digested in 20 mL of acids via the inverse
aqua regia method [18–21]. Therefore, a series of experiments were conducted on the basis of this
condition. The Os signal was chosen as an indicator to reflect the strength of the dissolving capacity
of acids. Considering that the spike is composed of 190Os and 185Re, whereas the 187Os signal is all
from the sample, the 187Os signal was used to reflect the strength of the dissolving capacity of acids.
The 187Os signal was 3.0 × 104 cps from 1 g of pyrite (Figure 1) when the volume of acid was 20 mL
using the inverse aqua regia method. The 187Os signal was 3.5 × 104 cps as the sample weight increased
to 2 g. The signal did not increase linearly with increasing sample weight. When 3 g of sample weight
was used, the 187Os signal was only about 1.2 × 103 cps. These results suggest that it was not possible
to dissolve more than 1 g of pyrite in 20 mL of acids with the inverse aqua regia method.
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Figure 1. Os (A) and Re (B) signal for different masses of pyrite obtained using the inverse aqua regia
and HClO4-inverse aqua regia methods.

The 187Os signal increased significantly with the HClO4-inverse aqua regia method indicating
that the dissolving capacity of acids was much stronger than that of the inverse aqua regia method.
After 1 mL of HClO4 was added to 19 mL of inverse aqua regia, the 187Os signal reached 5.2 × 104 cps,
which was 1.7 times higher than that of the inverse aqua regia method. The 187Os signal did not
increase as the sample weight increased from 1 g to 3 g. The signal was about 75% of the intensity of
the theoretical maximum, and no more than 1.0 × 104 cps of Os signal was obtained when the sample
weight reached 3 g. When the volume of HClO4 was 2 mL, the 187Os signal from 2 g of pyrite was
two-fold higher than that from 1 g of pyrite. However, the signal dropped obviously as the sample
weight increased to 3 g. This result suggests that 2 g of pyrite could be completely digested via the
HClO4-inverse aqua regia method, but the dissolving capacity of acids was too weak to dissolve 3 g
of pyrite.

When the volume of HClO4 was 3 mL, we found a positive correlation between the sample weight
and Os signal indicating that the dissolving capacity of acids was strong enough to dissolve 3 g of
pyrite in total. When the sample weight was at/above 4 g or the volume of HClO4 was increased to
4 mL, the hazard of the Carius tube exploding obviously increased. Therefore, we recommend that
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the maximum desirable sample weight is 3 g for 20 mL of acids, and no more than 3 mL of HClO4 is
added to inverse aqua regia.

In comparing the inverse aqua regia method with the HClO4-inverse aqua regia method,
the addition of HClO4 could improve the dissolving capacity of acids significantly leading to an
increased weight of the dissolved sample. However, gas would be formed because of the reaction
between the pyrite and acids, and significantly more gas would be formed with an increased volume of
acid and sample weight. Increased gas production could lead to higher pressures inside the tube and
potential explosions [26]. To reduce this risk, it was necessary to find the minimal volume of digestion
medium. When the maximum sample weight was fixed at 3 g and the addition of HClO4 was 3 mL,
the 187Os signal was nearly unchanged when the volume of inverse aqua regia decreased from 17 mL
to 9 mL (Figure 2). These data indicate that the dissolving capacity of acids was still strong enough to
completely dissolve pyrite. The 187Os signal decreased to 1.1 × 105 cps when the volume of inverse
aqua regia was 7 mL. Nearly 28% of the Os was not oxidized to OsO4, indicating that the dissolving
capacity of acids was too weak to dissolve all of the sample. Thus, 3 mL of HClO4 and 9 mL of inverse
aqua regia were chosen as the final oxidant composition.
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Figure 2. Os (A) and Re (B) signal for 3 g of pyrite with different volumes of digestion medium obtained
using the HClO4-inverse aqua regia method.

