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Abstract

Knowledge of the trace element contents of petroleum can improve crude oil exploration
and refining and aid environmental studies. Analytical challenges prompt experimentation
with various digestion methods and analytical techniques, but the assessment of the
efficiency of applied methodologies is hindered by the scarcity of multi-element standard
reference materials. In this study, NIST SRM 1634c residual fuel oil and NIST RM 8505 crude
oil were subjected to (i) hotplate acid digestion and (ii) one, two or three cycles of microwave
acid digestion, and analyzed by ICP-MS. Comparison with the few available certificate
values shows optimum recoveries for both reference materials with two and three cycles
of microwave digestion. Hotplate digestion can also efficiently decompose petroleum,
although this procedure requires more time and reagents than the microwave digestion. To
better characterize the trace element composition of the two reference materials for future
use in the community, we integrate our new results with a comprehensive compilation of
published trace element data for both petroleum samples. Finally, we show that the V/Ni
and V/(V + Ni) ratios commonly used for oil-oil and oil-source rock correlations remain
sufficiently close to the expected ratios even in cases of incomplete digestion with lower
recoveries for both elements.

Keywords: microwave digestion; ICP-MS; trace elements; compilation; V/Ni ratios

1. Introduction

Crude oil and natural petroleum products such as condensate, bitumen, asphalts, tar
and others are complex mixtures of various hydrocarbons, some amounts of water, and
possibly entrained minerals. As such, their elemental composition is dominated by C and
H (~94 to 100%), with smaller amounts of N, O, and S (~1% to 6%). In addition, they also
contain trace amounts of various elements, primarily metals (e.g., V, Ni, Mg, Al, Fe, Ba, As,
Mn, Cu, etc.), many of which were transferred from seawater into sedimentary organic
matter, and upon thermal maturation, ultimately into newly generated petroleum [1,2].
Additionally, trace metals (TMs) are either added or removed from crude oil after generation
during secondary processes. Therefore, trace metal abundances and their ratios can provide
insight into the complex processes forming petroleum systems, such as the deposition
of organic-rich rocks, maturation of organic matter, crude oil generation and migration,
and biodegradation. For example, trace metal contents and ratios in crude oils are widely
used for oil-to-0il and oil-to-source rock correlations (e.g., [3-6]). Their application is
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particularly valuable for biodegraded petroleum products that lack the organic biomarker
molecules commonly used for correlation purposes. Among the trace metals, the most
widely used for genetic correlations are V, Ni, Re, and Os. Vanadium and Ni are often
studied due to their relatively elevated abundances (sometimes exceeding 1000 jtg mL~1),
well-understood controls on their incorporation in sedimentary organic matter and crude
oil, and usually constant weight ratios in genetically related sedimentary organic matter,
kerogens, crude oil, and biodegraded oil (e.g., [3,5]). During sediment formation, both
metals are transferred from the water column into sedimentary organic matter and are
hosted there primarily in porphyrin complexes derived from chlorophyll precursors and in
high-molecular-weight organics. The interplay between geologic factors (e.g., lacustrine
versus marine sedimentation, clastic versus carbonate sedimentation), redox potential and
pH dictates the proportion of V and Ni entering the organic matter. Vanadium precipitation,
for example, is favored by reducing conditions in the water column or sediment pore waters,
whereas basic conditions hinder V transfer into organic matter. On the other hand, Ni
ions are readily available to bond with organic matter in lacustrine settings lacking sulfate
ions, whereas in typical marine sediments, significant activity of sulfate-reducing bacteria
provides sulfide ions that bind Ni in sulfide minerals. As a result, lacustrine sediments
have relatively high Ni, low V, and low S, and characteristically low V/Ni ratios, and these
characteristics are transferred into petroleum derived from such lacustrine organic-rich
rocks. As another example, the ample reactive iron during deposition and early diagenesis
of clayey source rocks binds most of the available sulfur in marine shales in the form of
pyrite, so their organic matter and the petroleum produced by it are relatively sulfur-poor.
In contrast, carbonate source rocks are typically S-rich, because the reactive iron is not
available during sedimentation, and most of the sulfur binds to the sedimentary organic
matter, which can later produce S-rich crude oils. As a result of these geochemical controls,
petroleum produced in different geological settings have characteristic V-Ni-S signature
that can be used to infer the origin of a given crude oil, genetically distinguish between
crude oils, and to correlate them with their source rock (e.g., [3-5,7,8]).

Rhenium and Os contents in crude oils are much lower (usually ng mL~! to pg mL~!)
compared with V and Ni. Despite these low concentrations, many studies focus on the ra-
dioactive decay of ¥ Re to 1”Os, which offers a radiometric clock for dating the deposition
of the source rocks and petroleum generation, and to conclusively link various components
of the petroleum system to track their evolution in time using the 8Os /1#0s isotopic
ratios (e.g., [7,9,10]).

Understanding the trace element distribution in crude oil and petroleum products
is also important for environmental studies. Natural petroleum seeps and anthropogenic
petroleum spills, as well as atmospheric emissions from fuel oil combustion, can release
harmful organic compounds and heavy metals to the atmosphere, water, and soils, and
thus require regulation and monitoring (e.g., [11]). Trace metals in crude oil, such as V, Nj,
Fe, and Mg and their ratios V/Ni, V/Mg or V/(Ni + Fe + Mg), as well as S, N, Co, Cu, and
Mn, are known as unique, weathering-resistant fingerprints and have been used to track the
source of pollution or to estimate the areal degree of pollution from a known source [12-14].
These trace metal markers (Ni, V, Co, Mn, Mg, Fe, Cr, and Cu as well as V/Ni, V/(V + Ni),
and Co/Ni) in crude oil have been utilized in environmental forensics to resolve issues
related to identifying the source of rogue spills from tankers or pipelines (e.g., [15]) and
spilled petroleum remnants (e.g., tar balls, asphaltites; [16-18]). In addition, elements such
as Fe, Na, As, Se, Cd, Pb, and V and Ni in particular, as well as S and N, have harmful
effects on the fuel refining process, generally acting as catalyst poisons (e.g., [19-21]); Hg,
Na, Cu, As, Ni and V can also be highly corrosive to the refining equipment (e.g., [19-22]).
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Despite the importance of trace metal studies in petroleum for petroleum exploration,
for optimizing the refining process, and for tracking and minimizing environmental risks,
the acquisition of accurate and precise trace metal data in petroleum is hampered by
several challenges. Petroleum has an organic matrix and most trace metals are present
in low amounts (sub-ng mL~! to single pg mL~! levels), yet some elements like S and
V can reach much higher concentrations (5-6 wt% and 0.1-0.2 wt% respectively). The
complexity of the organic matrix may present problems during commonly used analytical
techniques such as ICP-MS, and thus compromise the quality of the results. Acid digestion
is required prior to ICP-analyses to convert the organometallic compounds into inorganic
ones, eliminating the negative effects of direct introduction of organic compounds into
the ICP instrument [23]. The matrix issue is further exacerbated when the samples are
not fully digested, a problem that cannot be easily identified prior to analysis. Analytical
techniques that do not require heavy sample pretreatment, such as XRF (X-ray fluorescence)
and AAS (atomic absorption spectrometry) (e.g., [24,25]) are not affected. However, these
methods generally have inferior sensitivity compared with ICP-MS analyses and, therefore,
are not ideal for analyzing multiple TE in petroleum, which are often in the sub-ng mL~!
to single-ng mL~! range. An alternative solution is introducing the crude oil sample
into an ICP (AES, OES or MS) directly as a solution diluted in organic solvent such as
xylene or toluene (e.g., [26], or by emulsifying it in water and surfactants (e.g., [27]). The
direct-introduction method is faster, but there are sensitivity issues related to the high
dilution factor. In addition, the heavy organic loads can cause plasma instability, carbon
deposition and clogging, ultimately resulting in a limited suite of successfully analyzed
elements [22,28,29].

ICP-OES and especially ICP-MS instruments (and rarely, the sequential use of both;
e.g., [29]), due to their sensitivity and wide operational range in terms of concentrations,
remain a preferred choice of instrumentation for analyses of multiple trace metals in
petroleum, following appropriate sample preparation either by sample combustion or
by acid digestion prior to analysis. A commonly used combustion method is dry ashing
in a muffle furnace with sample decomposition in open vessels, as well as closed-vessel
combustion in Parr bombs and Schoniger flasks. Advantages of the combustion methods
include larger sample amounts (1-20 g) that can improve detection limits. However, the
low throughput and higher probability for sample contamination and elemental losses
during the combustion makes this a successful application for only a selected group of
elements, such as Cl, S, and Rare Earth Elements (REEs) (by combustion bombs and
oxygen flask), as well as Cu, Fe, Ni, V, and REEs (by dry ashing) (e.g., [29-33]). As a
result, even though acid digestion of crude oils can be time- and reagent-consuming,
it is the most widely applied sample preparation method for trace metal analyses of
petroleum. On the other hand, complete acid digestion of entirely organic samples is
not trivial (e.g., [9]). A variety of digestion techniques for crude oil samples have been
employed, including benchtop-hotplate digestion in closed or open vessels, microwave-
assisted digestion, microwave-induced combustion, or other closed-vessel acid digestion
techniques such as a high-pressure asher or within Parr bombs. These techniques are
characterized by various durations, limitations on sample size, exposures to possible
contaminants, needs for consumables, and safety protocols. In all of them, the level of
sample digestion (complete or incomplete) is usually identified post-analysis, by cross-
checking results for certified matrix-matched reference standards run with the samples.
However, few such matrix-matched reference materials are available for petroleum, the
most commonly analyzed being NIST 1634c (commercial “No. 6” residual fuel oil) and NIST
8505 (Venezuelan crude oil containing visible amounts of water). NIST 1634c is certified
for three trace elements (V, Ni and Co); two elements have reference values (As, Se); and
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four elements are given as information values (Ba, Cl, Na, S). NIST 8505 provides only one
recommended value—for V. As a result, the community lacks a properly characterized
multi-element trace element standard for crude oil and trace metal results are often reported
with limited or no information on the digestion efficiency and related accuracy of the data.
Other multi-element reference materials exist that have a fuller range of elements (e.g.,
EnviroMAT SCP Science multi-element standard), but these are doped standards and,
hence, are less ideal than natural SRMs; they are less frequently analyzed and reported
(e.g., [7]).

To address the scarcity of detailed knowledge on the acid digestion efficiency of
petroleum products as a critical preparation step for multi-element analysis by ICP, here we
present results from several acid digestion procedures and the subsequent ICP-MS trace
element measurements of the two most commonly used matrix-matched standards: NIST
SRM 1634c and NIST RM 8505. By varying either the heat source (hotplate vs. microwave),
sample size, digestion duration, number of digestion cycles or reagent amounts, we study
the control of these parameters to determine the most reliable procedures for petroleum
digestion. In addition, we combine these results with a newly presented compilation of
published data for NIST 1634c and NIST 8505, aiming to better characterize the trace metal
content of these materials and thus aid future trace metal studies on petroleum. Finally,
we explore the effects of incomplete digestion on key trace metal ratios used in petroleum
geology for genetic correlations between crude oils and source rocks.

2. Materials and Methods
2.1. Samples

The objects of our study are two petroleum materials from the National Institute of
Standards and Technology (NIST, Gaithersburg, Maryland, U.S.): (1) standard reference
material (SRM) NIST 1634c—residual fuel oil—and (2) research material (RM) NIST
8505—Venezuelan crude oil. NIST 1634c is of unspecified geological origin and is likely
related to siliciclastic rocks [34]. The geological context for NIST 8505 is also unspecified,
but it is probably related to Cretaceous carbonate rocks [34]. Trace metal and Re-Os isotope
data additionally constrain its origin to the Maracaibo field with a likely source rock similar
to the La Luna Formation, and date the petroleum generation at ca. 79 Ma [7]. This
petroleum sample, with a measured density of 986 kg m~2 and a calculated API gravity
of ~12, is also characterized for major elements (85.4 wt% C; 10.8 wt% H; 2.97 wt% S;
0.41 wt% N; and 0.93 wt% O) [7]. Both NIST 1634c and NIST 8505 are commonly used
as a verification tool for the level of petroleum decomposition and the reliability of the
analytical results in petroleum studies (Table 1).

