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Elemental mercury (Hg) is routinely determined in crystalline rocks with mass fractions lower than 10 ng g™' by thermal
decomposition using Direct Mercury Analyzer (DMA-80) or Lumex RA-915+ (equipped with a PYRO-915+ attachment)
instruments, both based on atomic absorption spectroscopy. However, 223 analyses over the course of one year with
DMA-80 and cold vapour-atomic fluorescence spectroscopy (CV-AFS) on three reference materials (RMs) and six
arystalline rocks (granite, diorite, gabbro, spinel peridotite, phlogopite-rich peridotite, and sulfide-rich orthogneiss) from
the exposed transcrustal section of the Ivrea-Verbano Zone and upper crustal Serie dei Laghi unit (western Alps, ltaly)
reveal that rock analyses using the DMA-80 are variably affected by different intemal and external biases when Hg mass
fractions are below 10 ng g'. Conversely, CV-AFS analyses are more precise, providing homogenous and repeatable
results, even at ultra-low Hg mass fractions (< 1 pg g™'). Furthermore, CV-AFS analyses show that gabbro and spinel
peridotite powders roasted for analysis by DMA-80 still contain ~ 0.6 to ~ 1.4 ng g' of Hg, implying inefficient release of
Hg from basic/ultrabasic lithologies. Therefore, we recommend the use of CV-AFS for Hg measurements in crystalline rocks.
We also propose a new Hg reference value of 3.9 = 1.5 ng g’ for the GSJ granodiorite reference material JG-1a.
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Mercury (Hg) is the most volatile and among the three most
toxic heavy metals (Covelli et al 2001, Canil et al 2015,
Marie et al. 2014, Gworek et al 2020, Torres-Rodriguez
et al 2024). Besides industrial and mining activities (Covell
et al 2001, Gworek et al 2020) and natural re-emission from
land and water sudaces (Pirone et al 2010, Floreani
et al 2019), degassing from active volcanoes is the other
remaining source capable of emitting substantial amounts of Hg

info  the atmosphere (Bagnato et al 2014, Coufalik
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et al 2018, Edwards et al 2021, Edmonds et al 2022,
Kushner et al 2023). However, the source and mobility of Hg
in magmas before degassing remain poorly constrained (e.g,
Canil et al 2015) mainly due to the analytical challenges
related to its chemical behaviour (Marie et al 2014) and low
abundance in crystalline rocks (mostly < 40 ng g, Figure 1).

To date, a literature search of 767 Hg determinations in
rocks showed that 46% were carried out with a DMA-80
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Direct Mercury Analyser, 30% with a Lumex RA-915+
instrument equipped with a PYRO-915+ attachment (here-
after Lumex RA-915+), 14% with other techniques (atomic
fluorescence, acid digestion with atomic absorption spec-
troscopy or AAS, 1:1:1 aqua regia digestion with ultra-trace
inductively coupled plasma-mass spectrometry or ICP-MS;
cold vapour multicollector (MC-) ICP-MS and neutron
activation on0|yses not considered in this Work), 8% with
Cold Vapour-Atomic Fluorescence Spectroscopy (CV-AFS),
and the remaining < 2% with Advanced Mercury Analyzer

(AMA-254) (Figure 1; Marowsky and Wedepohl 1971,
Coderre and Steinthérsson 1977, Garuti et al. 1984, Gao
et al 1998, Pitcair et al. 2006b, 2010, 2015, Zintwana
et al 2012, Canil et al 2015, Coufalik et al 2015, Ham-
merli et al 2016, Smith et al 2008, Wang et al 2021,
Deng et al 2022aq, b, Yin et al 2022, Tian et al. 2023).
Therefore, DMA-80 and Lumex RA-915+ are the most used
instruments to measure Hg in crystalline rocks due to their

capability for fast, direct measurement of Hg through the

combustion of a

solid somp|e (e, povvder), |imiting
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Figure 1. Mercury mass fraction (ng g™') for different magmatic and metamorphic rocks (n = 767) measured by

several analytical methods (see online supporting information Table S1) and compared with the results of this study.

We did not plot the mass fraction of sedimentary protoliths analysed by Pitcairn et al. (2006b, 2010), and we

considered only the results we judged uncontaminated (unless specified, i.e., Garuti et al. 1984). Each point

represents a single analysis or the mean of two to five replicates for the same sample. All error bars associated with

data points represent 2s, also for the literature values for which the standard deviations were unreported, or

reported as 1s. Some 2s values are smaller than the symbols, while others are larger than the absolute value and, in

the latter case, are not shown. Some of the CV-AFS data are the mean of two to twenty samples. Grey solid and
dotted lines indicate the 10 and 20 ng g™' accuracy limits, respectively of the DMA-80 after Marie et al. (2014).
Mercury mass fractions for the Balmuccia peridotite samples by DMA-80 (this study) and by Garuti et al. (1984) are

shown with blue rims. See text for more information. Data are from Marowsky and Wedepohl (1971), Coderre and
Steinthérsson (1977), Garuti et al. (1984), Gao et al. (1998), Pitcairn et al. (2006b, 2010, 2015), Zintwana

et al. (2012), Canil et al. (2015), Coufalik et al. (2015), Hammerli et al. (2016), Smith et al. (2008), Wang

et al. (2021), Deng et al. (20224, b), Yin et al. (2022) and Tian et al. (2023). Bulk crust (Rudnick and Gao (2014),
depleted mantle (Salters and Strake 2004), MORB (Arevalo and McDonough 2010), and primitive mantle
(McDonough and Sun 1995, Palme and O’Neil 2014, Canil et al. 2015) are plotted for comparison.

additional sample manipulation (e.g, acid digestion) and
pofenﬁ0| contamination (Marie et al 2014). From the
agreement between the mass fraction measurements on
different reference materials (RMs) and their certified values
and  within-batch ono|yses (i.e., rep|icc1tes), Marie
et al (2014) proposed that the DMA-80 has good
accuracy and precision for Hg mass fractions from 10 to
6000 ng g The same authors also indicate that Hg
defermination on different RMs, when compared with
recommended values in literature, had the best fit (i.e.,
increase in the correlation coefficient R?) above 20 ng g’].
However, of the 46% of the literature Hg measurements
done by DMA-80, 91% of the rocks have mass fractions
<10 ng g' and 99% <20 ng g (Figure 1). In other
words, so far, this instrument has been used to measure Hg
in rocks with mass fractions that are often below its accuracy
limit (10 ng g"), as defined by Marie ef al. (2014).

Further uncertainty about the reliability of DMA-80 results
might be related to its combustion efficiency. DMA-80 heats
the powder to 650 °C for 1 min at 1 atm fo release Hg from
the compound (Marie et al. 2014). Nonetheless, most rocks
have solidus temperatures (T,ojiqus) higher than 650 °C at 1
atm (e.g, Stern et al 1975, Ulmer 2000). This raises doubts
on the possibility that all Hg can be released from sample
powders during only one minute of combustion without

melfing.

Considering other mechanisms of Hg mobility that could
trigger Hg loss, diffusion cannot be the mechanism that
triggers the release of all the Hg, assuming itis partitioned info
the crystal lattices of the rock-forming minerals (e.g, Jovanovic

and Reed, 1968), because of the short duration of the
combustion (1 min). Further rore|y considered comp|exifies that
can lead to uncertainties in determining Hg are its volatilisation
during sample powdering, sample heterogeneity (i.e, nugget
effect), the quantity of powder used for the analyses, and
powder grain sizes (e.g, Mendelez-Perez and Fostier, 2013,
Marie et al. 2014, Canil et al. 2015).

