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Abstract. Trace element abundances in organic-rich sediments are widely used in various fields of the geosciences,
yet few contributions discuss the effectiveness of low-cost benchtop acid digestion techniques for such samples. Here,
we tested three different sample preparation methods (acid digestion in closed and open vessels, and fusion) on twelve
powder aliquots of organic-rich sediment, standard reference material NIST 2702. Comparison of newly obtained
ICP-MS and LA-ICP-MS results with their respective certificate values, facilitates the assessment of digestion ef-
ficiency and the effects of vessel size, acid mixture, and other parameters on the recoveries of 29 trace elements. Our
results show that benchtop digestion of organic-rich sediment in closed 7 mL PFA vessels using HF+HNO,+HCIO,
mixture is more efficient compared with open vessel digestion treated with the same acid mixture (= HCI), with closed

or open vessel digestions without HCIO,, and with LA-ICP-MS measurements on fused glass discs.
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Introduction

The trace element content in organic-rich sediments
is widely used for reconstructing the geologic his-
tory of rocks, regions, and our planet itself, par-
ticularly with regards to changes in climate, ocean
redox state, water stratification, feeding provinces,
continental runoff, surface water productivity, and
for testing genetic links with hydrocarbons (e.g.,
Brumsack et al., 2006; Georgiev et al., 2019). Com-
plete sample decomposition is needed for reliable
trace element results measured by ICP-MS. Popular
digestion methods include benchtop acid digestion
in open and closed vessels, in sealed “bombs”, and
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in specialized instruments (e.g., microwave, high-
pressure asher), as well as alkali fusion (e.g., Cotta,
Enzweiler, 2012; Hu, Qi, 2014). The advantages
of benchtop digestion are ease of the setup (a fume
hood, a hotplate and digestion vessels), low overall
cost and large sample throughput. However, as with
other decomposition techniques, care must be taken
to ensure digestion of resistant minerals and to pre-
vent newly formed precipitates. A number of stud-
ies compare the efficiency of benchtop acid diges-
tion of mafic and felsic igneous rocks using differ-
ent acids (HF, HNO,, HCIO,, HCI; e.g., Balaram et
al., 1995; Yokoyama et al., 1999; Cotta, Enzweiler,
2012), yet similar studies for organic-rich sediments
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are relatively rare (e.g., Smirnova et al., 2002, Xu
et al., 2012). To improve our understanding, we
compared the efficiency of three sample prepara-
tion techniques by processing a standard reference
material (SRM) and comparing our ICP-MS results
with the known concentration of trace elements.
The SRM included in this study was obtained from
the National Institute of Standards and Technology

(NIST).

Methodology

Ten aliquots of NIST 2702 (organic-rich ma-
rine sediment from Baltimore Harbor, USA)
were acid-digested on a hotplate in closed and
open vials with three different acid mixtures
that are commonly used for silicate rock diges-
tion: (i) HNO,+HF; (ii) HNO,+HF+HCIO,; and
(iii) HNO;+HF+HCIO,+HCI. These main variables
(open versus closed vessel and type of acid mix-
ture) account for five digestion series: closed vessel
with HCIO, (n = 4, n being the number of replicate
digestions); closed vessel without HCLO, (n = 2);
open vessel with HCIO, (n = 1); open vessel without
HCIO, (n = 1); and open vessel with both HCIO,
and HCI (n = 2). Approximately 100 mg of NIST
2702 powder aliquots were weighted out in three
15 mL and three 7 mL flat-bottom Savillex PFA
screw-cap vials, and four 50 mL open PFA vials.
Four total analytical blanks (TAB) in two 15 mL vi-
als and two 7 mL vials followed the procedure for
closed vessel acid digestion with HCIO,. The rea-
gent volumes and digestion parameters for the most
efficient procedure (closed vessel acid digestion
with HCIO,) are presented in Table 1 (all two- and

three-acid digestions follow similar procedures),
which also shows details for the four-acid open di-
gestion. For the quantification of 29 trace elements
by ICP-MS at GI-BAS, a six-point calibration curve
was constructed by ICP-MS analyses of freshly pre-
pared multi-element calibration solutions (similar to
analytical set up in Mihaylova et al., 2013).

In addition, two NIST 2702 aliquots were
fused in a flux of lithium metaborate and lithium
tetraborate, and fragments of the broken glass
discs were mounted in epoxy resin and analyzed
by LA-ICP-MS on the same ICP-MS instrument
as acid-digested samples (for analytical details
see Peytcheva et al., 2021).

Results and discussion

All four TAB samples have similar trace element
patterns, with each element concentration roughly
proportional to the volume of reagents used for di-
gestion. In detail, TAB from 15 mL vials with ~2x
more acid than 7 mL vials, have ~2x higher trace
element contents, suggesting that measured TAB
values are indeed representative for the acid contri-
bution and indicating negligible random contamina-
tion during digestion.