Table 1. List of publications reporting trace metal data for NIST 1634c and NIST 8505.

Ref.

Author, Sample Preparation Analytical

# Year Method Instrument n (A)
NIST SRM 1634c
[35] Nelson et al. 2016 Direct introduction by dilution MP-AES 2
[36] Poirier et al. 2017 Direct introduction by dilution MP-AES 2
[37] Poirier et al. 2018 Direct introduction by dilution MP-AES 2
[22] Hiwang et al. 2005 Davect introduction by dilution, M, 1cp as.cip 3
[38] Nelson et al. 2019 Direct introduction by dilution ICP-OES 2
[39] De Souza et al. 2011 Direct introduction by dilution ICP-OES-MFN 2
[40] Poirier et al. 2016 Direct introduction by dilution ICP-OES, ICP-MS 2
[41] Nelson and McCurdy 2017 Direct introduction by dilution ICP-MS 4
[23] Dreyfus et al. 2005 Direct introduction by dilution ICP-MS-MFN 2
[42] De Souza et al. 2012 Direct introduction by dilution DRC-ICP-MS 2
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Table 1. Cont.

Ref. Author, Sample Preparation Analytical 1 (A)
# Year Method Instrument
NIST SRM 1634c
[43] Surekar et al. 2020 Direct introduction by dilution DRC-ICP-MS 6
[26] Albuquerque et al. 2012 Direct introduction by dilution, MD DRC-ICP-MS 2
[44] Carbonell et al. 2025 Direct introduction by dilution hTISIS-ICP-MS 1
[45] Martinez et al. 2024 Direct introduction by dilution hTISIS-ICP-MS 1
[46] Pohl et al. 2010 Direct introduction by dilution SF-ICP-MS 18
[47] Gajdosechova et al. 2019 Direct introduction by dilution HS-GC-MS 1
[48] Tittarelli et al. 2005 Direct introduction by dilution, MD ET-AAS, ICP-MS 6
[49] Kowalewska 2013 Direct introduction by dilution GF-AAS 1
[24] Doyle et al. 2015 Direct introduction by dilution ED-XRF 5
[50] Duyck et al. 2008 Direct introduction by dissolution, MD  ICP-MS-USN 3
[51] Duyck et al. 2002 Direct introduction by dissolution ICP-MS-USN 3
[52] Meervali and Kumar 2001 Direct introduction by TH-ET-AAS, ICP-MS 2
emulsion/dilution
[27] Lepri et al. 2006 Direct introduction by emulsion HR-CS GF-AAS 1
[53] Oliveira et al. 2018 Direct introduction by emulsion HR-CS GF-AAS 1
[54] Quadros et al. 2010 Direct introduction by emulsion HR-CS GF-AAS 2
[55] Carballo-Paradelo et al. 2009 Direct introduction by emulsion ET-AAS 3
[25] Damin et al. 2005 Direct introduction by emulsion GF-AAS 2
[56] Luz et al. 2013 Direct introduction by emulsion GF-AAS 4
57] Amorim et al. 2007 PDIiIf]eDc’( introduction by microemulsion, GF-AAS 1
[58] De Souza et al. 2006 Direct detergentless microemultion ICP-OES 3
[59] Vieira et al. 2019 Direct introduction by nanoemulsion ICP-OES 1
[60] Seeger et al. 2018 Direct introduction in natura GF-AAS 1
[61] Seeger et al. 2019 Direct introduction in natura GF-AAS 2
[62] Brandao et al. 2007 Direct solid sample analysis ET-AAS 3
[63] Polidorio et al. 2008 Direct solid sample analysis GF-AAS 1
[64] Silva et al. 2007 Direct solid sample analysis GF-AAS 2
[65] Brandao et al. 2006 Direct solid sample analysis GF-AAS 1
[66] Dittert et al. 2009 Direct solid sample analysis HR-CS GE-AAS 2
[67] DiMarzio et al. 2018 HPA-S ICP-MS 20
[68] Cussen and Hensman 2011 HPA-S ICP-MS, HG/CV-AFS 20
[69] Ricard et al. 2011 HPA-S LA-ICP-MS 6
[70] Walkner et al. 2017 HPA-S QQQ-ICP-MS 25
[8] Hurtig et al. 2020 HPA-S ICP-MS 2
[30] Wondimu and Goessler 2000 HPA-S, MD ICP-MS 28
[71] Ortega et al. 2013 HPA-S, MD, MIC ICP-MS 5
[72] Pereira et al. 2010 MIC ICP-OES, ICP-MS 5
[73] De Azevedo Mello et al. 2009 MIC ICP-OES 3
[74] Pereira et al. 2009 MIC ICP-OES 2
[75] Dos Anjos et al. 2018 MD ICP-OES 2
[76] Nascimento et al. 2011 MD AV-ICP-OES 14
[77] De Almeida et al. 2009 MD FI-HG ICP-MS 1
[28] Casey et al. 2016 SRC-MD ICP-OES, QQQ-ICP-MS 8
[78] CEM Corporation 2017 MD ICP-MS 3
[79] Duyck et al. 2023 MD ICP-MS 4
[34] Ventura et al. 2015 MD ICP-MS 8
[80] Heilmann et al. 2009 MD and isotope dilution (LA-)ICP-MS 4
[81] Henn et al. 2021 MD-PDC SF-ICP-MS 3
[82] Trevelin et al. 2016 pxtraction induced by emulsion ICP-OES 2
reaking
[83] Antes et al. 2011 Pyrohydrolysis DRC-ICP-MS, IC 1
NIST RM 8505

[84] Brenner and Dorfman 1995 Direct introduction by dilution ICP-AES 1
[85] Nadkarni et al. 2011 Direct introduction by dilution ICP-AES 16
[86] Brenner et al. 2010 Direct introduction by dilution ICP-OES 1
[38] Nelson et al. 2019 Direct introduction by dilution ICP-OES 1
[36] Poirier et al. 2017 aDsﬁfrftglntrOd“C“m by dilution, Wet  10p_ ok, MP-AES 7
[37] e Sites b, S Dibiser e o By silledion, Wt e g im s 3

ashing
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Table 1. Cont.
Ref. Author, Sample Preparation Analytical 1 (A)
# Year Method Instrument
NIST RM 8505
[87] Silva et al. 2019 Direct introduction by dilution ICP-MS 2
Direct introduction by dilution,
[88] NGl CReL 204 Iron oxide nanoparticle synthesis (ERICIEE L
[25] Damin et al. 2005 Direct introduction by emulsion GF-AAS 1
[27] Lepri et al. 2006 Direct introduction by emulsion HR-CS GF-AAS 1
[89] Liu and Selby 2018 Carius tube acid digestion N-TIMS, MC-ICP-MS 2
[90] Wang et al. 2022 Carius tube acid digestion N-TIMS, MC-ICP-MS 6
[67] DiMarzio et al. 2018 HPA-S ICP-MS 2
[8] Hurtig et al. 2020 HPA-S ICP-MS 16
[7] Georgiev et al. 2016 HPA-S ICP-MS, ICP-AES 6
[91] ggifmd Peucker-Ehrenbrink HPA-S MC-ICP-MS 5
[92] Chacon-Patino et al. 2021 MD ICP-OES 6
[79] Duyck et al. 2023 MD ICP-MS 1
[34] Ventura et al. 2015 MD ICP-MS 7
[93] Kendall et al. 2023 MD + ashing QQQ-ICP-MS 3
[94] Wang 2018 MD + ashing QQQ-ICP-MS 3
ICP-OES &
[29] Yang et al. 2017 SRC-MD QQQ-ICP-MS 57
SRC-MD, Parr bomb acid ICP-OES &
] Yang 2019 digestion QQQ-ICP-MS %6
SRC-MD, Parr bomb acid ICP-OES &
[96] Gao et al. 2017 digestion QQQ-ICP-MS 3

Abbreviations: Ref. #—reference number; n (A)—number of elements; ED-XRF—energy-dispersive X-ray fluores-
cence; DRC—Dynamic Reaction Cell; ICP-MS—inductively coupled-plasma mass spectrometry; GF—graphite
furnace; F-AAS—flame atomic absorption spectrometry; HS-GC-MS—headspace gas chromatography mass
spectrometry; hTISIS—high-temperature torch-integrated sample introduction system; MFN—Micro-Flow Neb-
ulizer; AES/OES—optical or atomic emission spectrometry; MP—microwave-induced plasma; SF—sector
field, MD—microwave digestion; CID—Charge Injection Device; HPA-S—High-Pressure Asher System;
ET—Electrothermal; USN—ultrasonic nebulization; HR-CS—high-resolution continuum source; HPD—hotplate
acid digestion; HG—hydride generation; AFS—atomic fluorescence spectroscopy; CV—cold vapor; LA—laser ab-
lation; QQQ—triple quadrupole; MIC—microwave-induced combustion; AV—axially viewed; FI—flow injection;
IC—ion chromatography system; sp—single particle; N-TIMS—Negative Thermal-Ionization mass spectrometry;
MC—Multicollector; PDC—pressurized digestion cavity; SRC—single reaction chamber.

Prior to sampling, the petroleum samples were homogenized in accordance with the
certificate recommendations. NIST 1634c (highly viscous) was subjected to gentle heating
at 40 °C in a water bath for 1 h, followed by a vigorous shake. To prevent the introduction
of water (settled on the bottom), NIST 8505 was stirred at 2/3 of the bottle depth for 10 min
at room temperature (24 °C), then left to rest for 10 min; sampling was performed in the
middle of the upper half of the homogenized crude oil.

2.2. Digestion Procedures

All sample aliquots were subjected to a series of digestion—evaporation cycles. The
digestion was performed in tightly closed vessels under high temperatures (and therefore,
elevated pressure) using either a hotplate or a microwave heat source, using a mixture
of concentrated nitric acid (conc. HNO3—65% pure p.a., ChemPur Fine Chemicals and
Research Supplies GmbH, Karlsruhe, Germany) and hydrogen peroxide (HyO,—30%
pure p.a., ChemPur Fine Chemicals and Research Supplies GmbH, Karlsruhe, Germany).
Following the final digestion cycle, the resulting solutions were subjected to evaporation
in open vessels on a hotplate to near-dryness and then diluted with de-ionized distilled
water (diH,O) with a resistivity of 18.2 M().cm, prepared via a Smart2Pure purification
system (Thermo Fisher Scientific, Langenselbold, Germany). All labware vessels used for
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the digestion procedures were boiled in conc. HNOs for at least 12 h and rinsed with diH,O
prior to use.