The Lumex RA-915+ and AMA-254 analytical methods
are not so different from the DMA-80 and have detection
limits of 05 and 3 ng g’ respeciively (Sholupov
et al. 2004, Coufalik et al 2015). However, because the
Lumex RA-915+ lacks the Au-amalgamator present in DMA-
80 and AMA 254, its accuracy and precision should be very
limited at lower Hg mass fractions. In addition, Lumex RA-
915+ and AMA 254 have never been adequately tested for
their efficiency in measuring Hg in crystalline rocks. Hence,
the doubts outlined for the DMA-80 are also valid for Lumex
RA-915+ because of the 30% of all analyses carried out
with this technique (Figure 1), 74% are < 10 ng g and
91% are < 20 ng g, while for the AMA-254 analyses are
entirely < 8 ng g™

The CV-AFS technique is far less frequently used for
measuring Hg in crystalline rock, as indicated by the 8% of
the analyses in Figure 1. This is because it is time-consuming
and may suffer from contamination during sample prepa-
ration. Nonetheless, by applying attentive protocols that
mitigate or prevent contamination, this analytical method is
potentially more accurate and precise and has a very low
detection limit (1 pg g™'), as demonstrated in different studies
(Bloom and Fitzgerald 1988, Hageman 2007, Pitcaim
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et al 2006q, 2010, 2015, Butcher 2019). The only docu-
mented scientific works applying this methodology for
crystalline rocks can be found in Pitcaim et al (2006a,
2010, 2015), who measured Hg mass fractions from ~ 70
down to 1 ng g'] in unmetamorphosed to amphibolite
facies sedimentary and basaltic rocks of the Otago and
A||oine Schists, New Zealand.

This work aims to report DMA-80 and CV-AFS analyses
on different RMs and crystalline rock samples to test the
accuracy and precision of DMA-80 in measuring Hg mass
fractions below 10 ng g™'. In doing so, we also consider
potential biases that could affect the measurements, such as
Hg volatilisation during sample preparation, contamination,
nugget effect, the amount of powder used for the analyses,
and powder grain sizes. Lastly, we compare our results with
those published so far to provide a new perspective on the
reliability of the published data, as well as propose a new
reference value for the GSJ JG-1a granodiorite (Geological
Survey of Japan) RM.

Geological settings and materials

The six samples used in this work are from the
rea-Verbano Zone and adjacent Serie dei Laghi unit (IVZ
and Sdl, respectively; northwest ltaly, Figure 2). The IVZ and
SdL represent an almost complete section of the continental
crust tiled by ~ 90° during Alpine orogenesis and hosting @
quasi-continuous transcrustal igneous section (ie, the Sesia
Magmatic System) traceable from its deepest roots to the
exposed caldera (eg, Sinigoi et al 2016, Karakas
et al. 2019, Pistone et al 2020, Tavazzani et al 2023).
The IVZ exposes a ~ 10 km thick lower crustal Permian
Mafic Complex, consisting mainly of gabbroic and dioritic
rocks, intruding info the Kinzigite Formation, which is a
Palaeozoic volcano-sedimentary sequence metamorphosed
in amphibolite to granulite facies. The SdL consists of upper
crustal low amphibolite-facies schists and gneisses infruded
by the Permian granitic bodies composing the Graniti dei
Laghi. The SdL and Graniti dei Laghi are overlaid by coeval
rhyo|iﬁc caldera-fill deposits (i.e., Sesia Caldera). The opﬁco|
petrographic screening of the six samples led to the
following observations.

Sample L5149 is a homogeneous monzogranite from
the upper crustal Valle Mosso pluton of the Sdl (Figure 2;
Tavazzani et al 2017, 2020). It is medium to
coarse-grained with a  hypidiomorphic texture. Major
minerals are quartz, Kfeldspar, plagioclase and chlorifised
biotite. Accessory minerals are muscovite, epidote, zircon,
apatite and rare sulfides (< 0.1% by volume).

Sample V5134 is o diorite of the Mafic Complex
(Figure 2; Sinigoi et al 2016). It is hypidiomorphic and
medium- to coarse-grained. Plagioclase, orthopyroxene,
clinopyroxene, amphibole, and biotite are the main
rock-forming minerals. The accessory minerals include

sulfides (~ 2 vol.9%), Fe-oxides, zircons, and apatites.

Sample Campore dyke is a ~ 10- to 15 m-wide mafic
infrusion at the base of the Valle Mosso pluton (Figure 2)
and is classified as gabbro (Tavazzani et al 2017, Sinigoi
et al 2016). The sample collected from the central part of
the intrusion shows an ophitic texture with medium to
coarse-grained plagioclase and  amphibole. Accessory
minerals are zircon, apatites, Fe-oxides, and sulfides (~ 2
vol.%), sometimes up to 1 cm.

Sample NZ2314A2 is from the Balmuccia peridotite
body and was collected from a disused quarry on the north
of the Sesia River (Figure 2). It is a foliated lherzolite with a
porphyroclastic recrystallised texture. Olivine, orthopyroxene,
and clinopyroxene are the main rock-forming minerals.

Sulfides (~ 5 vol.%) and spinels are accessory minerals.

Sample F9 peridotite is from the Finero peridotitic body
(Figure 2), dominantly showing protogranular, although
locally displaying porphyroclastic  recrystallised  texture.
Olivine, orthopyroxene, and phlogopite are abundant, while
clinopyroxene and amphibole are less common. Accessory

Serie dei Laghi

[l Permian Volcanics ®
[T Permian granitoids od\'a\ )
[[] Diorites, gneiss and schists 0\‘\

Ivrea-Verbano Zone /
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Figure 2. Geological map of Ivrea-Verbano Zone and
Serie dei Laghi unit (after Tavazzani et al. 2020) with
the of sample locations indicated. P Line: Pogallo Line;

CMB Line: Cossato—Mergozzo-Brissago Line.
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minerals are rare sulfides (< 0.1 vol%), spinels, apatites

and zircons.

Sample ORN23004A is a medium- to fine-grained
banded orthogneiss sampled near the old mines of
Migiandone near Omavasso (Figure 2). The sample consists
of biotite, dmphibo|e, garnet, pyroxene, and p|dgioc|ose as
maijor minerals. Sulfides are up to ~ 2 vol.% and are minor
minerals, while oxides, titanites, apatite, and zircons are all

accessory minerals.

Materials and methods

Sample preparation

Before grinding and powdering the samples, their
pefrogrqphic properties were inspected by focusing the
screening on defecting any internal weathering that could
bias the Hg results. Selected unaltered samples were cut with
a water-cooled diamond saw info ~ 0.5 cm-thick slices and
rapidly dried with compressed air to mitigate chemical
weathering via oxidative leaching of sulfides (Peters 1976).
Rock slices were cleaned from saw marks, blade paint, pen
marks, and minor weathered surfaces with a water-cooled
diamond polishing pad, washed in water, and rapidly dried
with compressed air. Cleaned slices were crushed into small
chips (< 5 mm) using a hammer and anvil. To limit
potential contamination between samples and surfaces
used to grind the samples, it is common pracfice to use
plastic trays and/or clean paper sheets to minimise contact
(e.g, Pitcaim et al. 2006b, Wang et al. 2013). This proce-
dure was not adopted since Hg might be present in variable
quantities in plastic and paper, and microscopic pieces of
both materials could Uninfenﬁond”y become part of the
sample during grinding, leading to possible spurious results.
Hence, hammer and anvil surfaces were pre—condiﬁoned for
each sample by grinding a small amount of the sample
targeted for the Hg determinations to a fine powder. The
ground material was then discorded, and on|y that from the
second hammering was collected. Hammer and  anvil
sufaces were cleaned before and affer each
pre-condifioning and grinding step with abundant acetone,
high-purity (Milli-Q) water, and compressed air. No other
treatment, such as drying or sieving, was applied.

