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Abstract Digestion with aqua regia in Carius tube is commonly employed for determination of PGEs in geological
samples. However, silicates cannot be completely dissolved by aqua regia and PGEs might partially remain in sili-
cate residue. In this study, an ultramafic reference material was used to investigate the efficiencies of a new re-usable
Carius tube after digestion at 220 and 240°C, and an autoclave-lined Carius tube at 260 and 280°C. The results show
that about 10% of PGEs retained in the silicate residues at 220°C and 5% still remains even digestion temperature
increases to 280°C. These results agree with previous works that increasing the digestion pressure and temperature
can achieve more effective dissolution. Thus, a modified digestion procedure for determination of PGEs in ultrama-

fic rocks by the re-usable Carius tube was proposed in this study.
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1 Introduction

As valid indicators for geochemistry study of the
Earth and planetary evolution, platinum group ele-
ments (PGEs), ""'Re-'"0Os and '"°Pt-'"*°Os isotope
systems have been extensively utilized in
petromineralogy of iron meteorites (Shen et al., 1996;
Smoliar et al., 1996, 1997), Ni-Cu sulfide ores (Han et
al., 2006; Hu et al., 2008; Mao et al., 2003; Mathur et
al., 2008; Ripley et al., 1998; Yang et al., 2008; Zhang
et al., 2008; Zhong et al., 2011) and igneous
mafic-ultramafic rocks (Jin et al., 2004; Lahaye et al.,
2001; Puchtel et al., 1999). Accurate determination of
PGEs and Re concentrations is key to the achievement
of initial isotope ratios of '*°0s/'"**Os and '*’0s/'*0s.
However, ultramafic rocks contain abundant refrac-
tory minerals (e.g. chromite, olivine, etc.) which host
most of the PGEs in the sample and are difficult to
dissolve under relatively low temperatures. The con-
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ventional method of Carius tube digestion with aqua
regia cannot ensure complete dissolution of PGEs in
ultramafic rocks, resulting in inaccurate PGEs con-
tents and initial Os ratios.

Previously reported digestion temperatures for
mafic-ultramafic rocks normally range from
220-250°C (Carius tube method) (Bennett et al., 2000;
Brandon et al., 1999, 2000, 2006; Brooks et al., 1999;
Chesley et al., 1999 Gao et al., 2008; Hao et al., 2011;
Kent et al., 2004; Lambert et al., 1998; Li et al., 2010;
Puchtel et al., 2005; Thompson et al., 2005; Tian et al.,
2011; Walker et al., 1997; Zhang et al., 2008b; Zhu
and Zheng, 2009) to 300°C (high pressure asher
method, HPA-S) (Barnes et al., 2009; Cucciniello et
al., 2010; Dale et al., 2009; Kocks et al.,, 2007;
Malitch et al., 2011; Melcher and Meisel, 2004;
Pearson et al., 2004). Puchtel et al. (2004a, b) reported
PGEs contents of a komatiite reference material
(GP-13) from Carius tube-aqua regia digestion under
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different temperatures and time durations, which
yielded poor reproducibility with no significant corre-
lations between PGEs recovery and heating tempera-
tures/time durations. This might relate to nugget effect
of PGEs in samples. Qi and Zhou (2008) reported
about 4%-15% of the PGEs remained in the silicate
phases, which cannot be leached out by aqua regia
even when digested at 300°C using the Carius tube
technique. Due to the serious nugget effect of PGEs, it
is difficult to distinguish whether the result errors

come from nugget effect or the uncompleted digestion.

Therefore, only determination of PGEs in residues can
examine whether the ultramafic samples are dissolved
effectively.