2.2.1. Hotplate Digestion (HPD)

A CERAN 500, 22A electric hotplate and 60 mL Savillex perfluoroalkoxy alkane (PFA)
screw cap vessels were used for the hotplate digestions. Three aliquots of ca. 0.1 g, 0.2 g and
0.4 g NIST 1634c were placed in the PFA vessels and mixed with 2 mL, 4 mL, and 9 mL conc.
HNOg, respectively. Initially, they were left at room temperature for 24 h, then subjected to
a series of hotplate digestion—-evaporation cycles (Figure 1). The digestion was performed
in tightly closed PFA vessels at ~180 °C (temperature of the hotplate) and evaporation was
performed in open PFA vessels at sub-boiling temperatures of <120 °C (temperature of the
liquid inside the evaporation vessel) to avoid spills and losses, particularly for elements
prone to volatilization when heated, such as Hg, As, Se, Sb, Ni, V, Cr, and Cd [30]). For
the 0.1 g, 0.2 g, and 0.4 g aliquots, the total amount of reagents used over the course of
~21 days was 40, 42 and 47 mL, respectively, corresponding to 42 mL, 21 mL, and 12 mL per
0.1 g sample for each of the three aliquot types. The digested solutions were transferred
to Falcon polypropylene conical centrifuge tubes and diluted with diH,O to a volume of
50 mL.

2.2.2. Microwave Digestion (MD)

A 1900-watt Milestone ETHOS EASY microwave with a rotating diffuser, and 100 mL
TFM (chemically modified polytetrafluoroethylene, PTFE) containers equipped with a relief
valve mechanism were used for the microwave digestion.

Twelve aliquots of NIST 1634c and six aliquots of NIST 8505, ~0.2 g each, were placed
in the TEM vessels. Three sets of four NIST 1634c samples and three sets of two NIST 8505
samples were each subjected to 1, 2 or 3 identical microwave digestion cycles (MD-C1,
MD-C2, and MD-C3, respectively, Table 2). A single cycle involved adding 9 mL conc.
HNO;3 and 1 mL H,Oy, raising the temperature to 210 °C over the course of 30 min at
1200 W microwave power, maintaining the temperature for 30 min, and cooling over the
course of 1 h. Following each cycle, the solutions were transferred to clean PTFE vessels and
subjected to slow evaporation at sub-boiling temperatures (temperature of the liquid inside
the vessel < 120 °C). After incipient dryness was achieved following the final evaporation,
the digested solutions were dissolved in 2 mL conc. HNOj3 then transferred to high-clarity
conical centrifuge tubes and diluted with diH,O to a volume of 50 mL. Additionally, five
total analytical blanks (TABs), one for C1, and two each for C2 and C3, were subjected
respectively to 1, 2 and 3 cycles of microwave digestion using procedures equivalent to the
ones described above.

2.2.3. ICP-MS Analyses

Quantitative analyses were carried out on a Perkin Elmer SCIEX ELAN DRC-e ICP-MS
system equipped with a pneumatic cross-flow nebulizer fitted to a cyclonic spray chamber,
nickel sampler cone (Perkin Elmer, USA), and nickel skimmer cone (AHF Analysentechnik,
Tiibingen-Pfrondorf, Germany). The typical ICP-MS operational conditions (Supplemen-
tary Table S1) were optimized to provide optimal 24 Mg, 115 In, 238 U intensity and
minimal values for CeO* /Ce* and Ba?*/Ba* ratios for maximum signal and minimum
oxide and double-charged ion formation.

Working calibration solutions were prepared from four Perkin Elmer TruQms ICP-MS
multi-element calibration standard solutions with an initial concentration of 10 ug mL ™!
(Supplementary Table S2). The choice of suitable isotopes for calculating concentrations
was based on natural isotopic abundances, potential interferences, calibration coefficients
(CC >0.997), and comparison between the measured isotope values. Based on these criteria,
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the following isotopes were selected for calculation of the final published values: Mg,
27A1, 51V, 53CI', 55Mn, 571::8, 59CO, 60Ni, 65Cu, 6621,1, 71Ga, 74Ge, 75AS, 8851., 89Y, 9OZI', 98MO,
12le’ 138Ba, ZOSPb, and 238U.

Hotplate acid digestion (HPD) R =40/42/47 mL
t, = 21 days
T = 180°C;
T°. <120°C

=

D: ~72h
at 180°C

atroom T°

Dilution
with diH,O
to 50 mL

D: ~24h
at 180°C

D: ~48h
at 180°C

Microwave acid digestion (MD)

Dilution

1mLH,0,
D: ~2h
at210°C
1* cycle 1* cycle
R=10mL; T°,, = 210°C R =20mL; T°,, = 210°C
t, =6 h; T°. < 120°C t,= 11 h; T°, < 120°C
Figure 1. Workflow summary for the hotplate digestion (HPD) and microwave digestion (MD) proce-
dures (S—sample; R—reagents; D—digestion; E—evaporation; tp—digestion time; T°yp—digestion
temperature (temperature of the hotplate); T°\p—digestion temperature in the microwave;
T°g—evaporation temperature (temperature of the liquid inside the evaporation vessel); arrows
indicate the sequential cycle steps; dotted lines separate microwave cycles).
Table 2. Sample preparation procedures for 1, 2 and 3 cycles of microwave digestion for NIST 1634c
and NIST 8505.
Sample TAB Digestion Reagents
n " Cycle MD Evap. MD + Evap. cHNO3 H,0, Reagents per0.1g
1634¢/8505 [h] [h] [h] [mL] [mL] [mL] [mL]
4/2 1 MD-C1 2 4 6 9 1 10 5
4/2 2 MD-C2 4 7 11 18 2 20 10
4/2 2 MD-C3 6 10 16 27 3 30 15

TAB—total analytical blank; MD—microwave acid digestion; C—cycle; Evap.—evaporation; n—number. Note:
Digestion parameters for each cycle are as follows: increasing temperature to 210 °C at 1200 W in the course of
30 min; maintaining 210 °C for 30 min; cooling for 60 min.

Limits of detection (LOD) and of quantification (LOQ) were calculated for each element
as 3 x SDand 9 x SD, respectively, where SD is the standard deviation (10) for five replicate
TAB analyses used for correction of the results. In all cases, the LOD and LOQ values were
in the ng/g level (Tables 3 and 4).
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Table 3. ICP-MS-measured trace element contents (g mL~!) for NIST 1634c following hotplate and microwave digestion.

Mg Al v Cr Mn Fe Co Ni Cu Zn Ga Ge As Sr Y Zr Mo Sb Ba Pb U
SRM & MPV
i}ﬁl\f,& 179 221 2819 0.19 0.29 343 0151 1754 0.35 336 na. na. 0.143 0.42 na. 0.004 012 00080  1.80 032 0.0039
SD (+) 057 108 040 0.09 0.05 102 0.005 0.21 0.23 1.01 na. na. 0.006 0.11 na. na. 0.04 0.01 na. 014 00017
RSD (%) 2 49 1 45 17 30 3 1 66 30 na. na. 4 2% na. na. 31 89.83 na 3 43
n 7 5 ; 7 8 12 i ; 10 6 : - 0 6 : 1 8 2 - 10 4
cs » 10 - 16 47 40 - - 15 20 ] - - 23 - } 2 2 - 3 9
HPD
Xg’ 10;5)5 5970 2695 2826 0.58 125 49.06 0.12 17.87 0.47 3.70 0025 0009 bdl 111 na. 0.136 0.16 0.019 1.05 398 0.009%
X%’ fg? 793 844 2854 0.60 0.58 46.42 0.12 18.58 0.42 245 0020 0010 0.09 0.54 na. 0.044 0.13 0.013 0.87 170 0.0040
Xg’ 20;) 2026 1055 2872 0.90 0.66 5851 0.11 1813 0.48 330 002 0007 0.04 0.72 na. 0.068 0.14 0.014 0.94 250 0.0036
Mean(n=3) 2930 1532 2851 0.69 0.83 51.33 0.12 18.19 0.46 3.15 002 0009 0.06 0.79 ; 0.083 0.15 0.015 0.95 273 00057
SD () 2704 1013 023 0.18 0.37 6.35 0.007 0.36 0.03 0.64 0003 0002 0.03 0.29 - 0.048 0.02 0.003 0.09 116 00033
RSD (%) 92 66 1 2% 44 12 6 2 7 20 13 20 48 37 - 57 12 19 10 0 58
MD-C1
X%’ zog 041 043 23 0.22 0.21 23.84 0.11 1537 0.39 2.04 0018 0007 0.09 0.25 na. 0.004 0.09 0.005 0.96 084  0.0032
X%’ zogf 090 059  23.03 0.13 0.22 2359 0.10 15.92 0.35 201 0016 0.008 0.09 0.25 na. 0.009 0.08 0.007 0.94 022 0.0035
Xg’ 202? 033 053 2337 0.20 0.21 26.86 0.12 1627 0.34 2.07 0018 0005 0.09 0.23 na. 0.008 0.08 0.007 1.01 024 00027
X%) z‘)gf 026 062 2373 0.21 0.23 26.93 0.12 16.56 0.37 2.04 0022 0008 0.10 0.27 na. 0.006 0.08 0.006 1.02 027 0.0032
Mean(n1=4) 048 054 2311 0.19 0.22 2530 011 16.03 0.36 2.04 0019 0007 0.09 0.25 ; 0.007 0.08 0.006 0.98 039 0.0031
SD (+) 029 009 060 0.04 0.009 1.84 0.007 0.51 0.02 0.02 0002 0002  0.004 0.02 ] 0.002 0.01 0.001 0.04 030 00003
RSD (%) 61 16 3 21 4 7 6 3 5 1 13 25 4 7 } 30 7 14 4 76 11
MD-C2