For each sample, we collected between 200 and 300 g
of material, which was split into four batches and
subsequently subjected to different pulverisation treatments.
Depending on the pulverisation method used and to include
all mineral phases, we powdered between 10 and 60 g for

=aN

GEOSTANDARDS and

U GEOANALYTICAL
RESEARCH

each batch. The first batch was powdered by hand with
agate mortar and pestle (AM); the second was powdered
by agate ball mill pulerisette (AP); and the third was
powdered by tungsten carbide pu|veriseﬁe (WCP) (Table 1).
The fourth batch was possed through a jow crusher before
powdering with AP (JAP). The same pre-conditioning method
was also applied to the rock pulverisation step that helps
prevent any bias due to possible contamination. In addition,
we aimed to produce monodisperse sample powders
displaying grain sizes as homogeneous as possible.
Heterogeneous grain sizes (polydisperse suspension) might
lead to incomplete Hg release during combustion at the
DMA-80 or incomplete grain dissolution during the acid
digestion step before CV-AFS analyses (see below). To
overcome this problem, the time of powdering for each
sample was set at 1 h for the AP and JAP (30 min with
30 mm agate spheres and 30 min with mixed 10 to
15 mm agate spheres), 30 min for the AM, and 2 min for
the WCP. The low powdering time for the WCP was set to
prevent any instfrumental damage. A small aliquot of each
powder was inspected under a leica stereographic
microscope fo invesfigate the grain sizes. Online supple-
mentary materials show an example from Campore gabbro
and NZ2314A2 Balmuccia peridotite powders (Figures S1
and S2, respectively). Hand-made powders (AM) show
heterogeneous grain sizes, with most grains larger than 100
pm. Conversely, AP powders are homogeneous and show
grain sizes well below 100 pm.

It has been suggested that during long planetary milling
sessions, the increase in temperature inside the agate and
tungsten carbide jars heats the powder and can cause Hg
losses through volatilisation (eg, Canil et al 2015). To
investigate this possibility, we measured the temperature with
a Parkside® Digital Laser Infrared Thermometer, having a
temperature range between 50 to + 380 °C and a reading
error for measures of £ 1.5 °C and = 3 °C at > 0 °C
and < 0 °C, respectively. Temperatures were measured less
than one minute after the milling stopped by pointing the
laser against the agate and tungsten carbide jar walls,
agate spheres, tungsten carbide rings, and powders. All
temperatures were < 40 °C, even after 1 hour of powdering.

Direct Mercury Analyzer (DMA-80)

Samples were analysed for total Hg mass fraction with a
Milestone double-cell model DMA-80 Direct Mercury
Analyzer at the Department of Mathematics, Informatics
and Geoscience of the University of Trieste (ltaly). Operating
conditions were similar to those described in Marie
et al (2014). Between 0.250 and 0.256 g of powder from
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Table 1.
Summary of the samples, powdering methods and duration, and analytical techniques adopted in this work
Sample Powdering Powdering Analytical method
method® duration " 3
DMA-80 CV-AFS¢© CV-AFS after DMA-80
LS149 (Granite) AM 30 min X
WCP
AP Th X X X
JAP Th X
V5134 (Diorite) AM 30 min X
WCP 2 min X
AP Th X X
JAP 1h X
Campore dyke (Gabbro) AM 30 min X
WCP 2 min X
AP Th X X X
JAP 1h X
NZ2314A2 (Spinel-peridotite) AM 30 min X
WCP 2 min X
AP Th X X X
JAP 1h X
F9 (Phlogopite-rich peridotite) AM 30 min X
WCP 2 min X
AP 1h X
JAP 1h X
ORN23004A (Sulfide-rich orthogneiss) AM 30 min X
WCP 2 min X
AP 1h X
JAP 1h X

® AM: agate mortar and pestle (hand-made powders); WCP: tungsten carbide pulveristette; AP: Agate ball mill pulverisette; JAP: jaw crusher before AP.
b DMA-80: Direct Mercury Analyser.

¢ CV-AFS: Cold vapour-atomic fluorescence spectroscopy.

9 Performed on roasted powder. See text for more information.

each powdered batch was weighed in nickel (Ni) coated
sample boats, placed into the autosampler, and brought
into the furnace for drying at 200 °C for 1 min to prevent
sample loss by splashing. Samples were then heated at 650
°C for 1.5 minutes to release all Hg species as elemental Hg
(Hg®). Elemental Hg is carried fo the Au frap fo form
amalgam by ultrapure oxygen (O5 99.9999%) used as gas
carrier and for the combustion of samples. Halogens and
nitrogen-sulfur oxides released during combustion are
trapped in the catalyst during transport to the amalgamator
while remaining gasses are purged out of the system for 1
min before Hg® is quantitatively desorbed by heating the Au
amalgamator at 850 °C for 30 s. Elemental Hg was then
measured by passing through to an atomic absorbance
spectrophotometer (wavelength 253.65 nm) consisting of
two sequential cells designed for low (0-20 ng) and high
(201000 ng) Hg contents and UV-enhanced photodiodes
for detection. Concentrations were calculated based on the
masses of the analysed powder and detector response
based on the calibration curve (EPA method 7473,
USEPA 2007). It is fundamental to recall that DMA-80

performs only one measurement for each aliquot, meaning

that it cannot provide any information on within-aliquot

heterogeneity and measurement repeatability.
Within-sample heterogeneity was determined by analysing

between three and seven aliquots for each rock sample.

Instrumental calibration was performed once using
standard solutions (from 10 pg I' to 10 mg I'') prepared
by diluting a Hg standard solution (Merck Millipore, 1000
mg ') and analysing it in a quartz sample boat. Solid
samples and standards were analysed in Ni boats.
Reference materials GSJ JG-1a granodiorite (Geological
Survey of Japan), LOAM soil (IRMM ERM-CC141, Institute for
Reference Materials and Measurements, Belgium), and NIST
SRM 2706 New Jersey soil (National Insfitute of Standards
and Technology, USA) were analysed every one to six
sample aliquots at the beginning to test the calibration
setup and then every ten to fifreen sample aliquots to
routinely check the accuracy and precision within each and
between all measurement sessions (see DMA-80 analytical
workflow in online supporting information Table S2). During
one of the runs, the Hg mass fraction of IAG MUH-1
(Ultramafic rock, Harzburgite, Kraubath) CRM (Internationall
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Association of Geoanalysts, Nottingham, UK) was measured
for the first ime. The DMA-80 cleaning procedure was
performed before each analytical run, between each
sample, and between reference materials and samples
(Table S2) to ensure no carry-over in the instrument between
samples: Ni sample boats were cleaned after runs by rinsing
with high-purity water, soaking in nitric acid (HNO3 1%) for
2 h, and then rinsing again with high-purity water before
being dried at 700 °C for 2 h in a muffle fumace to desorb
any remaining Hg. Three cleaned Ni sample boats were
analysed during a measurement session to test the cleaning
efficiency. The DMA-80 analyses were performed during
seven measurement sessions (| fo VII) between January 2023
and February 2024.

Sample acid digestion procedure

Sample acid digestion was performed only for AP
powders due to the contamination issues in JAP and WCP
powders (see Discussion) and the heterogenous grain sizes
in AM powders. The acid-digested powders consist of two to
four aliquots of AP powders of LS149 granite, VS134 diorite,
Campore gabbro, and NZ2314A2 Balmuccia peridotite.
However, an dliquot from AM powder from Campore
gabbro was also acid-digested to test the efficiency of the
procedure on the heterogeneous grain sizes. In addition, we
acid-digested the leffover material after DMA-80 analyses
from the AP powders for which DMA-80 gave the highest
and lowest Hg values for the samples LS149 granite,
Campore gabbro, and NZ2314A2 peridotite to assess the
efficiency of DMA-80 in releasing all of Hg present in the
sample. The same procedure was applied by
Torres-Rodriguez et al (2024) to verify that all Hg was
released from combustion during AAS analyses. Note that it
is common to refer to the residual powder after combustion
as an ash product (eg, Torres-Rodriguez et al 2024).
Nonetheless, we find it more appropriate to utilise the term
“roasted” powders because the combustion process oper-
ated by the DMA-80 is similar to the material left after
roasting cinnabar in a furnace, the process by which free Hg
is obtained from its main mineral (Biester et al. 2000).