Traditional Carius tube (Shirey and Walker,
1995) is fragile at relatively high temperatures, due to
the inhomogeneity between its main body and neck.
Moreover, both sealing Carius tubes and transferring
samples into the tube are tough works. To solve these
problems, a new re-usable Carius tube system has
been reported recently (Qi et al., 2013). The newly
designed Carius tube can be used repeatedly, easily
sealed with a glass PTFE-lined stopper and easily
loaded with sample powder due to the relatively large
internal diameter of the neck (14 mm). This re-usable
Carius tube can be used for determination of Re and
Os in molybdenites and PGEs in WGB-1 (mafic rock)
and UMT-1 (ultrmafic ore tailings). However, the effi-
ciency for digesting ultramafic rocks has not been in-
vestigated yet. In this study, a Chinese ultramafic ref-
erence material, Gpt-3, was used as a sample to inves-
tigate PGEs content in silicate residues by using the
re-usable Carius tube and autoclave-lined Carius tube
technique at different temperatures.

2 Experimental
2.1 Instrumentation

The instrument used for PGEs analysis in this
study is an ELAN DRC-e ICP-MS at the State Key
Lab of Ore Deposit Geochemistry, Institute of Geo-
chemistry, Chinese Academy of Sciences, Guiyang.
Background counts for 2% HNOj; solutions are nor-
mally less than 5 cps (counts per second) for PGEs.
Relative standard deviations of 10 ng'mL™" PGE stan-

dard solution are typically less than 2% for raw counts.

The sensitivity of the instrument was adjusted to more
than 30000 cps for 1 ngmL" of '"In, in order to
achieve the desired detection limits. The instrument
settings are outlined in Table 1.

2.2 Reagents and solutions

HCI was purified by double sub-boiling distilla-
tion. Water was obtained from an 18 MQ cm grade
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Millipore purification system.

HNO; was firstly purified by sub-boiling distilla-
tion, and further by bubbling the clean air through the
boiled reagent with H,O, to remove the volatile OsO,4
(Birck et al., 1997).

Sgike solutions with enriched stable isotopes,
193Ir, ! 1Ru, 105Pd, 194pt and "°Os were prepared from
pure metals (US Services Inc., Oxbow, N.J.) and then
diluted to about 10-100 ng-g” in 10% HCI solution
and kept in a glass flask. Isotopic abundances of the
spike are listed in Table 2. An ICP multi-element
standard solution of 100 ugmL'1 Ir, Ru, Rh, Pt, Pd
and Au (AccuStandard, USA) was used and diluted as
needed for spike and external calibrations for the
mono-isotopic element, Rh (Qi et al., 2004).

Te solution (1 mgmL™') was prepared by dis-
solving 0.25 g of TeO, in 10 mL of concentrated HCI,
and diluted to 200 mL with distilled water.

A SnCl, solution (20%, w/v) was used for
Te-coprecipitation and prepared by dissolving 50 g of
SnCl, in 250 mL of 6 mol-L™' HCL. The Te- coprecipi-
tation method was used to purify this solution and
separate the PGEs (Qi et al., 2003).

Table 1 Instrumental operating parameter

Parameter Value
R F power 1100 W
Plasma gas 15 L'min’'
Aux gas 1.20 L'min™
Nebulizer gas 0.79 L'min™
Sweep 20
Reading 1
Replicate 3
Scam mode Peak hopping
Dwell time per AMU (ms) 50
Sampling cone (Ni) 1 mm
Skimmer cone (Ni) 0.8 mm

Table 2 Isotopic abundances of the spike
Isotope Abundance (%)
193p¢ 3.78
194pt 95.06
1%%pg 235
195pg 96.58
PRu 0.24
Ry 96.03
Py 99.33
9y 0.67
190 91.53
1205 4.82
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2.3 Laboratory ware

Carius tubes used at 220-240°C in this study are
screw top and PTFE stopper-lined re-usable Carius
tubes described by Qi et al. (2013), which have an
inner volume of about 200 mL. The main body has a
wall thick of 3 mm, whereas both the neck and head
have the same thickness of 4 mm. The custom-made
sealing system includes a glass lined-PTFE stopper, a
stainless steel screw cap. The tube and PTFE stopper
were precleaned with 60% aqua regia and 1% H,0,
and heated to boiling for about two hours. After rinsed
with water, the tubes were heated to 240°C with 5 mL
of HNO; for about two hours as sample digestion.
Finally, the tube and stopper were rinsed with water
and heated to 240°C to minimize the possible Os con-
tamination.