The elements with highest overall recovery rates
among the acid-digested series were Li, Be, V, Cr,
Cu, Ga, Rb, Sr, Nb, Mo, Cd, Sn, Cs, Ba, Ce, Nd,
Sm, W, Pb, Th, and U (£ 12% of certificate values),
followed by Sb, La and TI (= 15% of certificate val-
ues). Somewhat lower recoveries for Sc, Co, Ni, Zn
and As may reflect incomplete digestion but may
also be related to technical issues during ICP-MS
measurements that can be improved with in-house

Table 1. Details about acid digestion procedures in the closed vessel acid digestion group with HCIO, and the open vessel acid
digestion group with HCIO +HCI. All acids are concentrated; d H,0O = distilled water

Acid Vnila}is Stage Re'flgints Tempefét/llllre/time
15(7) evaporate 0.5 (0.3) mL H,0 + 3 (1.5) mL HNO, 25°/15h—380°/1h
° 3 9? —150°/1h
é E % 15(7)  digest/evaporate (2x) 3 (1) mL HNO; + 4 (2.5) mL HF + 1 (0.5) mL HCIO, %ggzggﬁ:?g:ﬁgﬁ
15(7) evaporate (2x) 2 (1) mL HNO, 150°/1.5h
evaporate 0.5 mL dH,O + 2 mL HNO, 180°/1h
@) digest/evaporate I mL HNO, + 5 mL HF 180°/3h
g é E? - digest/evaporate 1 mL HCIO, 180°/3h
S 35 digest/evaporate I mL HNO, + 6 mL | HF 180°/3h
E digest/evaporate 2mL HNO, + 1 mL HCIO, + 5 mL HCl 180°/3h
evaporate (2x) 2 mL HNO, 180°/1h
All - - final dilution dilution to 50 mL with dH,O -
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optimizations. Importantly, all results for the differ-
ent sample preparation techniques were obtained on
the same ICP-MS instrument and using similar pro-
cedures, suggesting differences between samples
are likely related to the digestion procedures and not
to ICP-MS measurements.

The digestion efficiency was estimated by com-
paring measured ICP-MS values relative to the SRM
values (including certified, reference and informa-
tion values). A statistical overview of all results
shows the distribution of measurements from each
digestion series that fall within a given accuracy
range (Fig. 1). Open vessel acid digestion without
HCLO, is the least efficient, with recoveries lower
than 65% of certificate values in 45% of all meas-
urements and better than + 20% of certificate values
in 35% of all measurements. In comparison, closed
vessel digestion with HCIO, yields the most satis-
factory results with recoveries better than + 20% of
certificate values in 80% of all measurements, and
worse than + 35% for only 2% of all measurements.
Open vessel digestion with HCIO,, open vessel
digestion with HCIO, and HCI, as well as closed
vessel digestion without HCIO,, yield intermediate
results (Fig. 1).

In addition, we note that closed 7 mL vials per-
formed slightly better than closed 15 mL vials.
The former have higher sample to reagent volume
ratio (0.1:4) and less headspace (3 mL) compared

with larger vials (0.1:8 and 7 mL, respectively)
(Table 1). Both factors might have contributed to
relatively higher internal pressure, raising the boil-
ing point during decomposition in the small vials
and thus enhancing sample digestion. Based on the
above considerations, we single out our most ac-
curate results to closed vessel acid digestion with
HCIO, in small (7 mL) vials, raising recoveries to
better than + 20% of NIST 2702 certificate val-
ues for most (85%) measurements, and better than
+ 35% of certificate values for virtually all (100%)
measurements.

For comparison, 27 trace elements (Li and Be
were not analyzed) determined by LA-ICP-MS
show recoveries better than + 20% of certificate val-
ues in 67% of all measurements compared to 85%
in the most accurate ICP-MS series; and recoveries
worse than + 35% of certificate values for 14% of
all measurements compared to none (0%) in the best
ICP-MS series.

Conclusions and future directions

The efficiency of benchtop acid digestion of organ-
ic-rich samples was estimated based on comparison
of ICP-MS measured trace element concentrations
in NIST 2702 sediment with their referent values.
Testing several variables including volume of the
digestion vessel, type, and amount of acid, and

Measured vs Certificate NIST 2702 values*100

80
Closed Closed Closed LA-ICP-MS
70|  HNO#HF | HNO#HF+HCIO, | HNOHF#HCIO, |
15mL+7mL vessel ;| 15mL+7mLvessel |  7mL vessel Open : Open : Open ;
n=2 : n=4 : n=2 HNO,+HF i HNO4+HF+HCIO, HNO,+HF+HCIO +HCI: n=3
60 5 : 50mLvessel : 50mLvessel :  50mLvessel

B +10% [ +10-20% [ *20-35% [l > % 35%

n=1 n=1 n=2

Fig. 1. Histograms showing the percentage of measurements within each digestion series that fall within £10%, +10-20%,
+20-35% and outside the £35% deviation from NIST 2702 certificate values; all calculations are based on TAB corrected val-

ues; n = number of replicate samples tested for each procedure
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close versus open vessel digestion procedure, we
conclude that the most efficient digestion among the
studied procedures, was decomposition in a mixture
of HNO,+HF+HCIO, in a closed (tightly screw-
capped) vessel. We note that these are preliminary
results, since the number of digestions and ICP-MS
measurements for each procedure is insufficient to
fully characterize the digestion efficiency. Further
tests using the same setup and perhaps additional
variables (such as the volume of acid, particularly
in the larger vessels), combined with improved ICP-
MS measurement protocols are needed for a more
detailed characterization. Nevertheless, these new
data clearly highlight the advantage of closed vessel
benchtop HF+HNO,+HCIO, digestion of organic-
rich sediments compared with other tested benchtop
digestion techniques.
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