The powders were acid-digested in polytetrafluoroethy-
lene (PTFE) vessels by fotal dissolution in a closed microwave
system (Multiwave PRO, Anton Paar) at the Department of
Chemical and Pharmaceutical Sciences, University of Trieste
(Italy). For each sample, 0.250 to 0.256 g of powder was
weighed, placed in the PTFE vessels, and Suprapure
concentrated hydrochloric acid (HCl 37-39% v/v; VWR
International) and nitric acid (HNO5 67-69% v/v, VWR)
were added in a 3:1 ratio, together with 6 ml of hydrofluoric
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acid (HF 47-51% v/v, WAR) (Loring and Rantala 1992,
modified EPA Method 3052, USEPA 1996). After the first
heating step in the microwave at 185 °C for 45 min and
cooling at 50 °C for 22 min, boric acid (H3BO3, 6% v/V)
was added to the solution to buffer the excess amount of HF.
The PTFE vessels were then placed again in the microwave
at 160 °C for 30 min and then cooled at 50 °C.
Subsequently, all PTFE vessels were inspected for possible
residual insoluble phases. In the PTFE vessels used to
ocid-digest LOAM soil and peridofite somp|es, dark,
insoluble material (e, organic matter and spine|s, respec-
ﬁve|y) was still present. No other unsoluble phoses (e.g.,
zircons, oxides, etc) were detected for the remaining
samples. The solutions were transferred into metal-free vials
and diluted to a volume of 25 ml by adding high-purity
(Milli-Q) water and stored at 4 °C in a dark and protected
space until analysis. Cleaning of PTFE vessels was performed
every session of sample digestion with 2:1 HNO3 and HCI
and repeating heating step 1 in the microwave. Using the
same analytical steps outlined above, during each chemical
session, we also acid-digested JG-1a granodiorite and
LOAM soil or NIST SRM 2706 New Jersey Soil RMs and
prepared two blanks (i.e, acid solution without any sample
or RM) for quality control and andalytical performance,
including checking for contamination. Before the main acid
digestion sessions, we prepared different blanks (n = 8),
again following the steps outlined above to inspect the Hg
confribution of the acid used for the acid digestion
procedure.

Cold vapour-atomic fluorescence spectroscopy
(Cv-AFS)

CV-AFS (Mercur, Analytic Jena) analyses were conducted
at the Department of Mathematics, Informatics and Geosci-
ence of the University of Trieste (Italy). Mercury mass fraction
was determined after sample reduction with stannous
chloride (SnCly; 2% in HCl 2% v/v; EPA Method 1631e,
USEPA, 2002). Stannous chloride (SnCly) solution  was
prepared before each analysis and the quantity depended
on the number of samples to be analysed. Between 2 and 8
g of stannous chloride dihydrate (SnCl, x 2H,O) was
dissolved in 2 to 16 ml of concentrated HCl and let react for
at least 40 min before diluting to the desired volume with
high-purity water. For instance, 32 analyses require 8 g of
SnCl, dissolved in 16 ml of HCl and diluted in 400 ml. The
SnCl, solution was purged, along with the sample, during
analyses with ultrapure Ar (99.9999%). Instrument calibra-
tion was performed for each measurement session using
standard solufions (between 1 and 100 ng I'') prepared by
diluting a Hg standard solution (NIST, 1 mg ') and
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acidifying with bromine chloride (BrCl, 500 pl/100 ml). The
Hg defermination was performed through a pre-reduction
using hydroxylamine hydrochloride (NH,OH-HCI) to buffer
the excess of halogens produced during the addition of
BrCl, followed by a reduction with SnCl, occording to EPA
Method 1631e (USEPA 2002). Anc1|ytico| blanks and RMs
(JG-1a and LOAM soil or NIST SRM 2706) were analysed
in the same batch as the samples. Mercury was analysed in
triplicate for each sample aliquot to investigate within-aliquot
heferogeneity. In addition, for all but one somp|e (e, AM
powder from Campore gabbro), Hg was analysed in two to
four aliquots per sample to test within-sample heterogenetty.
The Hg contribution from the acids, defermined from the
blank analyses, was subtracted from the results in ng I,
which were then corrected for the sample mass and dilution
volume to ng g'. The CV-AFS analyses were performed
during four measurement sessions (I through V) between
January 2023 and February 2024. Session | was devoted to
blank analyses only.

Results

Individual measurement results from DMA-80 and CV-
AFS analyses are shown in Tables S2 and S3, respectively.
All uncertainties reported throughout the text are 2s.

Procedural blanks

DMA-80 cleaning procedures measurements (n = 165)
run Throughout the study had absorbance (i.e., Hg peok
height) values for blanks (no boat or sample) between 0 and
0.051 A with 9% of values between 0.002 and 0051 A
(Hg = 0001-0878 ng) and 91% <0001 A (Hg
< 000001 ng (Figure 3a, b; see DMA-80 analytical
workflow in Table S2). We observed that i) the highest
absorbance values (> 0002) were obtained at the
beginning and rarely during the analytical runs and ii) the
DMA-80 was clean (ie, Hg < 1 pg) and ready for analysis
of low Hg samples below an absorbance value of 0.001 A
The absorbance of the three analyses on empty, previously
cleaned Ni sample boaits (i.e, blanks) was between 0.004
and 0022 A (Hg = 002-0.35 ng; Figure 3a, b).

Blanks (n = 8) during the first CV-AFS measurement
session (Figure 4) resulted in a Hg concentration between
41+ 01 and 7.3 + 02 ng I'' (mean = 54 + 23 ng I,
RSD = 21%). Mercury from the blanks (n = 2) in the second
run was 1.4 £ 001 ng I'" (mean, RSD = 0.3%), whereas
during the thid (n=4) and fourth (n=4) runs, Hg

contribution was similar to the first analyses, with mean of

Absorbance (Hg Peak Height)
5
*
*
*
* *
*
*

2% *o » 2. .
PR3 @Q{&% LR RRSNOR @%o o Lo
& (<o sg OGRS oY o
o 0 oRe, Koo X8
o Ry oA A
Absorbance
+ >0.002
104] ©<0.002 &
10 (b) *
* *
1074 *
. . . .
B 1023 - * * . -Ni-boats
o - .
T o .

IR PR U@ @R @R s

Figure 3. DMA-80 cleaning procedure. (a) Absorbance
(Hg peak height) and (b) Hg contribution in ng for each
cleaning step. Roman numerals indicate the measure-

ment session.

100 I I I v
\ \ \ I
-
Contaminated blanks
2] 54x23ngl 69+07ngl"  57:16ngl
> S SOl & P00 0" TG =
oY OV I
14+0.01 ngl Mean value * 2s
<= -

Figure 4. Procedural blanks analysed during CV-AFS
analyses. 2s values are smaller than the symbols.

Roman numerals indicate the measurement session.

69 + 07 (RSD = 5%) and 57 + 1.6 ng I'" (RSD = 14%),
respectively. Three blanks in session IV had Hg concentrations
above 19 ng I These values were likely due to insufficient
PTFE vessel cleaning and were excluded as outliers (Figure 4).
The average value of the blanks (Figure 3) from each
measurement session was subtracted from the Hg mass
fractions obtained from the RMs and the samples in that

session.