Because the re-usable Carius tube may explode at
the temperature higher than 240°C, the Carius tubes
used at 260-280°C are conventional borosilicate glass
tubes similar to those described by Shirey and Walker
(1995), whereas a custom-made stainless steel high
pressure autoclave was used to avoid possible explo-
sion (Qi et al., 2007). The Carius tube has a length of
215 mm (the main body) with 21 mm inner diameter
and 25 mm outer diameter, and an inner volume of
about 75 mL. The tubes were also precleaned with
60% aqua regia and then heated to 240°C to remove
possible Os.

125 mL Savillex Teflon beakers were precleaned
with 60% aqua regia and heated to boiling for about 2
hours and then rinsed with water.

An in-situ distillation system (Qi et al., 2010,
2013) was used to distill Os from the matrix.

2.4 Analytical procedures

For digestion at 220-240°C, 3 g of Gpt-3 were
accurately weighed and placed in a newly designed
re-usable Carius tube (Qi et al., 2013) with 5 mL of
10 mol/L HCI and 15 mL of 16 mol/L HNOs. The tube
was then sealed and placed in a stainless steel sheath,
which was then heated to appropriate temperature
(Table 3) in an electric oven for about 48 hours. After
slowly cooling in air to room temperature, the Carius
tube was further cooled in a refrigerator for 2 hours.
The sample solution in the Carius tube was then trans-
ferred to a 50 mL centrifuge tube, and centrifuged at
2800 rpm for 10 minutes. The upper solution was
transferred to a 125 mL Savillex Teflon beaker. The
residue was rinsed with about 15 mL of 1.2 mol/L (or
6 mol/L) HCI (Table 3) for 6 times to completely re-
move dissolved PGEs from the residue. The resulting
solution was combined with the previous solution in
the 125 mL Savillex Teflon beaker. Only the first three
upper solutions were combined to the beaker, because
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PGEs contents in the last three upper solutions can be
ignored and the volume of solution can be reduced.
Appropriate amounts of the enriched isotope spike
solution containing "I, '”'Ru, '**Pt and 'Pd were
accurately weighed and added into the beaker, which
was then evaporated to dryness to remove HNO; for
preconcentration of PGEs by Te-coprecipitation (Qi et
al., 2004). Pt, Pd, Ru, and Ir were measured by isotope
dilution, whilst 4Pt was used as the internal standard
to calculate the abundance of the mono-isotope ele-
ment, Rh. These results are PGEs concentrations dis-
solved by aqua regia (Table 3).

After rinsed with 1.2 mol/L (or 6 mol/L) HCI for
6 times, the residue was transferred into another 125
mL Savillex Teflon beaker. 10 mL of concentrated
HBr was added to prevent loss of volatile OsO4. Ap-
propriate amounts of Ir, Ru, Pt, Pd and Os isotope
spike solution were accurately weighed and added to
the beaker with 10 mL of concentrated HF. Then, the
beaker was placed for about 12 hours at room tem-
perature. The solution was evaporated to dryness to
remove the silicate. 10 mol/L HCI was used to remove
the residual HF. Finally, the residue was dissolved by
2 mL of 10 mol/L HCI, and its solution was carefully
transferred into another re-usable Carius tube directly.
The tube was cooled with an ice water bath. 10 mL of
16 mol/L cooled HNO; was added into the tube and
then the tube was sealed. The sealed Carius tube was
placed in a stainless steel sheath, which was then
sealed and heated to 240°C in an electric oven for 24
hours. After slowly cooling in air to room tempera-
ture, the Carius tube was further cooled in a refrigera-
tor for about 2 hours, and used for in-situ distillation
of Os (Qi et al., 2010) and separation of PGEs by
Te-coprecipitation as described above. These PGEs
concentrations of residue are also listed in Table 3.

For digestion of sample at 260-280°C, the tradi-
tional Carius tubes coupled with custom-made
stainless steel autoclaves were used to protect the tube
from explosion instead of stainless steel sheath. The
procedure is similar to the 220-240°C cases described
above.