X%’ 202? 063 104 258 0.23 0.26 33.17 0.12 17.90 0.46 246 0021 0008 0.10 0.26 na. 0.010 0.09 0.010 113 032 00033
Xg’ 20?)) bdl 168 2695 0.14 0.27 31.86 0.12 18.04 0.48 242 0019 0010 0.11 0.25 na. 0.009 0.10 0.009 1.09 033 00025
X%) z‘)g 118 378 3265 0.31 0.30 4890 0.14 1879 0.54 254 0029 0008 0.13 0.54 na. 011 0.013 1.98 046 0.0032
Xg’ 2025; 245 303 3256 0.35 033 47.76 0.14 18.93 0.54 268 0024 0009 0.12 0.52 na. 0.012 0.09 0.008 1.67 0.45 0.0041
Mean (1=4) 142 238  29.49 0.26 0.29 4042 0.13 18.41 0.51 252 0023 0009 0.12 0.39 ; 0.010 0.10 0.010 147 039 00033
SD (+) 093 125 362 0.09 0.03 9.16 0.010 052 0.04 0.12 0004 0001 0.01 0.16 - 0.002 0.01 0.002 043 008  0.0007
RSD (%) 66 52 12 37 11 23 8 3 8 5 18 13 12 il ] 16 13 21 29 19 20
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Table 3. Cont.
Mg Al v Cr Mn Fe Co Ni Cu Zn Ga Ge As Sr Y Zr Mo Sb Ba Pb U
MD-C3
(\115)20;§ 1.21 2.27 31.01 0.36 0.31 41.86 0.15 19.30 0.50 2.52 0.018 0.016 0.13 0.48 n.a 0.013 0.10 0.010 1.23 0.43 bdl
Xg’_ zog 222 136 2868 0.20 0.30 34.84 0.14 2012 0.45 237 0020 0010 0.09 037 na 0.011 0.10 0.008 113 034 00018
(\i%)zog? 3.73 2.59 32.54 0.09 0.31 46.29 0.13 19.29 0.37 247 0.017 0.011 0.13 0.51 n.a bdl 0.07 0.008 1.55 0.45 0.0024
X‘I(l)’)ZOZ()) 2.71 2.89 33.01 0.31 0.31 45.92 0.15 19.38 0.51 245 0.023 0.011 0.14 0.58 n.a bdl 0.09 0.009 1.73 043 0.0014
Mean (n =4) 247 2.28 31.31 0.24 0.31 42.23 0.14 19.52 0.46 2.45 0.019 0.012 0.12 0.48 - 0.012 0.09 0.009 1.41 0.42 0.0019
SD (+) 1.05 0.66 1.95 0.12 0.007 5.32 0.007 0.40 0.06 0.06 0.003 0.003 0.02 0.09 - 0.001 0.02 0.001 0.28 0.05 0.0005
RSD (%) 42 29 6 49 2 13 5 2 14 3 14 23 16 18 - 9 17 14 20 12 27
MD-ALL
?:I[e:a?z) 1.46 1.73 27.97 0.23 0.27 35.98 0.13 17.99 0.44 2.34 0.020 0.009 0.11 0.38 - 0.009 0.090 0.008 1.29 0.40 0.0028
SD (+) 1.15 1.15 4.27 0.09 0.04 9.71 0.02 1.58 0.07 0.23 0.004 0.003 0.02 0.14 - 0.003 0.012 0.002 0.35 0.16 0.0008
RSD (%) 79 66 15 38 16 27 12 9 17 10 18 29 17 37 - 31 14 26 27 41 28
HPD & MD
?:l[e:a?@ 7.42 4.45 28.08 0.32 0.38 39.05 0.13 18.03 0.45 2.50 0.021 0.009 0.10 0.46 - 0.028 0.101 0.010 1.22 0.86 0.0035
SD (+) 1594 6.88 3.79 0.22 0.27 10.97 0.01 1.41 0.07 0.46 0.004 0.002 0.03 0.24 - 0.039 0.026 0.004 0.34 1.07 0.0019
RSD (%) 215 155 13 67 71 28 12 8 15 19 17 27 25 52 - 142 26 37 28 124 56
LOD 0.07 0.04 0.0002 0.005 0.0006 0.02 0.00007 0.002 0.001 0.002 0.00002 0.00002 0.00005 0.002 0.00010 0.0006 0.0006 0.00002 0.0008 0.00018 0.00003
LOQ 0.21 0.11 0.0005 0.014 0.0019 0.06 0.00020 0.007 0.004 0.007 0.00006 0.00006 0.00015 0.006 0.00029 0.0018 0.0018 0.00005 0.0025 0.00054 0.00008
Notes: All values are TAB-corrected. Certificate values—in Bold; SRM—standard reference material; MPV—mean published value; n—number of analyses; CS—confidence score
(CS =n/RSD*100); VIP##H#—sample identifier; HPD—hotplate acid digestion; MD-C1, MD-C2, MD-C3—1-, 2-, and 3-cycle microwave acid digestion; LOD—limits of detection;
LOQ—limits of quantification; bdl—below detection limit; n.a.—mnot available.
Table 4. ICP-MS-measured trace element contents (ug mL~1) for NIST 8505 following microwave digestion.
Mg Al v Cr Mn Fe Co Ni Cu Zn Ga Ge As Sr Y Zr Mo Sb Ba Pb 18]
RM & MPV
RM & MPV 5.03 1.66 390 0.22 0.75 5.11 0.67 50.31 0.20 0.57 0.0348 0.0038 0.209 0.291 0.037 0.07 0.27 0.012 0.42 0.021 0.00060
SD (+) 0.73 1.31 10 0.21 0.13 0.93 0.08 243 0.17 0.18 0.0018 0.0022 0.006 0.021 0.005 0.05 0.06 na. 0.04 n.a. 0.00028
RSD (%) 14 79 3 95 18 18 11 5 86 32 5 58 3 7 13 65 22 n.a. 10 n.a. 47
n 5 3 - 6 5 11 3 19 6 3 2 2 3 3 2 5 10 1 6 1 2
CS 35 4 - 6 29 61 27 394 7 9 39 3 105 41 15 8 45 - 61 - 4
MD-C1
X%)ZOS 4.72 bdl 351 0.13 0.60 3.32 0.52 45.10 0.14 0.40 0.029 0.008 0.115 0.152 0.020 0.011 0.26 0.012 0.51 0.009 bdl
(\11520;1 3.62 bdl 358 0.13 0.55 2.02 0.54 42.70 0.19 0.52 0.023 0.002 0.139 0.173 0.021 0.009 0.25 0.009 0.39 0.012 bdl
Mean (n =2) 417 - 355 0.13 0.58 2.67 0.53 43.90 0.17 0.46 0.026 0.005 0.127 0.163 0.021 0.010 0.25 0.011 0.45 0.011 -
SD (+) 0.78 - 49 0.00 0.03 0.92 0.014 1.70 0.04 0.09 0.004 0.004 0.017 0.015 0.0003 0.0013 0.011 0.0021 0.08 0.0024 -
RSD (%) 19 - 1 2 6 34 3 4 22 19 15 86 13 9 1 13 4 19 18 22 -
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Table 4. Cont.
Mg Al v Cr Mn Fe Co Ni Cu Zn Ga Ge As Sr Y Zr Mo Sb Ba Pb U
MD-C2
X%)' 20;3 250  bdl 384 0.12 0.70 387 0.59 4898 0.24 0.64 0030 0004 0115 0168 0025 0011 0.30 0.013 0.51 0.019 bdl
Xg’_ 20;? 239 bdl 361 0.17 0.60 118 0.57 4532 021 0.39 0033 0008 0135 0167 0023 0008 0.27 0.010 0.49 0.022 bdl
Mean (n=2) 244 R 373 0.15 0.65 253 058 4715 022 0.51 0032 0006 0125 0168 0024 0009 0.28 0.011 050 0.021 ;
SD(+) 007 - 168 0.03 0.07 1.90 0.016 259 0.02 017 0002 0003 0014 000l 00010 00025 0015 00021 002  0.0020 -
RSD (%) 3 - 5 » 11 75 3 5 8 34 8 45 11 0 4 27 5 18 4 10 ]
MD-C3
X%’ 205 216  bdl 49 0.08 0.70 6.00 0.65 50.80 0.27 0.39 0033 0006 0156 0341 0016 0017 0.32 0.017 0.57 0.044 bdl
XE Zog 209 bdl 412 0.05 0.67 488 0.63 50.79 0.19 0.30 0033 0010 0144 0243 0017 0016 027 0.008 0.60 0.134 bdl
Mean (1=2) 212 ; 21 0.06 0.69 5.44 0.64 50.79 0.23 0.34 0033 0008 0150 0292 0016 0016 0.30 0.013 0.59 0.089 ;
SD (4) 0.04 - 115 0.02 0.03 0.80 0.011 0.01 0.05 006 00005 0003 0008 0069 00001 00007 003 0.007 0.02 0.064 ;
RSD (%) 2 - 3 30 4 15 2 0 24 19 1 34 5 24 1 5 12 52 3 7 ;
MD-ALL

Mean(n=6) 291 ; 383 0.11 0.64 355 0.58 4728 0.21 0.44 0030 0006 0134 0208 0020 0012 0.28 0.012 0.51 0.040 ;
SD (4) 1.05 ; 31.8 0.04 0.06 178 0.05 3.38 0.04 0.12 0004 0003 0016 0073 0004 0004 0.03 0.003 0.07 0.047 ]
RSD (%) 36 - 8 38 10 50 9 7 21 28 13 46 12 35 17 30 9 29 14 118 }
LOD 007 004 00002 0005 00006 002 00001 0002 000l 0002 000002 000002 000005 0002 00001 00006 00006 000002 00008  0.0002  0.00003
LOQ 021 011 00005 0014 00019 006 00002 0007 0004 0007 000006 000006 000015 0006 00003 00018 00018 000005 00025  0.0005  0.00008

Notes: All values are TAB-corrected. Symbols are as in Table 3. RM—research material.
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3. Results and Discussion
3.1. Characteristics of the Digested Solutions

The digested solutions were inspected for clarity, color, residue, and the tendency to
foam upon agitation following final dilution.

3.1.1. Characteristics of Hotplate-Digested NIST 1634c Solutions

Following the initial hotplate digestion cycle, reddish-brown gas was released upon
the opening of the vessels, and the solutions were dark brown with readily visible dark
specks of undigested residue. With each successive digestion cycle, the solutions became
lighter and clearer, eventually turning light yellow and transparent. The color intensity and
the residue amount were evidently controlled by the initial sample amount as a function of
the total amount of reagents used—larger samples received relatively lower amounts of
reagents and had darker color and more residue compared with smaller samples. Following
the final dilution of the digested HPD samples with diH;O, all solutions were transparent,
with a slight yellow hue that remained more pronounced for the larger samples. It is worth
noting that a single sample subjected to a modified, shorter hotplate digestion procedure
(HPD-S) was slightly cloudy, and following agitation, developed stable foam on top that
could be observed for more than 1 h (Figure 2A,B; Supplementary Table S3).

Foam
formation

Figure 2. Characteristics of acid-digested and diH,O-diluted samples. Panels (A,B) show hotplate-
digested NIST 1634c with foam formation (B) in HPD-S (Supplementary Table S3); Panels (C,D) show
microwave-digested NIST 1634c and NIST 8505 samples following 1, 2 and 3 digestion cycles (C1, C2,
and C3, respectively).
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3.1.2. Characteristics of Microwave-Digested NIST 1634c and NIST 8505 Solutions

Intense reddish-brown gas was released upon opening of the vessels following one
cycle of microwave digestion (MD-C1) for both the NIST 1634c and NIST 8505 samples. The
solutions were golden-yellow to dark-yellow and slightly cloudy. Dark, undigested specks
were observed at the bottom of one of the NIST 1634c vessels, but none for NIST 8505.
The final diluted solutions were light-yellow to medium-yellow in color (Figure 2C,D).
Bubbles that formed on the surface of the diluted samples following agitation dissipated
in 1-3 min. Upon opening of the vessels following the second cycle (MD-C2), a small
amount of dark-orange gas was released from the NIST 1634c samples; no visible gases
were observed for NIST 8505; nevertheless, pressure could be felt upon opening. After the
third microwave cycle (MD-C3), no gases were released, and no pressure was felt upon
opening of the containers. Two- and three-cycle solutions were indistinguishable to the
naked eye, having a bright lemon-yellow to light lemon-yellow color and clear appearance.
The final diluted solutions were pale yellow (NIST 1634c) to nearly colorless (NIST 8505).
Stable foam would not form following agitation (Figure 2C,D).

3.2. Trace Element Contents

ICP-MS-measured trace element abundances for NIST 1634c and NIST 8505 from this
study are listed in Tables 3 and 4, respectively. Also provided are certificate values as well
as mean published values (MPVs) for elements not covered in the certificate (discussed in
detail in Section 4).

All trace element data were TAB-corrected. Following microwave digestion, most trace
metals in all five total analytical blanks (TABs) were within 3 ng mL ™!, except for the Mg,
Al, and Fe blanks, which were higher (Mg: 30-60-86 ng mL~!, Al: 16-29-45 ng mL~!, Fe:
17-26-32 ng mL~!) (Figure 3). Notably, trace element abundances in the TABs consistently
increase with each successive MD cycle (Figure 3). For example, TE concentrations are ~2x
higher in the C2 TABs and ~3x higher in the C3 TABs compared with the C1 TAB. This
correlation across all measured elements identifies the reagents used for digestion as the
main source of analytical blank. The consistency in TAB measurements also shows negli-
gible contribution from other sources (e.g., water used for cleaning, rinsing and dilution;
random lab contamination, etc.) and strengthens the validity of TAB corrections. Although
total analytical blanks were not performed for hotplate digestions, HPD measurements
were also TAB-corrected based on the amount of reagents used for their digestion and their
respective metal contents as analyzed in the MD blanks (Table 3).