Validation through RMs

JG-la confains a proposed value of 4.1 ng g
obtained from flame atomic absorption spectroscopy (FAAS,
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Imai et al 1995) or literature values of 3.5 + 0.8 ng g’
from Nippon-Ash Model AA-855-AAS  equipped with
Model AMD mercury defector (CV-AAS, Terashima 1994),
41 £02 ng g' from AMA254 (CV-AAS, Hall and
Pelchat 1997) and 4.1 + 0.6 ng g' from DMA-80 (Marie
et al 2014). Since the Hg value from Imai et al (1995) is
the proposed value according to GSJ, we planned to use
this to calculate recovery for DMA-80 and CV-AFS. However,
as no uncertainty was given, we therefore compiled the
literature values (see Table 2) for FAAS and CV-AAS
Techniques from Imai et al (1995, three sources in their
appendix 1), Terashima (1994), and Hall and Pelchat
(1997), noting that Terashima (1994) is one of the three
sources included in Imai et al (1995) so this was not
counted twice. Thus, the calculated literature value we used
for recovery was 4.1 + 1.3 ng g™ (Table 2). Recovery values
from individual DMA-80 analyses were between 73 and
137%, except for three analyses with Hg > 12 ng g
(recovery > 300%; Figure 5, Table S2). When the three
outliers are excluded, the meanis 3.8 + 1.4 ng g (n = 37,
RSD = 18%, recovery = 93%, Figure 5a), and all but one of
the values are within 2s of the calculated literature value. For
CV-AFS, measurement results were homogeneous within and
between each measurement session (Figure 5b). Mercury
results on JG-1a (n = 8) were similar to each other among
the three measurement sessions with an overall mean value
of 3.1 + 04 ng g (overall RSD = 5.7%), and recoveries
were between 66 and 80% (Figure 5, Table S3). The

Table 2.
Compilation of literature values and measurement
results from this study to propose a new reference
value for GSJ JG-la granodiorite reference
material

Source Method® | Mean | 2s |n
Imai et al. (1995), from CV-AAS 3.5 0.8
Terashima (1994)
Imai et al. (1995), from FAAS 3.72
Yamamoto (1990)
Imai et al. (1995), from FAAS 5
Takenaka (1987)
Hall and Pelchat (1997) CV-AAS 4.1 02 2
Calculated Literature Value® FAAS, CV-AAS 4.1 13 | 4
This Study CV-AFS 3.1 04 8
Proposed New Reference CV-AFS, FAAS, 3.9 1515
Value CV-AAS
Marie et al. (2015) DMA-80 4.1 0.6 2
This Study? DMA-80 38 14 |37

2s = two standard deviations.

n = the number of samples used in the calculation of mean and 2s.

@ Calculated from the four literature values above it; used for calculating
recovery in this study.

b Does not include three outliers (see text).

€ CV = cold vapour; AAS = atomic absoption spectroscopy; F = flame; AFS =
atomic fluorescence spectroscopy; DMA-80 = direct mercury analyser.
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CV-AFS analyses of JG-1a were within 2s of the calculated
literature value and were consistent with the lowest values

observed by DMA-80.

Loam soil also has two certified reference values: 83
+ 17 ng g from total Hg analyses and 80 + 8 ng g''
from aqua regia extractable content IRMM certificate of
analysis ERM- CC141, deVos et al. 2012). In this study, we
used 83 + 17 ng g for calculating recovery because it
was obtained using the same sample acid digestion
procedure (deVos et al 2012) we adopted in this study.
DMA-80 Hg analyses (n = 21) on the LOAM soil (Figure 5c¢)
were accurate and precise, giving a mean of 81 4 12 ng
g Recovery values ranged from 86 to 113% (mean 97%).
Mercury mass fractions from CV-AFS analyses (n = 7) during
measurement sessions lll and IV had an overall mean of 81
+ 10 ng g''; Figure 5d) with an RSD of 36% and recovery
values between 91 and 105%. We obsernved a sudden
drop toward lower Hg values between sessions Ill and IV, not
explained by blank values, but still within 2s of the reference

value.

The NIST SRM 2706 RM certificate provides a certified
value of 1329 + 33 ng g’] (by CV-ID-ICP-MS) and a
range obtained by EPA methods 7471 (CV-AAS) and 7473
(Direct Mercury Analyzer) of 120-140 ng g' (n =6,
mean = 130, median = 120). We used the EPA mean
and range since it includes the cerified value and
incorporates more than one analytical method. In this study,
the DMA-80 analyses (n = 6) on NIST SRM 2706 were
done only during sessions | and Il and had an overall mean
of 138 £ 7 ng g (RSD = 3%). Recoveries ranged from
102 to 110% (mean 106%, Figure 5e). Five out of six
measurements were within the EPA range. A single CV-AFS
analysis (session Il) on this RM showed a value of 122 ng g”!
with 94% recovery, which is within the EPA range (Figure 5f).

Mercury analyses on rock samples

The DMA-80 and CV-AFS analytical results of the
powdered rock samples are presented in Figure 6. The
DMA-80 analyses on all JAP powders showed high Hg
values ranging from 20 to 61 ng g™ with within-batch (ie,
analyses of replicates from the same powder) RSD from 9 to
37%. DMA-80 analyses on replicates from WCP powders
displayed variable within-batch heterogeneity with RSD
from 3% in the granite to RSD of 116% in the Finero
peridotite. Mercury mass fractions in WCP powders were
below 10 ng g in the granite, diorite, and gabbro,
between 13 and 19 ng g''in the Balmuccia peridotite, and
highly variable (from 2.8 to 31 ng g') in Finero peridotite.

© 2025 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of 303

International Association of Geoanalysts.

8508017 SUOWIWIOD A eaD 3|edl|dde au Aq peusencb afe sajoe YO ‘8sn JO SoNnJ Joj Akelqi auluO 48|/ UO (SUOTIPUOD-PUR-SLLB/LI0D A | M Ae.q 1 BUl|UO//Sdny) SUONIPUOD pue swie | 8y} 8eS *[S20z/S0/2T] Uo Ariqiauliu o)1 ‘1l euelyd0D Aq 9092T 1BB/TTTT 0T/10p/woo A8 1m Aeiqipuljuo//:sdny wouy pepeoumod ‘Z ‘G20z ‘X806TSLT



RN

GEOSTANDARDS and

-+ GEOANALYTICAL
RESEARCH
| 1l 1] % VI VII & DMA-80
| [ [ i [ | | <> CV-AFS
601 (a)JG1a * RM literature mean + 2s
50: or range (reference)
e RMs mean values + 2s
40: 41+13ngg'(Table2) == from this study
30438+14ngg’
— 207 oo v
)
o 1@ I — |
< 5
o O 67 (b) JG1a
T X 3 i
R AT SV 5
8 ‘ ‘ ’ ’ ‘ —.m i
= = Sem—" hi— 2 4
1 C K 3 7S =T P
3 | * o0 ‘“ ” I 3 TOCAAXKD <>
----------------------------------------------- 131+£03ngg"
2 o
(c) LOAM Soil 83+ 17 ng g (deVos et al. 2012) (d) LOAM Soil
1051 81+12ngg" 105 7 81+10ngg"
T %51 o = 95
(<)} N " A o ] mmomRmmm————-
2 85-$‘ 0‘ “0 - D D 85 </<><>
2 75 00.0‘ ‘Q“ £ T OV
esd T TTTTTTTTTTmmmmmmmmmmmmmmmmm 65 -

138 £ 6 ng g’

Hg (ng g')

120-140 ng g™ (NIST SRM 2706)

145+ (f) NIST SRM 2706
135
:f:n125 <>122 ng g’
115

Figure 5. Mercury mass fraction (ng g') in different reference materials during different measurement sessions.
(a, b) JG-1a granodiorite, (¢, d) LOAM Soil and (e, f) NIST SRM 2706. Black diamonds represent single DMA-80

analyses — hence, no standard deviation is indicated. Empty diamonds are CV-AFS measurements of aliquots

analysed in triplicate. Reference material values in (b), (d) and (f) are those reported in (a), (c), and (e), respectively.

Roman numerals indicate the measurement session. See text for more information.

Hand-made powders (AM) displayed variable within-batch
heferogeneities with RSD from 12% in the orthogneiss to
62% in the Finero peridofite. In Balmuccia peridotite, Hg
ranged from 11 to 14 ng g™, whereas all other samples
exhibited Hg mass fractions from 1 to 10 ng g™ Similar
observations could be traced for the AP powders. Except for
the NZ2314A2 Balmuccia peridotite where the within-bach
RSD was 7% as supported by the narrow Hg mass fractions
(11 10 14 ng g'), the other samples displayed large within-
batch heterogeneity confirmed by the RSD values ranging
from 20% in the LS 149 granite (1410 22 ng g ') to 87% in
the gabbro (3.7 to 23.1 ng g™'). The first DMA-80 analyses
(n = 5) on the MHU-1 hdrzburgite CRM provided Hg mass

fractions between 8.7 and 9.5 ng g”' and a mean of 9.2
+ 07 ng g RSD = 4%, Table S2).