3 Results and discussion
3.1 The absorption of PGEs for residue

During the experiment, we found if the sample
was spiked initially, the isotope ratios of PGEs in the
residue would be changed compared with the natural
abundances (Table 4), even the residue was rinsed by
6 mol/L HCI for 10 times. This indicated that some of
the spikes were still in the residue, and cannot be com-
pletely rinsed by 6 mol/L HCI. Therefore, the PGEs
concentrations of the residue listed in Table 3 contain
both the PGEs of residue and part of the PGEs ab-
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sorbed by residue from solution.

In order to calculate the exact PGEs concentra-
tions absorbed by residue, Ru was used as an example
to illustrate the calculation process. The total Ru con-
tent (Cy) in residue contains two portions: one is the
Ru concentration (Cg) which did not dissolved by
aqua regia in residue, another is absorbed Ru from the
solution (Cs,) by residue. When the samples were
spiked, the spike content absorbed by residue (Cs) can
be calculated with the isotope dilution formula (1).

Cy=CpxWx(17xR-12.7)/(0.24-96.03x R) (1)

where the data of total Ru content (Cy) in residue used
in formula (1) is from Table 3 which is calculated by
addition of spike to rinsed residue, R is the measured
ratio of “Ru/'"'Ru (Table 4) and W is the sample
weight. Thus, the proportion of absorbed spike (Rs)
can be calculated by dividing the total spike added
from Cys (Table 5). Because full isotopic equilibration
can be achieved when highly oxidizing aqua regia is
used, the proportion of absorbed nature Ru in solution
by residue (Rs,) has the same proportion as the ab-
sorbed spike (Rs). Thus, the absorbed Ru from the
solution (Cs,) can be calculated as formula (2).

Cs, = Cy, X Ry (2)
where Cg, is the data of Ru content of the solution
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from Table 3. So the actual Ru content in residue can
be calculated by formula (3).

CR = CT - CSo 3)

Other actual PGEs concentrations in residue can
be calculated by the method described above. Os con-
tent of the solution is the certified value. The results
are shown in Table 6.

3.2 PGEs contents in residue

The PGEs contents in solution and residue for
reference material, Gpt-3, after digestion with aqua
regia at different temperatures as described above are
listed in Table 3. The PGEs concentrations of the solu-
tion show no significant correlations with the diges-
tion temperature, which is probably due to nugget ef-
fect of PGEs. Our results are similar to those reported
previously (Puchtel et al., 2004b; Palesskii et al.,
2009). The total PGEs contents (residue+solution)
agree well with the certified values of Gpt-3 (Table 6).
However, PGEs concentrations in residues show a
rough decreasing trend with the increase of digestion
temperature (Table 3). The occasionally high PGEs
contents at high temperatures may also caused by
nugget effects of PGEs in the sample.

Table 3 PGEs concentrations in residue and solution after aqua regia dissolution

Digestion
temperature

220°C 240°C

260°C

Number R-1 S-1 R-2 S-2 R-3 S-3 R-4
0.69 12.2 0.51 133 1.08
4.62 0.33 535 032
510 0.73
0.30

Ru(ngg') 059 114
Pd (ngg") 020
Ir(ngg’) 061 445
Pt(ngg") 020 7.16

430  0.59
054 411 0.69
0.19 637 0.40 8.78

Rh (ng-g") 0.12 138  0.15 1.28 0.09 1.09  0.13

Os(ngg') 083 0.95 0.54 1.05
Ri 6M 6M 12M 6M
m;t‘;f: , HOL HCl, HCl, HCl,
n=6 n=6 n=6 n=6

S-4 R-5 S-5 R-6 S-6 R-7 S-7 R-8 S-8

13.9 0.59 125 052 134 037 168 050 13.1
5.15 112 548 019 473 038 553 025 498
4.76 0.62 485 060 471 042 539 060 6.02
8.24 033 766 025 817 025 831 030 751
1.70 0.10 149 010 125 0.0 175 010 1.65

0.71 0.50 0.37 0.55

1.2M 6M 6M 6M

HCI, HCI, HCI, HCI,

n=6 n=6 n=6 n=6

Note: 1-8 is the number of 4 groups of replication experiments; R. residue; S. solution; n. the rinse times using 1.2 and 6 mol/L HCI.