3.2. Digestion of Reference Materials and Procedural Blank

Because a natural reference material for low-content metal sulfides for Re-Os dating is unavailable,
we used the molybdenite references GBW 04435 (JDC) and GBW 04436 (HLP). The references were
mixed with 3 g of pyrite for monitoring the low-content metal sulfides of the reference (Table 1).
The uncertainties of the ages for both reference material samples (Table 2) included the spike calibration
uncertainties for both Re and Os [30], the weighing errors for spikes and samples, the ICP-MS
measurement errors, the errors caused by mass bias, as well as the 1.02% uncertainty in the decay
constant 1.666 × 10−10 a−1 for 187Re [2]. The total uncertainty at the 95% confidence level was calculated
using the error propagation formula. The uncertainties for the weighted mean ages were calculated
using ISOPLOT [31]. The results for JDC and HLP are in fairly good agreement with the certified
values [32], which demonstrate that the proposed method is a reliable approach for determining Re and
Os in metal sulfides. To keep a low procedural blank, all components in the setup of in situ distillation
and Carius tube were only used once. This procedure was implemented to decrease the Os blank
signal and avoid Os memory effect and cross contamination. The total procedural blanks are shown in
Table 6. The blank values of Os were 1.0 pg for common Os and 0.1 pg for 187Os while the blank value
of Re was 4.4 pg.
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Table 1. Analytical results for molybdenite RM, HLP, and JDC mixed with 3 g of pyrite.

Sample Name Re µg/g−1 187Os ng/g Age (Ma)

HLP 283.0 ± 3.0 658.5 ± 4.7 221.8 ± 3.6
HLP 288.3 ± 2.5 667.3 ± 6.7 220.7 ± 3.6
HLP 279.5 ± 3.3 641.5 ± 6.1 218.8 ± 4.0
HLP 289.0 ± 2.8 668.6 ± 4.8 220.5 ± 3.4
AV 284.9 ± 4.5 659.0 ± 12.5 220.5 ± 1.2
CV 283.8 ± 6.2 659.0 ± 14.0 221.4 ± 5.6

JDC 17.26 ± 0.22 25.21 ± 0.20 139.3 ± 2.5
JDC 17.54 ± 0.31 25.78 ± 0.27 140.2 ± 3.2
JDC 17.23 ± 0.20 24.93 ± 0.24 138.0 ± 2.5
JDC 17.92 ± 0.42 26.49 ± 0.27 141.0 ± 3.9
AV 17.49 ± 0.32 25.60 ± 0.69 139.6 ± 1.3
CV 17.39 ± 0.32 25.46 ± 0.60 139.6 ± 3.8

CV: certified values. AV: mean values. The mean values and uncertainties (2 s) were calculated using ISOPLOT
weighted average.

Table 2. Blank level.

Sample Name Re (ng) 187Os (ng) Common Os (ng) Total Os

Blank 0.0067 0.0002 0.0008 0.0010
Blank 0.0032 0.0001 0.0008 0.0009
Blank 0.0033 0.0001 0.0010 0.0010
Blank 0.0043 0.0001 0.0013 0.0014

AV(ng) 0.0044 0.0001 0.0010 0.0011

AV: mean values. The mean values and uncertainties (2 s) were calculated using ISOPLOT weighted average.

3.3. Influence Factors during the Dissolution Process for Re-Os Dating

The Os signal was different when 1 g of pyrite was dissolved using two methods (Figure 1A).
The intensity was 3.0 × 104 cps for the inverse aqua regia conditions, and the Os signal increased
1.7 times when 1 mL of HClO4 was added to the inverse aqua regia. The Os signal was unchanged as
the volume of HClO4 increased. There are two possible explanations for this result: one is that the
sample could not be totally dissolved with inverse aqua regia. The other is that the oxidizing power of
inverse aqua regia was too weak to completely oxidize Os.

To further investigate this reaction, 1 g of pyrite mixed with 0.1 g of HLP was analyzed (Table 3).
Since the concentrations of Re and Os in HLP were too high for the low level of Os in metal sulfides,
an unknown sample (pyrite) was also analyzed (Table 4). Under inverse aqua regia conditions, the Re,
187Os, and common Os concentrations in pyrite were 26.60 ppb, 4.3 ppt, and 62.49 ppt, respectively.
After the addition of 1 mL HClO4 to inverse aqua regia, the Re, 187Os, and common Os concentrations
in pyrite were 26.67 ppb, 4.3 ppt, and 62.29 ppt, respectively. As the volume of HClO4 increased to
3 mL, the concentrations of Re and Os in pyrite were nearly unchanged. Simultaneously, the results for
HLP were also in fairly good agreement with certified values.