TABs
O TAB-1 B TAB-2 B TAB-3 |

90
to3 L
- 20 upto3ngm
60 2.0
o
£ 45 1.0
2
30 0.0

V MnCo Ni CuZnGaGe As Sr Y Zr MoSb BaPb U

il
Mg Al V Cr Mn Fe Co Ni Cu Zn Ga Ge As Sr Y Zr Mo Sb Ba Pb U

Figure 3. Trace element composition of total analytical blanks for 1 cycle (TAB-1, n = 1), 2 cycles
(TAB-2, n = 2) and 3 cycles (TAB-3, n = 2) of microwave digestion; n—number of analyses.
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3.2.1. Trace Element Contents for NIST 1634c

Trace element contents for NIST 1634c range from ca. 60 pg mL~! to less than
0.01 ug mL~! (Table 3). Magnesium (60 ug mL~!), Fe (59 pg mL~1), V (33 ug mL™1),
Al (27 ug mL~1), and Ni (20 pg mL~!) are among the most abundant (Figure 4A), whereas
most of the remaining elements are within 1 pg mL~! with Ga, Ge, Zr, Sb, and U being the
least abundant (<0.1 pg mL~1).

A NIST 1634c B NIST 8505
100 100
i \ @HPD COMD-C1 mMD-C2 -MD-cs| ] OMD-C1 mMD-C2 mMD-C3
T, 10 T, 10
£ IS
2 2
okl g !
= (=
2 2
5041 5041
o o
0.01 0.01
0.001H 0.001
Mg Al V Cr MnFe Co Ni CuZn GaGe As Sr Y Zr MoSh BaPb U Mg Al V Cr MnFe Co Ni CuZn GaGe As Sr Y Zr Mo Sb BaPb U
NIST 1634c NIST 8505
100 c 100, D
ol | mHPD TIMD-C1 ®MD-C2 mMD-C3 | | OMD-C1 mMD-C2 mMD-C3
o
80 = 80 = .
My o 70
se 60 B ) B e 60
g 5 5 u - o5 B
g e B u 4
5] O 5]
30 n - ] m u 30 | =
20 o = g 8 - Emman 20{ g L - s g °
o - [ ] CI = ] u]
10 = s B BBE ™ m " O 10 = iy Om =
n oaE_f m ™ ] ] 5 a mE g
0 | E -—.—! 0 —.—. 0 _—I n I—I
Mg Al V Cr Mn Fe Co Ni CuZnGaGe As Sr Y Zr Mo Sb Ba Pb U Mg Al V Cr Mn Fe Co Ni CuZn GaGe As Sr Y Zr Mo SbBa Pb U

Figure 4. ICP-MS-measured trace element concentrations for NIST 1634c (A) and NIST 8505 (B),
following different digestion procedures. Panels (C,D) show the variance (RSD%) for each element.

HP digestion yielded overall similar concentrations to the two- and three-cycle MDs
and consistently higher concentrations compared with one-cycle MDs. Prominent excep-
tions are Mg and Al, with 8 to 60 pg mL~! in HPD, compared with 0.3-3.8 pg mL~! in all
MD samples. On the other hand, certain elements like V, Ni, Co, As, and Ba + Cu, Ge, and
Ga, have either similar or slightly higher values in MD (C2 and C3) compared with HPD.
Within the MD series alone, C2 and C3 yielded consistently higher abundances compared
with C1, mostly observed for Mg, Al, and Fe, followed by V, Ni, Ba, Zn, Mn, Cr, Cu, and Sr.

The variance for most elements (V, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Mo, Sb, and
Ba) across both HPD and MD measurements is predominantly within 20% RSD (except for
hotplate digestion for Mn (44% RSD) and As (48% RSD). Nickel, Co, and V have consistently
low scatter in all digestion groups, typically below 8% RSD (Figure 4D), whereas scatter
for Mg and Al is invariably high, with RSDs mostly above 40% (and up to 92% within the
hotplate digestion). The scatter for Sr, Zr, Pb, and U is variable, with RSDs either lower or
higher than 20%. Notably, microwave digestion resulted in more consistent measurements
(three to five elements with RSDs > 25%) compared with hotplate digestion (nine elements
with RSDs > 25%). Furthermore, variance within HPDs is significant for certain elements
like Mg (92%), Al (66%), U (58%), Zr (57%), and Mn (44%), and is usually considerably
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higher compared with MD. Within the MD series alone, scatter increases in the order
C1 < C3 < C2 (Table 3).

3.2.2. Trace Element Contents for NIST 8505

Measured trace element contents for NIST 8505 range from ~430 ug mL—1 to
<0.01 pg mL~! (Table 4). Most abundant are V (429 ug mL~1) and Ni (51 ug mL™1),
followed by Fe (6 ug mL~1) and Mg (4.7 pg mL~1), whereas most other elements are
below 1 pg mL~1, with Ga, Ge, Y, Zr, and Sb being the least abundant (<0.05 ug mL™1). A
distinct pattern of progressively increasing values with each successive microwave cycle is
established for most elements (Figure 4C). Magnesium is an exception, following a reverse
pattern, whereas Fe, Cr, Zn, Y, and Zr exhibit mixed patterns (Table 4). The variance for V,
Co, Ni, and Y is low (<5% RSD), and for most elements within each of the MD cycles, RSD
is <20% (often <15%). Prominent exceptions are Ge, Fe, and Pb, with up to 86%, 75%, and
72% RSD, respectively (Figure 4D).

3.3. Elemental Recoveries

To examine the efficiency of the petroleum digestion procedures used in this study,
we compared the ICP-MS measurements for both studied materials with the corre-
sponding certificate values. The NIST 1634c certificate provides certified values for V
(28.19 £ 0.40 ug mL~1), Ni (17.54 + 0.21 pg mL~!) and Co (0.1510 + 0.0051 pg mL~1);
a reference value for As (0.1426 £ 0.064 pg mL~!); and an information value for Ba
(1.8 ug mL~1). The NIST 8505 certificate provides a recommended value for V alone
(390 £10 ug mL~1). The contents of the remaining 15 elements for NIST 1634c and 19 el-
ements for NIST 8505 analyzed in this study were compared with mean values from
published data (MPV; Table 5). To calculate the MPVs, we used our newly presented
compilation of published values for trace elements, with a 2o filter applied to the dataset
(Tables 3 and 4; unfiltered data provided in the Supplementary Tables 54 and S5). The
presented values were obtained by various digestion methods, such as microwave diges-
tion, a High-Pressure Asher system, and direct dilution and emulsion, as well as various
analytical techniques, predominantly ICP-MS, followed by ICP-OES/AES and GF-AAS
(Table 1). As such, the MPVs, even though not certified values, provide a useful estimate
for the trace element contents of the two studied petroleum materials and a reference point
for comparison.

3.3.1. Recoveries for NIST SRM 1634c¢

Comparison with certificate values. For all five elements provided in the certificate,
recoveries for C2 and C3 digestions fall approximately within =20% of the certificate values,
with the best matches for V (105/111%) and Ni (105/111%), followed by Co (86/94%), As
(83/85%), and Ba (82/78%) (Table 5, Figure 5A). One-cycle digestion also yielded reasonable
recoveries for V (82%) and Ni (91%); lower recoveries for Co (73%); and particularly low
for As (64%) and Ba (55%). Hotplate-digested samples revealed the closest matches for V
(101%) and Ni (104%), lower recoveries for Co (77%), and significantly lower recoveries for
As (45%) and Ba (53%). Corresponding to the systematic increase in measured contents
from one-cycle through two- and three-cycle microwave digestion, we observe a noticeable
progressive increase in recovery rates in the same direction (with the exception of Ba).
Furthermore, there is a distinct tendency for both higher and usually better recoveries for V
and Ni compared with Co and, particularly, As and Ba across all digestion groups. Notably,
this trend is paralleled by the relatively low variance for V, Ni, and Co and higher variance
for As and Ba (Table 3).
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Table 5. Certificate-based and MPV-based trace element recoveries for NIST 1634c and NIST 8505.

Mg Al v Cr Mn Fe Co Ni Cu Zn Ga Ge As Sr Y Zr Mo Sb Ba Pb U
NIST 1634c
SRM & MPV
I%/IFIXI/& 1.8 22 28.2 0.19 0.29 343 0.151 17.5 0.35 3.36 na. n.a. 0.143 0.42 na. 0.004 0.12 0.008 1.8 0.32 0.0039
SD (+) 0.6 1.1 0.4 0.09 0.05 10.2 0.005 0.21 0.23 1.01 n.a. na. 0.006 0.11 na. na. 0.04 0.01 na. 0.14 0.0017
RSD (%) 32 49 1 45 17 30 3 1 66 30 n.a. n.a. 4 26 n.a. n.a. 31 90 n.a. 43 43
n 7 5 - 7 8 12 - - 10 6 - - - 6 0 1 8 2 - 10 4
CS 22 10 - 16 47 40 - - 15 20 - - - 23 - - 26 2 - 23 9
HPD
Mean (n =3) 1634 692 101 360 285 149 77 104 132 94 - - 45 190 - 2022 123 194 53 858 149
SD (+) 1508 458 1 93 126 19 5 2 9 19 - - 22 71 - 1162 14 37 5 364 87
MD-C1
Mean (n = 4) 27 24 82 100 75 74 73 91 105 61 - - 64 60 - 164 70 80 55 123 81
SD (+) 16 4 2 21 3 5 5 3 6 0.7 - - 3 4 - 50 5 11 2 94 9
MD-C2
Mean (n =4) 79 108 105 135 100 118 86 105 146 75 - - 83 95 - 250 82 130 82 122 86
SD (+) 52 56 13 49 11 27 7 3 11 3 - - 10 39 - 39 11 27 24 24 17
MD-C3
Mean (n =4) 138 103 111 125 105 123 94 111 133 73 - - 85 116 - 299 75 109 78 131 48
SD (+) 58 30 7 62 2 15 5 2 18 2 - - 14 21 - 28 13 15 16 16 13
NIST 8505
RM & MPV
RM & MPV 5.0 1.7 390 0.22 0.75 5.11 0.67 50.3 0.20 0.57 0.035 0.004 0.209 0.29 0.037 0.07 0.27 0.012 0.42 0.021 0.0006
SD (+) 0.7 13 10 0.21 0.13 0.93 0.08 243 0.17 0.18 0.002 0.002 0.006 0.02 0.005 0.05 0.06 na. 0.04 n.a. 0.0003
RSD (%) 14 79 3 95 18 18 11 5 86 32 5 58 3 7 13 65 22 na. 10 n.a. 47
n 5 3 - 6 5 11 3 19 6 3 2 2 3 3 2 5 10 1 6 1 2
CS 35 4 - 6 29 61 27 394 7 9 39 3 105 41 15 8 45 - 61 - 4
MD-C1
Mean (n =2) 83 - 91 61 76 52 79 87 86 80 75 134 61 56 56 15 94 94 108 53 -
SD (+) 15 - 1 1 5 18 2 3 19 15 12 115 8 5 1 2 4 18 20 12 -
MD-C2
Mean (n =2) 49 - 96 68 86 49 87 94 114 90 91 162 60 58 66 13 104 98 120 101 -
SD (+) 1 - 4 15 10 37 2 5 10 30 7 73 7 0.3 3 4 6 18 5 10 -
MD-C3
Mean (n =2) 42 - 108 30 91 106 96 101 116 59 95 211 72 100 45 23 109 110 140 433 -
SD (+) 1 - 3 9 4 16 2 0.02 28 11 1 72 4 24 0.4 1 13 57 5 310 -

Note: Symbols are as in Tables 3 and 4.
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Figure 5. Certificate-based (underlined elements) and MPV-based trace element recoveries for NIST
1634c (A) and NIST 8505 (B); gray field covers published values.