Mercury analyses with CV-AFS on AP powders of L5149
granite still displayed high RSD (31%), yet mass fractions
(mean of 1.56 + 0.96 ng g'') were akin o those obtained by
DMA-80 (Figure 6a). VS134 and Campore gabbro AP
powders (Figure 6b, ¢) showed low within-batch v0ric1bi|ity
(RSD < 11%) with Hg mass fractions (mean = 3.5 + 0.6
[h=4l and 34 £ 07 [n= 2] ng g’], respectively). These
values were similar to the lowest values detected by DMA-80.
This is further observed in the single analysis on a Campore

gabbro AM powder (2.6 ng g™, Figure 6¢). Conversely, CV-
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Figure 6. Plots of Hg mass fraction from analyses of rock samples by DMA-80 and CV-AFS. (a) LS149 granite, (b)
VS134 diorite, (c) Campore gabbro, (d) NZ2314A2 Balmuccia peridotite, (e) F9 Finero peridotite, and (f)
ORN23004A orthogneiss. WCP: tungsten carbide planetary mill; JAP: jaw crusher and agate planetary mill, AM:

agate mortar and pestle; AP: agate planetary mill. Black diamonds represent single DMA-80 analyses — hence, no

standard deviation is indicated. Open diamonds are CV-AFS measurements of aliquots analysed in triplicate.

* Contaminated sample. See text for more information.

AFS analyses on NZ2314A2 peridotite AP powders had a
mean Hg mass fraction of 14 + 0.6 ng g™, similar fo the
highestvalue by DMA-80 and very low RSD, that is, 29. As with
the three blanks, a single aliquot with a high Hg mass fracfion
was discarded because it likely reflected contamination.

The CV-AFS analyses on DMA-80 roasted AP powders
from 15149 granite, Campore gabbro, and NZ2314A2
peridotite (Figure 7a, b) showed different mass fractions.
Peridotite powders have still more than 1 ng g of Hg (1.5
+ 02, RSD 9%, n = 2), whereas in gabbro (n = 2) and
granite (n = 2) roasted powders, 0.6 + 0.3 ng g™ (RSD 26%)
and < 0.1 + 02 ng g'] (RSD 82%) remained, respecﬁve|y,

the latter close to the detection limit of the instrument.

Discussion

Potential loss of mercury and cross-contamination

Frictional heating during sample powdering might lead
to Hg voldtilisation (eg, Canil et al 2015), but the

© 2025 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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temperature at which this occurs is unknown. Since the
temperatures measured during milling were < 40 °C, even
after 1 h of AP powdering, no notable losses of Hg during
our sample preparation were expected. This observation is
supported by the experiments on Hg volatilisation performed
by Coderre and Steinthorsson (1977). Their experiments
consisted of heating at 1 atm, for 1 hour, and from 0 to 600
°C, two powders from two freshly crushed Icelandic basalts
having ~ 4 and ~ 13 ng g of Hg (acid digestion coupled
with CV-AAS following Hatch and Ot 1968) and by
measuring Hg mass fraction every 25, 50, or 100 °C. It
was found that both samples had Hg mass fractions similar
to the initial ones up to 50 °C (cf Figure 1 in Coderre and
Steinthorsson 1977). In contrast, Hg was lost above 50 °C,
particularly from the powder with the highest Hg mass
fractions. This powder lost 15% of its initial Hg content from
50 to 150 °C. Therefore, variabilifies in Hg mass fractions
observed in the present study within the same batch of
powders and between samples are likely not related to Hg
volatilisation. Canil et al (2015) reached a similar conclu-
sion by measuring similar Hg mass fractions on the samples
powdered by hand and alumina ball mill. However, we

305

8508017 SUOWIWIOD A eaD 3|edl|dde au Aq peusencb afe sajoe YO ‘8sn JO SoNnJ Joj Akelqi auluO 48|/ UO (SUOTIPUOD-PUR-SLLB/LI0D A | M Ae.q 1 BUl|UO//Sdny) SUONIPUOD pue swie | 8y} 8eS *[S20z/S0/2T] Uo Ariqiauliu o)1 ‘1l euelyd0D Aq 9092T 1BB/TTTT 0T/10p/woo A8 1m Aeiqipuljuo//:sdny wouy pepeoumod ‘Z ‘G20z ‘X806TSLT



GEOSTANDARDS and

L~ GEOANALYTICAL
RESEARCH

24 (a) .

. DMA-80 [ |

204 cv-AFs O [ Yo

AM AP R-AP

4 u Q

® 121
o [ |
2 |
(2] i
2 3

N ;B e PAe

LS149 Campore NZ14A2
granite gabbro peridotite

Hg (ng g')

%7 (b)
1.4 4
.
0.6:
02= | 5149 Campore NZ14A2
granite gabbro peridotite

Figure 7. Testing the DMA-80 combustion efficiency. (a) Comparison between DMA-80 analyses, CV-AFS analyses
on DMA-80 roasted powders (R-AP), and CV-AFS analyses. (b) Magnification on the CV-AFS analyses. AM: agate
mortar and pestle; AP: agate planetary mill. In (a) and (b), bright stars represent the mean + 2s from the two

analyses on the DMA-80 roasted powders (faded stars). See the text for further explanation.

believe that this section of their Table 1 reports RSD rather
than the stated “sd".

Mercury mass fractions of all JAP powders were, in
general, higher (~ 20 ng g™') than those observed in AP and
the other powders (Figure 6). Canil et al (2015) also
employed the jow crusher before powdering, but they
explained their extreme values as a nugget effect (see
below). A general tendency towards high Hg mass fractions
in WCP powders was also observed, although their variable
RSD and Hg mass fractions are similar to AM and AP
powders. The high within-batch variability in F9 Finero
peridotite and ORN23004A2 could also be related to the
inefficiency of WCP in milling all minerals (e.g, hydrated
minerals) and to homogenise powders to small grain sizes
(ie, Figures S1b and S2b) which might lead to inefficient
release of Hg from heferogeneous powders. Regardless of
this last point, we suspect that the jaw crusher increased and
homogenised Hg towards higher mass fractions, even after
abundant cleaning and pre-conditioning, and the same
conclusions can be drawn for WCP powders. Indeed,
contamination from tungsten carbide mills is a common

feature (Wang et al. 2013, Yamasaki 2018).

Sample mass and heterogeneity (i.e., nugget
effect)

The Hg variability between the aliquots from the same
batch of AM and AP powders and samples, as observed in

DMA-80 and between DMA-80 and CV-AFS analyses, was
not related to Hg volatilisation or contamination during
sample preparation. Canil et al (2015) observed (Lumex
RA-915+ analyses) large Hg variability, from 6 to 69 ng g
(RSD 2 to 55%), in 5 mg powder samples and narrow Hg
mass fractions (from 0.6 to 9 ng g, RSD 2 to 36%) in 30
mg powders (Figure 2 in Canil et al 2015). These authors
suggest that the large Hg variability and highest RSD seen
in small aliquots are related to the presence or absence of
sulfides (ie, nugget effect) in the various 5 mg aliquots of
the same sample. They report that such an issue disappears
in the 30 mg aliquots. However, when we include the
results from Table 2, we see larger RSD in 30 mg (RSD 2 to
78%) than in 5 mg (RSD 2 to 40%) powders, which
indicates that aliquot size was not the driving factor in this

mass range.