The results from the HClO4-inverse aqua regia method were almost identical to the inverse aqua
regia method, which suggest that the sample was totally dissolved and Re and Os in the sulfides were
equilibrated with the spike by these two methods. We inferred that the oxidation of the acids may have
been the reason for the large gap in the detected signal between these two methods. The oxidizing
power of inverse aqua regia acids was not strong enough to completely oxidize Os to OsO4. Therefore,
the concentration of OsO4 in the trapping solution was significantly lower than that obtained upon
addition of HClO4. Thus, we suggest that the oxidizing power of acids did not influence the equilibrium
of isotope exchange between 185Re and 190Os spikes within the Re and Os in the sample, but the Os
signal was obviously affected.



Appl. Sci. 2020, 10, 6218 6 of 9

Table 3. Analytical results for 1 g of pyrite mixed with HLP in 20 mL of combined acids.

Sample Name Re µg/g 187Os ng/g Age (Ma) Dissolution Medium

HLP 283.6 ± 2.9 653.7 ± 4.7 219.7 ± 3.5 20 mL of inverse aqua regia
HLP 281.5 ± 3.6 647.6 ± 5.4 219.3 ± 4.0 1 mL of HClO4, 19 mL of inverse aqua regia
HLP 285.8 ± 2.7 661.0 ± 4.0 220.4 ± 3.3 2 mL of HClO4, 18 mL of inverse aqua regia
HLP 281.6 ± 2.2 649.9 ± 4.8 220.0 ± 3.2 3 mL of HClO4, 17 mL of inverse aqua regia
CV 283.8 ± 6.2 659.0 ± 14.0 221.4 ± 5.6

CV: certified values. The mean values and uncertainties (2 s) were calculated using the ISOPLOT weighted average.

Table 4. Analytical results for 1 g of unknown pyrite in 20 mL of combined acids.

Re ng/g Common Os pg/g 187Os pg/g Dissolution Medium

26.20 ± 0.21 7.586 ± 0.144 63.37 ± 0.44 20 mL of inverse aqua regia
26.56 ± 0.18 2.062 ± 0.089 63.88 ± 0.45 1 mL of HClO4, 19 mL of inverse aqua regia
26.20 ± 0.23 2.582 ± 0.037 63.29 ± 0.39 2 mL of HClO4, 18 mL of inverse aqua regia
26.49 ± 0.23 2.621 ± 0.142 63.70 ± 0.38 3 mL of HClO4, 17 mL of inverse aqua regia

During the digestion process, a yellow precipitate was observed when the sample weights were
more than 2 g. A previous study suggested that the oxidation of the acids would dissipate as the
precipitate appeared [12]. This effect was observed under inverse aqua regia conditions, and the 187Os
signal decreased significantly as the sample weight increased beyond 2 g. However, the precipitate
still appeared after the addition of 3 mL HClO4 but the 187Os signal increased with increasing sample
weight. The yellow precipitate was formed as the volume of inverse aqua regia decreased from 17 mL
to 9 mL; however, the 187Os signal remained unchanged (Figure 2). These results suggest that there
was no obvious relationship between the yellow precipitate and the oxidation of the acids. The reason
for the formation of the yellow precipitate remains unclear, but the precipitate did not influence the
equilibrium of isotope exchange between 185Re and 190Os spikes within the Re and Os in the sample.