Comparison with mean published values (MPVs). The majority of published data for
NIST 1634c are for trace elements provided in the certificate like Co, As, Ba, and particularly
Ni and V (Supplementary Table 54). Published values for V and Ni have low variance (5%
RSD), whereas Co, As and particularly Ba exhibit relatively larger scatter (10%, 12%, and
28%RSD, respectively). Although this could be partly attributed to the larger number of
measurements for V (1 = 59) and Ni (n = 55) compared with Co (1 = 21), As (n = 19), and Ba
(n = 11), this relationship is not universally valid for all reported elements.

From the remaining analyzed elements not covered in the certificate, the ones most
often reported in the literature are Fe, Cu, and Pb (n = 10-12), followed by Mn, Mo, Cr,
Mg, Zn, Sr, Al, and U (n = 4-8), Sb (n = 2) and Zr (n = 1); Ga, and Ge are not reported. The
variance for these elements ranges from 17% (Mn) to 90% RSD (Sb) but mostly falls within
30-45%. The significant scatter for certain elements can be attributed to multiple factors,
among which the different digestion methods and analytical equipment, as well as the
small number of measurements.

The larger the number of published values and the lower the variance for a certain
element, the higher the confidence in its mean value (MPV). Thus, the number of analyses
expressed as a percentage of the RSD may be a useful marker for estimating the potential
validity of a given MPV, i.e., a confidence score (CS = n/RSD x 100). The higher the CS
value, the better the chances for an MPV being closer to the “true” value. In this respect,
confidence scores for MPVs in our dataset for elements not reported in the certificates, in
descending order, are as follow: Mn (47), Fe (40), Mo (26); Sr, Pb, Mg, and Zn (23-20); Cr,
Cu (16-15); Al, U (10-9), and Sb (2) (Table 3).

For most elements, MPV-based recoveries for C2 and C3 microwave digestion are
within +30% of the mean published value, and mostly within £20%, except for Cr
(125-135%), Mg (79-138%), Cu (133-146%), and particularly Zr (250-300%) (Table 5). Note
that Cr, Mg and Cu have a relatively low confidence score, whereas Zr has a single re-
ported value. One-cycle microwave digestion, in general, yielded low MPV-based re-
coveries, mostly within +40% (60-123%) of the mean published value, and particularly
low recoveries for Al (24%) and Mg (27%). Nevertheless, many elements like Mn, Fe, Pb,
U, Cr, Cu, and Sb in the one-cycle microwave digestion are still within a +25% match
(74-123%). In contrast HPD samples yielded consistently and significantly higher MPV-
based recoveries—usually well above 150%, and up to ~1600% for Mg, and ~2000% for Zr
(Figure 5A).

Additionally, the number of elements falling within +20% of the mean published
values is highest for C2 (11 elements) and C3 (8 elements), followed by C1 (6 elements)
and, lastly, by HP digestion (3 elements). A similar pattern is revealed for recoveries within
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£10% of the mean published values (5, 4, 3, and 3, respectively), as well as £25% (14, 12, 8,
and 4, respectively). Overall, these trends in MPV-based recoveries suggest that microwave
digestion, and particularly the two- and three-cycle versions, yield better results than the
hotplate digestion.

A weak but systematic inverse correlation between sample weight and recovery values
is observed within the HPD samples—smaller samples have slightly better recoveries for

most certificate elements (except for As) compared with larger samples (Supplementary
Table S6).

3.3.2. Recoveries for NIST RM 8505

For all three groups of MW digestions, the recoveries for V (the sole element provided
in the certificate) are within +9% of the recommended value, with the closest match for
C2 (96%), followed by C3 (108%) and C1 digestions (91%). Again, we observe the lowest
recoveries in C1 and progressively higher ones in C2 and C3 samples (Table 5, Figure 5B).

Published trace element values for NIST 8505 are dominated by V (n = 31) and Ni
(n =19), followed by Fe, Mo, Ba, Cr, Cu, Mn, Mg, and Zr (n = 5-11). Arsenic, Sr, Co, Zn,
Al Ge, Ga, and Y (n = 2-3) are scarcely reported, whereas Sb and Pb each have a single
reported value (Supplementary Table S5).

In descending order, confidence scores (CS) for NIST 8505 MPVs in our dataset are as
follows: Ni (394), As (105), Ba, Fe (61), Mo, Sr (45-41), Ga, Mg (39-35), Mn, Co (29-27), Y
(15), Zn, Zr, Cu, Cr (9-6), and Ge (3).

Many elements have a & 25% overlap with MPVs, with the best matches for Mo (+£9%),
Sb (£10%), Ni (£13%), Cu (£16%), and Co (£21%), followed by Mn (+24%), Ga (£25%),
=+ Ba, and Zn (£20% for all digestions except C3). A distinct pattern of progressively
increasing values from C1 through C2 and C3 is established for the above elements. Except
for Ge, which shows elevated MPV-based recoveries (>130%), the remaining elements (As,
Fe, Sr, Mg, Y, Zr, Cr, Pb) usually have lower values than the mean published values (usually
<66%); furthermore, the aforementioned pattern is usually not observed for these elements
(Table 5; Figure 5B). All three digestion groups have the same number of elements (11)
with MPV-based recoveries within +25%. However, with each successive cycle, there is an
increasing number of elements with recoveries in the range +10% (four, seven, and nine
elements for C1, C2, and C3 respectively) (Table 5).

3.4. Digestion Efficiency

Our assessment of the degree of digestion primarily considers certificate-based re-
coveries. Additionally, we compare our measurements with the mean published values
(MPV) for trace elements not covered in the certificates, and also consider the variance of
our measurements (RSD), as well as observable characteristics of the digested solutions.

3.4.1. Digestion Efficiency for NIST 1634c

According to the level of agreement between our measurements with the certificate
values for V, Ni, Co, As, and Ba and with the mean published values for elements not cov-
ered in the certificate, the two- and three-cycle versions of microwave acid digestion stand
out with the best outcomes, arguably achieving the highest level of decomposition (Table 5,
Figure 5A). These two digestion procedures are characterized by recoveries between 82 and
105% (MD-C2) and 78-111% (MD-C3) for the elements from the certificate, and between 75
and 130% (MD-C2) and 73-133% (MD-C3) for most of the remaining elements. Conversely,
the recoveries for one-cycle microwave digestion are overall lower—within 55-91% for
elements from the certificate and 24-123% for most of the remaining elements suggest
insufficient sample digestion. Hotplate digestion yielded mixed results for certificate
elements (45-104%), including the best matches for V and Ni, but had relatively lower

https:/ /doi.org/10.3390/ geosciences16020074


https://doi.org/10.3390/geosciences16020074

Geosciences 2026, 16, 74

19 of 31

recoveries for Co, As, and Ba (Figure 5A). At the same time, MPV-based recoveries for
most of the remaining elements are considerably higher for the HPD procedure (94-2022%;
Figure 5A, Table 5). This complex pattern suggests possible underdigestion, combined with
some degree of contamination and/or losses during the digestion procedure. The number
of elements falling within a certain percentage of the certificate- and MPV-based values
taken as a baseline for comparison further reinforces the above observations. For example,
11 elements from C2, 8 elements from C3, 6 elements from C1, and 3 elements from HPD
procedures fall within +20% of the expected values.

In addjition, the microwave digestion, in general, stands out with less scatter (Table 3;
Figure 4C). For example, two- and three-cycle microwave digestions have four to five
elements with RSDs > 25%, compared with nine elements for the hotplate digestion. Fur-
thermore, HPD has significant variance (>40% RSD) for seven elements (Mg, Al, U and
Zr), whereas each microwave digestion has two elements (Mg £ Al, Pb, or Cr) with
variance > 40% RSD (Table 3). These show that the two- and three-cycle MD versions result
in more reproducible concentrations than the HPD.

The characteristics of the digested liquids, like transparency, color, and foaming,
further support the above—solutions that were free from residue and foam, and were of
the highest clarity and the lightest color, such as the two- and three-cycle MDs (Figure 2D)
resulted in the best recoveries. Notably, HPD-S (a single sample subjected to a modified,
shorter hotplate digestion procedure, which was slightly cloudy and formed stable foam
upon agitation) had the largest deviation from certificate values (52-145%, Supplementary
Table S6).

Another takeaway from the HPD alone is that the color intensity of the digested
solution and the residue amount were clearly controlled by the initial sample amount
as a function of the total amount of reagents used—smaller samples received relatively
larger amounts of reagents and had lighter color compared with larger samples, arguably
resulting in better digestion. The latter is supported by the slightly better recoveries in
smaller samples for V, Ni, Co, and Ba (Supplementary Table S6).

3.4.2. Digestion Efficiency for NIST 8505

The recoveries for V, the sole recommended value in the NIST 8505 certificate, are
within +9%, with a steady increase from C1 (91%), through C2 (96%), and C3 (108%).
Comparison with MPVs reveals a similar pattern of gradual rise in recovery values for most
elements with each consecutive microwave cycle, suggesting progressive levels of digestion
in the same direction. All three digestion groups have the same number of elements (11)
with recoveries within +25% of the expected value. However, with each successive cycle,
there is an increasing number of elements falling within +10% (four, seven, and nine
elements for C1, C2, and C3 respectively; Table 5).

Within all three groups of MD, the variance for most elements is within 20% RSD,
with the least scatter for V, Ni, Co, and Y (within 5% RSD), followed by Mo, Mn, Ga, As,
Ba, and Mg (1-19% RSD), and more significant scatter for Ge, Fe, Sb, Pb, and Zn (10-86%
RSD). Variance is generally larger for C1, with C2 and C3 digestions having a greater
number of elements within 10% RSD (10 and 9 elements respectively) compared with C1
samples (8 elements, Table 4). Additionally, C2 and C3 solutions were clearer and lighter in
color compared with C1 digestions, further supporting a higher degree of decomposition
(Figure 2D). Based on all the above, the two- and three-cycle MDs were more efficient
compared with the one-cycle MD.
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3.5. Updated Trace Element Composition for NIST 1634c and NIST 8505

The two studied oils, NIST 1634c and NIST 8505, are the two most widely used
reference materials for trace metal contents in petroleum [7,9,25,36-38,67] (Table 1). How-
ever, these two materials are characterized by NIST only for a limited number of trace
metals—nine for NIST 1634c and one for NIST 8505. As a result, despite their wide use,
their trace metal contents for most elements remain insufficiently characterized. At the
same time, their trace metal content has been reported in a number of publications (Table 1),
but these data have never been systematically summarized and compared. Here, we aim to
better characterize the elemental composition of the two reference materials by integrating
new data from MD-C2 and MD-C3 digestion with our newly presented compilation of pub-
lished data for NIST 1634c and NIST 8505 (Tables 3 and 4; Supplementary Tables S4 and S5).
The mean value for each element from this combined dataset represents a useful approxi-
mation for the “true” content of the elements and can be used as a non-certified reference
point for trace metal research on petroleum. To eliminate potential outliers from the large
dataset that includes various methods and equipment, we applied a 2o filter (Table 6);
unfiltered data are also available (Table 6; Supplementary Tables 5S4 and S5). In addition,
data considered unacceptable by the authors, as well as data reported above or below a
certain limit (e.g., S > 2000 pg mL~! in [34] 2015; Ti < 0.01 ug mL~!, Ag < 0.02 pg mL~},
5n<0.21 pg mL~! in [46]), were excluded from the mean value calculations.

3.5.1. Updated Trace Element Composition for NIST 1634c

In our NIST 1634c compilation, we included data for 37 elements from 59 publications,
augmented with 18 overlapping elements from this study, as well as our data for 2 more
elements (Ga and Ge) reported only in this study, bringing the total to 39 elements (Table 6).
After 20 filtering, V (n = 58) and Ni (n = 52) followed by Co (n = 23) and As (n = 21) have
the largest number of reported values, followed by Na, Mg, Al S, Cl, Ca, Cr, Mn, Fe, Cu,
Zn, Se, Sr, Mo, Cd, Sb, Ba, Pb, U (n = 4-14), whereas the remaining 16 elements have only
few reported measurements (n < 3). Approximately half of the elements in the updated
NIST 1634c compilation demonstrate relatively low scatter (RSD < 25%, Table 6). Among
them, the most widely used and certified elements (V, Ni, Co) show the lowest variance
(RSD < 10%, usually within 5%). The rest of the elements usually have RSDs between 28%
and 58% and rarely above 72%.