In our study, we used large amounts of powder to
obviate the nugget effect and aliquot size effects. Still, DMA-
80 results showed a large range in Hg mass fractions from
< 11031 ng g with large RSD values from 7 to 87% in
rock samples where AM and AP powder aliquots weighed
between 250 and 256 mg (Figure 8a, b). For similar
masses, the JG-1a granodiorite RM showed analogous Hg
mass fractions (from 3 to 57 ng g, Figure 9a) and even
larger RSD (73 to 1389%), whereas LOAM soil RM
displayed less variability in Hg content and RSD (from 72
to 93 ng g™ and from 4 to 11%, respectively). Intriguingly,
the results obtained with CV-AFS on rock samples and JG-1a
RM (Figures 8c and 9b, respectively) demonstrate that the

306 © 2025 The Author(s). Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of

International Association of Geoanalysts.

8508017 SUOWIWIOD A eaD 3|edl|dde au Aq peusencb afe sajoe YO ‘8sn JO SoNnJ Joj Akelqi auluO 48|/ UO (SUOTIPUOD-PUR-SLLB/LI0D A | M Ae.q 1 BUl|UO//Sdny) SUONIPUOD pue swie | 8y} 8eS *[S20z/S0/2T] Uo Ariqiauliu o)1 ‘1l euelyd0D Aq 9092T 1BB/TTTT 0T/10p/woo A8 1m Aeiqipuljuo//:sdny wouy pepeoumod ‘Z ‘G20z ‘X806TSLT



=aN

GEOSTANDARDS and
. GEOANALYTICAL
RESEARCH

35 7 (a)
30 1
25
20 -
15 A []

10 1

&
I S

Hg (ng g

[

0.250 0.251 0.252 0.253 0.254 0.255 0.256

Powder mass (g)

35 (C)
30
— 251

= 15 OO

T 101

0.250 0.251 0.252 0.253 0.254 0.255 0.256
Powder mass (g)

DMA-80 / CV-AFS

O

ORN23-004A2
Campore gabbro

A<IBOOOE
V<4EBDOO3
5
:

0 T

0.250 0.251 0.252

°] P $£OB

0.253 0.254 0.255 0.256

Powder mass (g)

Figure 8. Plots of mercury mass fraction (ng g™') in samples against powder mass (g). In (a) and (b) DMA-80 analyses

on AM and AP powders, respectively. (c) CV-AFS analyses on AP powders and a single AM powder.

Hg mass fractions of the aliquots of the powder analysed are
similar. If sample heterogeneity were the cause of the highly
variable DMA-80 results, we would expect to see some
variation even in the aliquots of JG-1a RM and AP and AM
rock powders analysed with CV-AFS. It is worth noting that all
but one of the CV-AFS analyses on the AP powder replicates
of LS149 granite are consistent and similar to the lowest
value obtained through DMA-80 (Figure 6a). Analyses on
this sample were performed during the fourth run session,
where three blanks (Figure 4) and one NZ2314A2
replicate (Figure 6d) have extremely high values due to
potential inefficient cleaning of the PTFE vessels. Note that all
other results on NZ2314A2 peridotite aliquots (Figure 6d)
are consistent with each other and the RMs analysed during
this session are within the certified values (Figure 5b, d).
Inefficient cleaning might explain the different LS149 granite
aliquot, although the possibility of a small-scale sample
inhomogeneity cannot be excluded. Sample inhomogeneity
could be responsible for the increase in Hg mass fractions in
LOAM soil RM seen during CV-AFS analyses within session |ll
and the drop between sessions Il and IV (Figure 5d). Similar
variability is reported by deVos et al (2012), and it can be
ruled out that such Hg drop is from the Hg contribution of the
blanks since CV-AFS analyses on the JG-1a RM in sessions llI
and IV are all consistent with each other.

In summary, we observed that powder mass did not
affect the results of this work, and sample heterogeneity
cannot be the cause for the variability of Hg mass fractions
found among the different aliquots of powders in our
samples and JG-1a RM. Nonetheless, at the present stage,
we cannot exclude some minor nugget effects on a few of
our analyses, even with large powder aliquots.

DMA-80 combustion efficiency

Mercury mass fractions analysed in the DMA-80 roasted
AP powders by CV-AFS indicate any remaining Hg that was
not released during the DMA-80 analysis. These results
showed the lowest mass fractions for the LS149 granite
(< 0.1 + 02 ng g') and the highest for the NZ2314A2
peridotite (1.5 + 02 ng g') (Figure 7b). The following

observations can be made according to these results:

(i) The results of DMA-80 analyses on NZ2314A2 AP
powders became consistent with those of CV-AFS analyses of
AP powders (139 + 0.6 ng g'') when the amount of Hg
remaining after analyses with DMA-80 (1.5 + 02 ng g™')
was added o the DMA-80 result in the initial sample (12.5
+ 33 ng g'') (Figure 7). This indicates that a small amount
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Figure 9. Mercury mass fraction (ng g™') in different reference materials plotted against the mass of powder (g).

of Hg is likely also hosted in olivine, pyroxenes, and spinels in
addition to sulfides. Note that Lehloenya and Roelofse

(2013), in their DMA-80 study on minerals of cumulates of
Bushveld Complex (South Africa), describe that eight-folded
Hg?" could substitute eight-folded Ca?* in the M2 site of
augite since they have similar ionic radii (1.14 and 1.12 A,
respectively). Interestingly, Coderre and Steinthorsson (1977)
found 9 and 5 ng g of Hg in pyroxene phenocrysts and
olivines separated from Jan Mayen ankaramite and
Budahraun alkali olivine basalt, respectively. Allernatively, if
all Hg is hosted in mantle-derived sulfides (e.g., Canil
et al 2015), DMA-80 may be incapable of re|eosing it from
these minerals because of their high Tejigus ( > 1000 °C) at
1 atm (eg, Zhang and Hirsmann 2016). In either case,
DMA-80's operating conditions (combustion temperature of
650 °C, at 1 atm for 1.5 min) are inefficient in releasing all
Hg from ultrabasic rocks (e.g. peridotites). Also, since spinels

can host chalcophile elements such as S, Cu, Se, Cd, In, and
Pb (Bosi et al 2019) and sulfide inclusions (Wang
et al. 2013), we cannot exclude that the unsoluble spinels
may refain Hg, hence biassing our CV-AFS analyses on
NZ2314A2 peridotite AP powders.

(i) The Hg results of CV-AFS analyses on Campore
gabbro AP powders and on single AM powder are similar
to one another and to the lowest values found after DMA-80
analyses for the same powders (Figure 6c), suggesting that
this is the frue value of this sample. However, if the small
amount of the residual Hg in DMA-80 roasted powders is
added to the results of DMA-80 analyses on the initial
sample, the obtained mass fraction would not be compa-
rable with that resulting from CV-AFS analyses (Figure 7a),
simply because the DMA-80 result on the initial sample is
already much higher than the CV-AFS result. The variations in
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AM and AP powders seen for this sample (and V5134
diorife) are also related to other factors.

(iii) In the DMA-80 roasted L5149 AP powders, the Hg
residue is extremely low, suggesting that combustion is more
efficient in felsic rocks. However, it must be recalled that at 1
atm, the Teidws of granite is > 900 °C (eg, Stem
et al. 1975). Therefore, as with peridotite and gabbro, it
remains unknown how the DMA-80 instrument triggers the
diffusion and/or release of Hg from rock-forming minerals.

The heferogeneous and large grain sizes observed
within AM compared with AP powders (online supporting
information  Figures ST and S2) could also bias the
performance of DMA-80. In crystalline rocks, assuming that
all Hg is hosted in the crystal lattice of the minerals (eg.,
Jovanovic and Reed 1968), its release depends upon ifs
diffusion kine‘rics, which is unknown, and the mineral sizes.
For instance, if a sample powder or powder aliquots of the
same sample are made of grains having heterogeneous
sizes, the combustion of DMA-80 might be inefficient and
provide inhomogeneous results since Hg will be preferen-
tially released from smaller grains. Despite their different
grain sizes, the DMA-80 Hg variations within and between
AM and AP powders seem to contradict the above
conclusions, as we would expect lower variation in finer-
grained AP powders. It is possible that the effect exists but is
blurred by another, larger, bias explained below. Therefore,
we cannot exclude the possibility that grain size may also
affect the capability of DMA-80 to release Hg from
crystalline rocks.