Table 4 The change of PGEs ratios in the residue after using the spikes

Digestion temperature 220°C 240°C Ratio of natural
Rinse method 1.2 M HCL, n=5 6 M HCI, n=5 6 M HCI, n=10 abundance
PRu/""'Ru 0.604 0.436 0.500 0.699
106pg/1%pq 0.360 0.332 0.463 1.236
T/ 1951y 0.553 0.524 0.553 0.579
195py/194py 0.638 0.587 0.518 1.041
19205/"°0s 1.366 1.196 1.205 1.553

Note: n. the rinse times using 1.2 and 6 mol/L HCL.
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Table S Calculated percentages of spikes absorbed by residue

Temperature 220°C 240°C 260°C 280°C
Number R-1 R-2 R-3 R-4 R-5 R-6 R-7 R-8
Ru (%) 0.18 0.21 0.05 0.32 0.06 0.16 0.11 0.15
Pd (%) 0.45 1.32 0.75 0.71 2.22 0.43 0.92 0.60
Ir (%) 0.15 0.13 0.10 0.18 0.09 0.15 0.10 0.15
Pt (%) 0.17 0.16 0.28 0.24 0.22 0.21 0.22 0.26
Os (%) 0.09 0.10 0.05 0.24 0.07 0.11 0.08 0.12
Note: 1-8 is the number of 4 groups of replication experiments; R. residue.
Table 6 Calculated actual PGEs concentrations and the percentages of PGEs in residue
Certified 220°C 240°C 260°C 280°C
Gpt-3 value
(CV+Stdev) R-1 T-1 R-2 T-2 R-3 T-3 R-4 T-4 R-5 T-5 R-6 T-6 R-7 T-7 R-8 T-8
Ru (ng-g™) 14.8+2.7 0.57 120 0.67 129 050 138 1.03 149 058 13.1 050 139 035 172 048 136
Ru (%) 4.78 5.19 3.66 6.92 4.44 3.59 2.04 3.52
Pd (ng-g'l) 4.6+0.6 072 501 197 521 034 568 028 547 1.00 6.60 017 492 036 591 024 523
Pd (%) 3.66 10.3 5.97 4.89 15.4 3.55 5.73 4.32
Ir (ng-g™) 4.3+0.5 0.60 506 0.53 465 069 579 072 549 062 547 060 531 041 581 059 6.62
Ir (%) 12.8 10.5 11.8 13.2 11.1 10.7 7.14 8.94
Pt (ng-g) 6.4+0.9 0.19 736 0.18 656 039 9.18 027 854 031 799 024 842 024 856 029 781
Pt (%) 2.30 2.72 4.31 3.05 3.92 2.81 2.72 3.59
Os (ng'g") 9.6+2.0 0.83 0.95 0.53 1.03 0.70 0.49 0.36 0.54
Os (%) 4.42 4.57 5.28 9.67 6.82 4.85 3.63 5.31
Rh (ng-g™") 1.3+0.3 1.50 1.43 1.18 1.83 1.60 1.35 1.85 1.75

Note: 1-8 is the number of 4 groups of replication experiments; R. residue; T. total PGE contents.

The percentages of spike absorbed by residue are
listed in Table 5. Less than 0.5% of Os, Ir, Ru and Pt
are absorbed by the residues, while the percentage of
Pd is a little higher. Residues with relatively higher
absorption percentage have relevantly higher PGEs
concentrations (Tables 5 and 6).