A comparison between the mean values from the updated compilation and certificate
values reveals the best matches are for V, Ni, Cl, and As (100%, 99%, 102%, and 103%
respectively), followed by Se (105%), S (105%), Na (95%), Co (94%), and Ba (82%), a pattern
similar to the one produced by the results in this study (except for As). Overall, this
favorable match between mean published values and certificate values for NIST 1634c
suggests that the remaining compiled mean values represent a good approximation for the
composition of this reference material.

3.5.2. Updated Trace Element Composition for NIST RM 8505

In the NIST 8505 compilation, we included data for a total of 63 elements from
24 publications, with the addition of 19 overlapping elements from this study (Table 6).
After 20 filtering, the largest number of analyses are for V (n = 33), Ni (n = 19), Mo (n = 12),
and Fe (n = 12), followed by B, Mg, S, K, Ca, Cr, Mn, Co, Cu, Zn, Ga, Ge, As, St, Y, Zr, Ba,
Re, Os (n = 4-8), together comprising approximately 1/3 of the elements in the updated
compilation (Table 6). The remaining 40 elements (~2/3 of the compilation) have fewer
measurements (n < 3), and for 10 of them (N, Si, Ru, Pd, Sn, Cs, Hf, Ta, Ir, Pt) there is a
single reported value [29,90].
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Table 6. Updated elemental composition for NIST SRM 1634c and NIST RM 8505.
NIST 1634c NIST 8505
n n Mean Mean SD (+) SD (&£) RSD RSD n/RSD n/RSD n n Mean Mean SD (£) SD (+) RSD RSD n/RSD n/RSD
No 20 No 20 No 20 No 20 No 20 No 20 No 20 No 20 No 20 No 20
Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter
ppm ppm ppm ppm % % % % ppm ppm ppm ppm % % % %
H - - - - - - - - - - 2 2 106,800 106,800 1,697 1,697 2 2 126 126
Li - - - - - - - - - - 2 2 0.010 0.010 0.010 0.010 107 107 2 2
Be 2 2 0.025 0.025 0.013 0.013 53 53 4 4 2 2 0.0028 0.0028 0.0004 0.0004 13 13 16 16
B - 5 - = - 5 - = - 4 4 0.6 06 0.6 0.6 94 94 4 4
C - - - - - - - - - - 2 2 854,450 854,450 636 636 0.07 0.07 2,685 2,685
N - . - . - . - . - . 1 1 4,100 4,100 - . - = - =
Na 37 - 3 3 8.0 8.0 4.6 4.6 57 57 5 5
Mg 10 8 2.7 1.7 29 0.4 107 23 9 35 7 7 4.2 4.2 1.5 1.5 35 35 20 20
Al 8 7 3.6 2.2 39 0.9 108 39 7 18 3 3 1.7 1.7 1.3 1.3 79 79 4 4
Si - - - - - - - - - - 1 1 141 141 - - - - - -
P 2 2 11.6 11.6 14.6 14.6 126 126 2 2 3 3 45 45 3.7 3.7 84 84 4 4
S 20,000 - 8 8 25,572 25,572 2,478 3,478 10 10 83 83
Cl 45 - 0 0 - - - - - - - -
K 2 2 49 49 3.6 3.6 72 72 3 5] 4 4 12.7 12.7 139 13.9 110 110 4 4
Ca 7 5 25.8 10.5 41.6 1.6 161 15 4 33 6 6 133 13.3 6.5 6.5 49 49 12 12
Sc - - - - - - - - - - 2 2 0.00530 0.00530 0.00014 0.00014 3 3 75 75
Ti 2 2 0.138 0.138 0.005 0.005 4 4 56 56 2 2 0.23 0.23 0.20 0.20 88 88 2 2
\% 28.19 1 390 10
Cr 10 8 0.25 0.22 0.18 0.05 69 24 14 33 8 7 0.19 0.13 0.18 0.08 97 59 8 12
Mn 11 10 0.32 0.29 0.09 0.04 29 15 38 66 7 7 0.73 0.73 - - - - - -
Fe 16 14 41.2 35.3 18.7 9.8 45 28 35 51 14 12 5.2 5.1 1.5 0.9 30 17 47 69
Co 0.151 0.005 3 5 ) 0.65 0.65 0.07 0.07 10 10 49 49
Ni 17.54 1 22 19 499 50.2 2.8 1.9 6 4 395 504
Cu 13 12 0.45 0.37 0.35 0.21 79 58 17 21 8 8 0.20 0.20 0.14 0.14 70 70 11 11
Zn 9 8 4.11 3.14 3.05 0.94 74 30 12 27 5 5 0.52 0.52 0.16 0.16 32 32 16 16
Ga 2 2 0.021 0.021 0.003 0.003 12 12 16 16 4 4 0.0335 0.0335 0.0018 0.0018 6 6 73 73
Ge 2 2 0.010 0.010 0.002 0.002 22 22 9 9 4 4 0.0054 0.0054 0.0024 0.0024 44 44 9 9
As 0.143 0.006 4 5 5 0.18 0.18 0.04 0.04 22 22 22 22
Se 0.102 0.004 4 2 2 0.32 0.32 0.07 0.07 23 23 9 9
Rb 3 3 0.0055 0.0055 0.0012 0.0012 21 21 14 14 2 2 0.0013 0.0013 0.0006 0.0006 44 44 5 5
Sr 8 7 0.42 0.39 0.10 0.05 23 12 35 58 5 5 0.27 0.27 0.06 0.06 21 21 23 23
Y - - - - - - - - - - 4 4 0.028 0.028 0.010 0.010 36 36 11 11
Zr 3 3 0.009 0.009 0.004 0.004 48 48 6 6 7 7 0.054 0.054 0.046 0.046 86 86 8 8
Mo 11 9 0.136 0.105 0.080 0.023 59 22 19 41 12 12 0.28 0.28 0.06 0.06 20 20 59 59
Ru - - - - - - - - - - 1 1 0.000004  0.000004 - - - - - -
Pd - - - - - - - - - - 1 1 0.00016 0.00016 - - - - - -
Ag 2 2 0.05 0.05 0.07 0.07 141 141 1 1 0 0 - - - - - - - -
Cd 4 4 0.0022 0.0022 0.0007 0.0007 30 30 13 13 2 2 0.0015 0.0015 0.0010 0.0010 66 66 3 3
Sn 1 1 0.011 0.011 - - - - - - 1 1 0.081 0.081 - - - - - -
Sb 4 4 0.009 0.009 0.004 0.004 49 49 8 8 3 3 0.0119 0.0119 0.0007 0.0007 6 6 50 50
Te 1 1 0.003 0.003 - - - - - - 0 0 - - - - - - - -
Cs - - - - - - - - - - 1 1 0.00008 0.00008 - - - - - -
Ba 1.8 - 9 8 0.47 0.45 0.09 0.07 19 16 47 50
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Table 6. Cont.
NIST 1634c NIST 8505
n n Mean Mean SD (+) SD (&£) RSD RSD n/RSD n/RSD n n Mean Mean SD (£) SD (+) RSD RSD n/RSD n/RSD
No 20 No 20 No 20 No 20 No 20 No 20 No 20 No 20 No 20 No 20
Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter Filter

ppm ppm ppm ppm % % % % ppm ppm ppm ppm % % % %

La - - - - - - - - - - 2 2 0.0134 0.0134 - - - - - -
Ce - - - - - - - - - - 3 3 0.0291 0.0291 0.0063 0.0063 22 22 14 14
Pr - - - - - - - - - - 2 2 0.0041 0.0041 0.0011 0.0011 28 28 7 7
Nd - - - - - - - - - - 3 3 0.0188 0.0188 0.0043 0.0043 23 23 13 13
Sm - - - - - - - - - - 2 2 0.0057 0.0057 0.0018 0.0018 31 31 6 6
Eu - - - - - - - - - - 2 2 0.0017 0.0017 0.0006 0.0006 33 33 6 6
Gd - - - - - - - - - - 2 2 0.0074 0.0074 0.0021 0.0021 28 28 7 7
Tb - - - - - - - - - - 2 2 0.0013 0.0013 0.0004 0.0004 28 28 7 7
Dy - - - - - - - - - - 2 2 0.0076 0.0076 - - - - - -
Ho - - - - - - - - - - 2 2 0.0016 0.0016 0.0004 0.0004 23 23 9 9
Er - - - - - - - - - - 2 2 0.0045 0.0045 0.0015 0.0015 33 33 6 6
Tm - - - - - - - - - - 2 2 0.0006 0.0006 0.00014 0.00014 24 24 8 8
Yb - - - - - - - - - - 2 2 0.0037 0.0037 0.0012 0.0012 33 33 6 6
Lu - - - - - - - - - - 2 2 0.0006 0.0006 0.00014 0.00014 24 24 8 8
Hf - - - - - - - - 1 1 0.0005 0.0005 - - - - - -
Ta - - - - - - - - - - 1 1 0.00003 0.00003 - - - - - -
Re 3 3 0.00156 0.00156 0.00017 0.00017 11 11 28 28 7 7 0.00243 0.00243 0.00030 0.00030 12 12 57 57
Os 1 1 0.00003 0.00003 - - - - - - 7 7 0.00003 0.00003 0.000004  0.000004 12 12 56 56
Ir - - - - - - - - - - 1 1 0.00001 0.00001 - - - - - -
Pt - - - - - - - - - - 1 1 0.00013 0.00013 - - - - - -
Hg 1 1 0.12 0.12 - - - - - - 0 0 - - - - - - - -
Tl 1 1 0.003 0.003 - - - - - - 0 0 - - - - - - - -
Pb 13 12 0.36 0.33 0.16 0.13 45 38 29 31 3 3 0.04 0.04 0.04 0.04 91 91 3 3
Bi 2 2 0.0024 0.0024 0.0013 0.0013 53 53 4 4 0 0 - - - - - - - -
Th - - - - - - - - - - 2 2 0.0046 0.0046 0.0025 0.0025 55 55 4 4
9] 6 6 0.0034 0.0034 0.0015 0.0015 44 44 14 14 2 2 0.0006 0.0006 0.0003 0.0003 47 47 4 4

Note: Certificate values—in Bold; n—number of values.
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More than 1/3 of the elements (e.g., Mn, Fe, Co, As, Se, Sr, Mo, Ba, Re, Os, Ce, Lu)
in the updated NIST 8505 compilation have relatively low scatter (RSD < 25%, Table 6).
Among these, V, Ni, Ga, Sb, H, C, and Sc exhibit the lowest variance (4-6% RSD). The rest
of the elements show larger variance, with few elements having RSD > 90%.

In total, 39 elements for NIST 1634c and 63 elements for NIST 8505 were included in
our compilation. The mean values for ~2/3 of the elements for NIST 1634c and ~1/3 of
the elements for NIST 8505 are based on more than three reported values (both published
data and this study). More than half of the elements in NIST 1634c (22 elements) and
more than 1/3 of the elements in NIST 8505 (24 elements) exhibit relatively low scatter
(RSD < 25%, Table 6), with the lowest variance among the widely used elements covered
in the certificates, like V, Ni, and Co, (RSD < 10%, and usually within 5%).