Detection limits

It is important to stress that the highly variable Hg mass
fractions we obtained over 1 year of analyses on the JG-1a
RM (Figure 5a) suggest that DMA-80 experienced poor
repeatability for samples with Hg < 10 ng g™'. The rather
accurate and precise results on the LOAM soil and NIST-
SRM 2706 (Hg > 80 ng g, Figure 5¢c-e) support this,
and it is likely that Marie et al (2014) did not observe any
variation in their DMA-80 results as their sample batches
and up to three replicates for each batch were analysed
during a single day of analyses. When there were more than
three replicates, they were analysed on different days (Marie
et al 2014), but this was mosﬂy for environmental, soil, and
sedimentary samples. Based on the results provided in this
work, we conclude that DMA-80 provides spurious and
imprecise analyses when rocks to be analysed have less
than 10 ng g of Hg mass fraction. That is, their mass

fraction is below the accuracy limit of the DMA-80 as
defined by Marie et al (2014). In this case, the DMA-80 is
not precise relative to the range of Hg mass fractions that
need to be investigated for crystalline rocks (0-20 ng g']).
Marie et al (2014) report a good correlation between their
measurement results from different RMs and the recom-
mended values for the same RMs above 20 ng 94_
However, we also wonder whether their observations were
biased because they investigated a large number of RMs
Togefher, consisting of environmental materials, sedimenfory
and crysfo”ine rocks, and minerals, which all have different

mass fracfions and/or homogeneities.

The poor precision of the DMA-80 could also be
responsible for the anomalous values observed in the blank
Ni boats. Considering that our cleaning approach goes well
beyond the manufacturer-recommended cleaning proce-
dure, the blank values most likely represent artefacts of the
DMA-80 due to its low reproducibility at low Hg mass
fractions (< 10 ng g™).

Conversely, the CV-AFS technique is more precise for all
mass fractions with a very low limit of detection (1 pg g'];
Bloom and Fitzgero|o| 1988, Pitcaim et al 2006a, 2010,
2015, Hageman 2007, Butcher 2019) and, therefore,
provides homogeneous and reproducible results. However,
it remains unclear why DMA-80 and CV-AFS analyses on AP
powders of LS149 granite (Figure 6a) are more consistent
than in JG-Ta RM (Figure 5a, b) despife the former hoving
lower Hg mass fractions than the latter. A possible
explanation is that both DMA-80 analyses on AM and AP
powders of LS149 granite were performed during the
seventh session (Figure 5a) when DMA-80 was not affected
by poorer than usual precision. Additionally, based on the
CV-AFS results from this study on NZ2314A2 Balmuccia
peridotite and data from the study of Marie et al (2014),
we argue that DMA-80 precision might improve only above
30 ng g Therefore, based on our CV-AFS measurements,
we report a mass fraction of 3.1 + 04 ng g' Hg in JG-1a
reference material (Table 2). We recommend that 1AG
MUH-1 be measured by a method such as CV-AFS since
these DMA-80 results for this CRM were also < 10 ng g™

Implications

The low precision demonstrated for DMA-80 for Hg
mass fractions below 20 ng g raises doubts about the Hg
data reported in the literature for crystalline rocks since
~ 50% of these were obtained using DMA-80 (Figure 1).
Furthermore, as each point in Figure 1 is a single analysis or
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the mean of two to five replicates, for which the standard
deviation was rarely reported in the source dataset, and the
accuracy and precision are based on the recovery
percentages of the RMs (the results of which are rore|y
repor’recl), it is unknown whether the values in Figure 1
reproduce the exact mass fraction in the investigated rock
samples. In addition, when the results of this study are plotted
Togefher with those pub|isheo| in the literature (Figure 1), it
can be seen that DMA-80 analyses on five replicates from
AP powder of Campore gabbro and seven from AP
powders of V5134 diorite and DMA-80 analyses from
different basic/ultrabasic and  intermediate rocks share
similar Hg variabilities (Figure 1). This suggests that the
large spread in Hg mass fractions observed between and
among different rocks could be related to poor instrumental
precision rather than simply representing actual variations in
the Hg mass fractions, making the analyses less useful to
constrain the geochemical processes.

Intriguingly, CV-AFS analyses on the Balmuccia perido-
titic sample, which are devoid of contamination, are within
the range of Hg mass fractions measured by Garuti
et al (1984) (Figure 1). Palme and O'Neil (2014) and
Canil et al (2015) suggest that the analyses presented by
Garuti et al (1984) suffered from contamination cluring
sample manipulation. Nonetheless, the Balmuccia peridotitic
body is sulfide-rich, and various studies (eg, Wang
et al 2013, 2018, Wang and Becker 2015, 2018) have
demonstrated that most of the chalcophiles and other highly
incompatible elements record mantle metasomatism and
interaction with |ofe—sfoge crustal fluids. Hence, at least some
Hg mass fractions observed by Garuti et al (1984) are
deemed reliable based on our results, although we cannot
exclude that some high Hg mass fractions (> 100 ng g)
might be related to contamination (e.g, Canil et al 2015).

It is worth recalling that Lumex RA-915+ instrumentation
is similar to DMA-80, and therefore, it might be affected by
the same instrumental biases seen for DMA-80. It also lacks
the Au-amalgamator, which makes it even less precise and
accurate than DMA-80, and its accuracy and precision in
measuring Hg in crystalline rocks have never been carefully
investigated. Consequently, the other ~ 32% of analyses
and the Hg mass fraction of the primitive upper mantle
proposed by Canil et al (2015) (Figure 1), which is based
on Lumex RA-915+ analyses on some Canadian Cordillera
spinel mantle xenoliths, must be used with caution.

When we compile our CV-AFS results for JG-1a with
literature values (Hall and Pelchat 1997, three sources from
Imai et al. 1995 inc|uo|ing Terashima 1994) for techniques
with suitably low detection limits, we now have five

independent sources using three analytical methods (CV-

AAS, CV-AFS, and FAAS) and therefore propose a new
reference value of 39 + 1.5 ng g' Hg for GSJ JG-1a
granodiori’re (Table 2).

Conclusions

The results from this study demonstrate that DMA-80 is
affected by different internal and external biases, such as
sample heterogeneity, combustion inefficiency for some
lithologies and grain sizes, and low reproducibility at low
Hg mass fractions (< 10 ng g™'). Therefore, this instrument
is not precise in determining Hg mass fractions below 10
ng g and possibly not even below 30 ng g™'. Therefore,
although based on an easy-fo-use technique, DMA-80 is
not recommended for measuring very low Hg mass fractions
in crystalline rocks. Conversely, CV-AFS analyses are more
precise despite being time-consuming. It should be noted
that even CV-AFS results are not devoid of uncertainties, but
scrupulous control of the acid digestion procedure can
easily overcome this issue. From a compilation of our CV-
AFS results and four literature sources using CV-AAS and
FAAS methods, we propose a new Hg reference value of
39 + 15 ng g for GSJ JG-1a granodiorite reference
material to replace the Imai et al proposed value of 4.1 ng
g’] (Imai et al 1995). Finally, because of the various
uncertainties in measuring this element and the lack of
care in reporting the analytical methods and data, we call
for an international and standardised protocol for reporting
Hg data to better track analytical accuracy, precision, and
reproducibility.
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Figure S1. Grain-size images of powders from the
Campore gabbro prepared for Hg determinations.

Figure S2. Grain-size images of powders from the
NZ2414A2 Balmuccia peridotite prepared for Hg determi-
nations.

Table S1. Data set of measurement results for mercury.

Table $2. DMA-80 measurement results.

Table S3. CV-AFS measurement results.

This material is available from: http://onlinelibrarywiley.
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you to the article abstract).
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