Shirey and Walker [33] indicated that the Os released from some matrices can be difficult to
equilibrate with spikes at low temperatures (<200 ◦C); therefore, the tube is always heated to high
temperatures (220 ◦C–240 ◦C). However, the risk of Carius tube explosion increases significantly as the
heating temperature increases. For personal safety reasons, it is necessary to find the lowest temperature
to ensure the equilibrium of isotope exchange between spikes and the sample. Before starting this
experiment, the temperature of the oven was monitored to ensure that the temperature was stable
during the heating period. The temperature of the oven was monitored every 2 h for 24 h, and the
temperature was set at 200 ◦C, 190 ◦C, and 180 ◦C, respectively (Table 5). The results suggested that
the actual temperature (AT) of the oven was consistent with set temperature (ST) during the heating
period, which means that it can be used to research the relationship between the heating temperature
and the equilibrium of isotope exchange. The JDC was dissolved using the HClO4-inverse aqua regia
method at different temperatures (Table 6). As the heating temperature decreased from 210 ◦C to
190 ◦C, the results for JDC were in fairly good agreement with the certified value. These data indicate
that the Re and Os in sulfides were equilibrated with the spike. However, there was a large degree of
inconsistency with the results of JDC and the certified value when the heating temperature was 180 ◦C.
The results of the Re concentration agreed well with the certified value while the Os values did not.
This explains the large gap in the final results between the certified values. All of these data suggest
that the Os released from the sample has difficulty equilibrating with spikes if the heating temperature
is lower than 190 ◦C. We concurrently found that the Re in the sample more easily equilibrated with
the spike than Os.
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Table 5. The stability of different temperature of the oven was monitored during 24 h.

t

AT ST
200 ◦C 190 ◦C 180 ◦C

2 h 201 ◦C 192 ◦C 181 ◦C

4 h 203 ◦C 191 ◦C 180 ◦C

6 h 202 ◦C 190 ◦C 181 ◦C

8 h 200 ◦C 192 ◦C 182 ◦C

10 h 202 ◦C 191 ◦C 180 ◦C

12 h 201 ◦C 191 ◦C 182 ◦C

14 h 201 ◦C 190 ◦C 183 ◦C

16 h 202 ◦C 191 ◦C 180 ◦C

18 h 200 ◦C 193 ◦C 182 ◦C

20 h 200 ◦C 190 ◦C 181 ◦C

22 h 202 ◦C 192 ◦C 183 ◦C

24 h 200 ◦C 192 ◦C 181 ◦C

Table 6. Analytical results for molybdenite RM samples JDC at different temperatures.

Sample Name Re µg/g 187Os ng/g Age (Ma) Heating Temperature

JDC 16.90 ± 0.21 24.78 ± 0.17 139.9 ± 2.4
JDC 17.01 ± 0.13 24.71 ± 0.15 138.6 ± 1.9 200 ◦C
JDC 17.09 ± 0.14 24.93 ± 0.17 139.2 ± 2.0

JDC 16.88 ± 0.12 24.89 ± 0.21 140.7 ± 2.1
JDC 16.94 ± 0.14 24.89 ± 0.20 140.2 ± 2.1 190 ◦C
JDC 16.95 ± 0.14 24.62 ± 0.29 138.5 ± 2.4

JDC 16.91 ± 0.20 19.89 ± 0.16 112.2 ± 1.9
JDC 17.73 ± 0.21 20.44 ± 0.25 110.0 ± 2.2 180 ◦C
JDC 17.64 ± 0.18 19.50 ± 0.15 105.5 ± 1.7

CV 17.39 ± 0.32 25.46 ± 0.60 139.6 ± 3.8

CV: certified values. The mean values and uncertainties (2 s) were calculated using ISOPLOT weighted average.

4. Conclusions

In this study, the HClO4-inverse aqua regia method improved the digestion of larger masses of
metal sulfide samples containing low concentrations of Os.

1. Three grams of pyrite were completely dissolved with only 12 mL of mixed acids for Re-Os dating
(3 mL of HClO4 and 9 mL of inverse aqua regia).

2. The oxidation of acids may greatly affect the Os signal but has no influence on the equilibrium of
isotope exchange between 185Re and 190Os spikes within Re and Os samples.

3. The heating temperature has the greatest influence on the equilibrium of isotope exchange.
4. The Os isotope system was not equilibrated between the spike and sample until the heating

temperature reached 190 ◦C.
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