3.6. The Effects of Incomplete Digestion on Key Trace Metal Ratios

Trace metal ratios are commonly used to examine oil-to-oil and oil-to-rock correlations
due to their relatively constant values in crude oils and related natural petroleum products
at variable degrees of diagenetic and alteration processing in the reservoir (e.g., [3,4,97]).
For example, Co/Ni and V/Ni are indicative for the depositional environment of the source
rocks (terrestrial vs. marine and mixed-source organic matter) (e.g., [5,98]), whereas due to
their redox sensitivity, V, Ni, Co, Mo, and Cu are used as paleoredox proxies (e.g., [99,100]).
In particular, V/Ni and V/(V + Ni) ratios are widely used as markers for source-rock type,
depositional conditions and crude oil maturity. Their application is based on empirical
observations that even though natural processes such as crude oil expulsion, migration
or entrapment can change the concentrations of these two metals, they are affected to
a similar extent, and their ratios remain largely unchanged [3]. However, the effects
of incomplete sample digestion on those ratios have not been assessed. Here, we use
our results on the efficiency of the four different digestion procedures employed in this
study (Table 7) to evaluate if, and how V/Ni, V/(V + Ni), and other ratios are affected by
incomplete digestion.

Table 7. The match (in %) between the measured elemental ratios and ratios calculated from certificate
values (and selected mean published values in the case of NIST 8505).

Ratios V/Ni V/(V + Ni) Co/Ni Col/V As/V As/Ni As/Co As/Ba Ba/V  Ba/Ni Co/Ba
NIST 1634c
HPD 97 99 74 76 44 43 58 84 52 51 145
MD-C1 90 96 80 90 78 70 87 117 67 60 135
MD-C2 100 100 82 82 79 79 96 101 78 78 105
MD-C3 100 100 85 85 77 77 90 109 70 70 121
MPV 102 101 95 94 102 104 110 125 82 83 114
NIST 8505
MD-C1 104 100 91 87 67 70 77 56 119 124 73
MD-C2 102 100 93 91 63 64 69 50 126 128 73
MD-C3 107 101 95 89 66 71 75 51 130 139 68

Bold numbers: £20% match; gray boxes: £30% match; symbols are as in Table 3.

3.6.1. Trace Element Ratios for NIST 1634c

The match between measured V/Ni and V/(V + Ni) ratios and calculated certified
ratios is excellent (100%) for two- and three-cycle microwave digestion, followed by hotplate
digestion (97-99%), which are characterized by recoveries for both elements between
101% and 111% (Table 5, Figure 5A). For one-cycle microwave digestion, characterized by
relatively lower recoveries for V (82%) and Ni (91%), the match between measured V /Ni
and V/(V + Ni) ratios and calculated certified ratios is also lower: 90% for V/Ni and 96%
for V/(V + Ni) (Table 7). Despite these lower ratios, a 90% accuracy of the V/Ni ratios in
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C1 digestion is considered sufficient for the purpose of discriminating between natural
variations in V/Ni ratios among different crude oils, which often vary orders of magnitude.
For example, a compilation of V/Ni ratios in crude oils from Venezuela shows a range from
near zero up to ca. 12; these V/Ni ratios increase systematically from the Barinas-Apure
Basin to the Eastern Basin to the Maracaibo Basin [7].

Overall, our results show that even at a mildly insufficient degree of digestion, V and
Ni are similarly affected (both have lower recoveries), likely because they occupy similar
classes of organic compounds (e.g., metalloporphyrins; [4,101,102]). As a result, their ratios
remain relatively close to those of fully digested samples (e.g., C2 and C3 digestion), either
because all metalloporphyrins were digested (unlike other types of organic compounds)
or because V and Ni are proportionally distributed between the digested and undigested
portions of metalloporphyrins in the partially digested samples.

Ratios including V and Ni with other elements provided in the certificate like Co,
As, and Ba, demonstrated best matches in C2 microwave-digested samples (78-105%)
followed by C3 samples (70-121%), whereas C1 and HPD samples provided larger ranges
of 60-135% and 43-145%, respectively (typically << 90%). This relationship indicates that
Co, As and Ba likely occupy different organic compounds compared with V and Ni. When
we compare elemental ratios from the updated NIST 1634c compilation with the ratios
calculated from certificate values, we obtained best matches for V/(V + Ni) and V/Ni
(101-102%). Ratios of Co and As with V and Ni are close to the calculated certified ratios
(94-104%), whereas those of Ba with V and Ni are lower (82-83%, Table 7). These overall
good matches suggest that the updated NIST 1634c compilation accurately represents the
“true” trace metal ratios of V, Ni, Co and As of this fuel oil. Although this conclusion cannot
be unconditionally extended to include all other trace metal ratios between non-certified
elements, it does provide some positive indications for the overall validity of the updated
NIST 1634c compilation for the true trace metal ratios of this material.

3.6.2. Trace Element Ratios for NIST 8505

Unlike NIST 1634c, NIST 8505 crude oil has only one element (V) with a specified
concentration in its certificate, and hence, we cannot evaluate the effect of incomplete di-
gestion on the trace metal ratios between certified elements. However, when we compared
measured ratios for this material with their respective ratios obtained from the mean pub-
lished trace metal concentrations for NIST 8505, we note somewhat similar relations as for
NIST 1634c (Table 7). In NIST 8505, all three microwave digestion methods show excellent
match for V/Ni (102-107%) and particularly V/(V + Ni) ratios (100-101%), followed by
Co/Niand Co/V (87-95%). Similarly to in NIST 1634c, lower ratios of As with V, Ni, Co,
and Ba were observed in all three MD procedures (50-77%). In contrast to NIST 1634c, the
NIST 8505 ratios of Ba with V and Ni are higher than the expected ratios from the mean
published values (119-139%, Table 7).

In summary, for both reference materials in all digestion groups, V/Ni and V/(V + Ni)
ratios were within 90-107% of the certified ratios (NIST 1634c) or expected ratios based on
the mean published values (for NIST 8505), with the best overlap (100-107%) for the C2
and C3 MD procedures. Importantly, V/Ni and V/(V + Ni) ratios remained sufficiently
close to the certified or expected values even during procedures with incomplete sample
decomposition, such as C1 microwave digestion (and HPD-S, see Supplementary Table S7),
which have relatively lower recoveries for V and Ni (Figure 5A,B; Table 5).

4. Conclusions

In this study, we tested four different methods for acid digestion of petroleum samples:
one by hotplate digestion and three by microwave digestion (one, two, and three digestion
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cycles). The trace metal contents of two petroleum reference materials digested by the
above procedures were analyzed by ICP-MS and compared with the limited number of
trace metals in the certificates of these materials to evaluate the efficiency of the digestion
procedures. Certificate-based recovery rates for the studied samples yielded the best
overall results for two and three cycles of microwave digestion, whereas we show that the
commonly used one-cycle digestion procedure is insufficient for complete decomposition of
the studied petroleum samples. Thus, our results highlight the need for a more aggressive
and prolonged acid digestion of petroleum samples than is usually recommended by
manufacturers of microwave equipment for acid digestion.

These conclusions are further reinforced by the comparison of our results with the
mean published values for elements not included in the certificates (i.e., most trace el-
ements), which were obtained from a newly presented comprehensive compilation of
published trace element contents for the two studied reference materials. Similar to the
certificate-based comparison, two and three cycles of microwave digestion of NIST 1634c
and NIST 8505 seem to provide the optimum results. Integrating the recoveries for both
certified and non-certified elements, and taking into account secondary considerations such
as the analytical scatter, the visual appearance of the digested solutions, and the digestion
recipe (amount of acids added and time), we favor either two- or three-cycle microwave
digestion for the decomposition of crude oil and related products.

The hotplate digestion yielded positive results for most of the certified elements.
Recoveries for the remaining elements are highly variable, which may reflect the limitations
of using non-certified mean published values as a baseline for comparison, combined with
some degree of contamination and/or losses due to extended digestion-evaporation cycles
over a long period of time (~21 days for the entire procedure). Therefore, we consider
efficient hotplate digestion of petroleum samples in closed vials achievable, provided
further improvements of the procedure are implemented to shorten its duration and reduce
the risk of contamination and losses.

The newly presented compilation of published trace element data for the two refer-
ence materials, augmented with new results for the most efficient digestion procedures
from this study, provides a solid basis for a thorough characterization of the elemental
composition of NIST 8505 and NIST 1634c reference materials. Furthermore, the mean
updated compositions can be used as a non-certified reference database for evaluating
analytical results in future studies on petroleum products and can further be updated by
the acquisition of new quality data.

Finally, we explore the effects of incomplete digestion on the most widely used trace
metal ratios in petroleum geology. We show that the V/Ni and V/(V + Ni) ratios typically
applied for oil-to-oil and oil-to-source rock correlations were little affected by incomplete
oil digestion. The ratios remained relatively constant and close to the calculated certified
ratios among all tested digestion procedures for NIST 1634c, and nearly identical to the
expected ratios in NIST 8505. This suggests that the two elements are hosted in similar-to-
identical types of molecules within the complex matrix of the crude oil, and their ratios
are thus preserved even at insufficient degrees of sample digestion. Therefore, our results
reinforce the validity of most of the reported V/Ni and V/(V + Ni) ratios even in cases
where the concentrations of the two elements may be underestimated due to incomplete
sample digestion.

Overall, our study offers an improved protocol for acid digestion of petroleum samples
and provides updated compositions of the NIST 1634c and NIST 8505 reference materials,
which can be used for improving the quality of future trace element studies on petroleum
and the interpretation of trace element contents and ratios in crude oil and related products.
Further research directed towards more precise analyses for elements with relatively large
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scatter (e.g., Be, P, K, Cu, Zr, Zg, Sb, Bi, Pb, U for NIST 1634c, and Li, B, Al, K, Ca, Na, P, Tj,
Cr, Cu, Zr, Cd, Pb, Th, U for NIST 8505) and other underreported elements can further char-
acterize the trace metal composition of community-used trace metal petroleum standards.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/geosciences16020074 /s1, Table S1: ICP-MS operating conditions;
Table S2: Multi-element calibration standard solutions; Table S3: Detailed characteristics of the
digested and diluted samples for NIST SRM 1634c and NIST RM 8505; Table S4: Compilation of
published data for NIST SRM 1634c; Table S5: Compilation of published data for NIST RM 8505;
Table S6: Trace element recoveries for all studied samples according to certificate values and mean
published values for NIST 1634c and NIST 8505; Table S7: Ratios of certificate-covered elements for
NIST 1634c and all followed by the same ratios for NIST 8505 in all digestion groups.
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Abbreviations

The following abbreviations are used in this manuscript:

AES/OES  Optical or Atomic Emission Spectrometry

AV Axially Viewed

CID Charge Injection Device

CS Confidence Score

DRC Dynamic Reaction Cell

ED Energy Dispersive

ET Electrothermal

F-AAS Flame Atomic Absorption Spectrometry

GF Graphite Furnace

HG Hydride Generation

HPA-S High-Pressure Asher System

HPD Hotplate Acid Digestion

HR-CS High-Resolution Continuum Source

IC Ion Chromatography System

ICP Inductively Coupled-Plasma Mass Spectrometry
LA Laser Ablation

N-TIMS Negative Thermal-Ionization Mass Spectrometry
MC Multicollector

MD Microwave Acid Digestion
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MIC Microwave-Induced Combustion
MEN Micro-Flow Nebulizer
MP Microwave-Induced Plasma
MPV Mean Published Value
MS Mass Spectrometry
NIST National Institute of Standards and Technology
PDC Pressurized Digestion Cavity
QQQ Triple Quadrupole
RM Research Material
SF Sector Field
SRC Single Reaction Chamber
SRM Standard Reference Material
TAB Total Analytical Blank
USN Ultrasonic Nebulization
XRF X-Ray Fluorescence
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