The actual PGEs concentrations and percentages
[CrACs,+Cr)] in residue at different digestion tem-
peratures are listed in Table 6. Most of the PGEs con-
centrations in residue are below 1.0 ng-g’ with less
than 15% of the total contents. When digestion tem-
perature reaches 280°C, all PGEs concentrations in
residues are below 0.6 ng-g” with less than 10% of the
total contents. The elevated digestion temperature
would promote the efficiency of dissolving, which is
similar to the results reported previously (Reisberg
and Meisel, 2002). The percentages of PGEs in resi-
due show trends of Ir>Os>Ru and Pd>Pt. The per-
centages of each PGE in residue also show a roughly
decreasing trend when the digestion temperature in-
creases (Table 6). Even when the digestion tempera-
ture increases to 280°C, it is difficult to leach out all
the PGEs from the residues. Therefore, the complete
digestion of PGEs in ultrmafic rocks might require
higher temperatures, which, however, would increase
the possibility of Carius tube explosion. And for auto-

clave-lined Carius tube technique, it has complicated
procedures. Thus a new digestion method is suggested
in this study.

4 A suggested digestion method

To obtain reliable PGEs contents in ultramafic
rocks, the silicate residue should be dissolved thor-
oughly. As discussed above, about 5% PGEs are still
remained in residue for ultramafic rocks even the di-
gestion temperature reaches to 280°C. Though the
method of HNO; combined with HF digestion is ef-
fective to dissolve ultramafic rocks, Os cannot be
measured by this technique (Qi et al., 2011). To sim-
plify the analytical procedure, a suggested analytical
method for determination of all PGEs in ultramafic
rocks using the re-usable Carius tube at 240°C is pro-
posed as follow:

3 g of powdered sample and appropriate amounts
of Ir, Ru, Pt, Pd and Os spikes are accurately weighed
and placed in a re-usable Carius tube with 5 mL of
HCI1 and 15 mL of HNO;. The tube is then sealed and
heated in an electric oven at 240°C for 24 hours. After
cooling to room temperature, the tubes are moved to a
refrigerator for about 2 hours, before opened for
in-situ Os distillation (Qi et al., 2010, 2013) and the
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concentrated Os solution in trapping tube is still kept
in a refrigerator. After distillation, the residue is sepa-
rated and rinsed for 3 times by 6 M HCI as described
above. All the rinsing solutions are transferred into a
125 mL Savillex Teflon beaker, whereas the residue is
transferred into another 125 mL Savillex Teflon
beaker. Concentrated HF and HBr are used to dissolve
the silicate residue as above. After evaporating to
dryness to remove HF with 10 M HCI, the residue is
dissolved with 2 mL HCI and the solution is trans-
ferred to the original Carius tube, sealed again and
heated at 240°C for 12 hours to release all the residual
PGEs. A second Os distillation is made as described
using the original Os trapping tube. The residual solu-
tion is combined to the first 125 mL Teflon beaker and
evaporated to dryness to remove HNO; with HCL
Te-coprecipitation is used to separate PGEs from ma-
trix (Qi et al., 2004), and PGEs were then measured
by ICP-MS. The analytical results for reference mate-
rials Gpt-3 are listed in Table 7. Our results agree well
with the certified values. Although this suggested
procedure is somewhat tedious, it can release all the
PGEs from ultramafic rocks and ensure reliable re-
sults.

Table 7 Analytical results for reference materials Gpt-3

using suggested digestion techniques
Certified value

GPt-3 (CVStdev) 1 2 3 4
Ru (ng'g") 14.8+2.7 13.3 12.4 132 17.6
Pd (ng-g™") 4.6+0.6 500 542 491 5.37
Ir (ng-g™") 43405 482 4356 5.01 5.11
Pt (ng'g") 6.4+0.9 7.13 746 7.62 7.94
Rh (ng'g™) 13203 1.84 1.91 2.06 2.01
Os (ng-g™) 9.6+2.0 9.77 9.28 10.2 10.7

5 Conclusions

The PGEs contents in residues were investigated
for digestion of ultramafic rocks by reverse aqua regia
in Carius tube at different temperatures. The residues
contain about 2%—-10% of total PGEs, even at diges-
tion temperature of 280°C. The percentages of PGEs
in residue show trends of Ir>Os>Ru and Pd>Pt. The
residue can absorb a neglectable amount of the PGEs
in the solution. A suggested digestion method using
re-usable Carius tube was proposed for determination
of PGEs in ultramafic rock.
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