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Abstract

Crude oils and the solidified remains of hydrocarbon fluids are commonly found in sediment
hosted ore deposits. Little is known, however, of the role that petroleum may play in the formation
of these deposits. Here we use an experimental approach to determine whether crude oil may act
as an ore fluid for these deposits by dissolving the ore metals from the underlying sediments and
transporting them to the site of ore deposition. To this end, the steady-state concentrations of Ni,
Zn and Pd in crude oil at 150, 200 and 250°C were determined. The experimental approach
involved reacting wires of native metal with a series of crude oils for variable periods of time until
metal concentrations were seen to plateau. Metal concentrations were determined by digesting the
reacted oils and analyzing the resulting solutions using Inductively-Coupled Plasma Mass
Spectrometry (ICPMS). The surface of the reacted metal wires was then analyzed using X-ray

Photoelectron Spectroscopy (XPS) to identify the ligands in crude oil that bind to these metals.

The results of these experiments indicate that Pd, Ni and Zn are all highly soluble in crude oil from
an ore deposit perspective, reaching concentrations of up to 1700 ppm Zn, 240 ppm Ni and 127
ppb Pd. From the results of the XPS experiments it is evident that Zn solubility is highest as
carboxylate complexes in very acidic oils. During catagenesis, these oils may be expelled from
their source rocks and injected into carbonate reservoir rocks, where they become altered through
reactions with aqueous sulfate to form large volumes of hydrogen sulfide gas. This reaction is
referred to as Thermochemical Sulfate Reduction (TSR) and occurs commonly in petroleum
carbonate reservoirs and the carbonate-hosted ore zones of Mississippi Valley Type (MVT)

deposits, a class of sediment hosted Zn-Pb deposits forming at temperatures between 100 and



140°C. An experiment was devised to emulate the geochemical environment present in the ore
zones of MVT deposits by reacting Zn-rich crude oil, with hydrogen sulfide gas and a calcite-
buffered brine. Sphalerite (ZnS), the principal Zn ore mineral in MVT deposits, was observed to
crystallize from the oil at the oil-brine interface, demonstrating that MV T deposits can be created

from petroleum. The composition of the crystals was confirmed using X-ray Diffraction (XRD).

The results of the XPS analyses of the reacted Pd and Ni wires show that these metals are most
readily dissolved in crude oil as thiol complexes. Coincidentally, anomalous concentrations of
thiols are commonly found in crude oils that have undergone TSR. Moreover, the results of this
research indicate that Ni, Fe (and potentially Pd) play a role in catalyzing the reduction of sulfur
compounds in crude oil to form thiols. Thus, it is likely that the dissolution of Ni, Fe and Pd in
crude oil is not only enhanced by TSR but may also promote the reaction. Furthermore, sediment-
hosted deposits containing large concentrations of these metals (e.g., the Kupferschiefer Deposit
in Poland and the Talvivaara deposit in Finland) display signs of having interacted with crude oil,
and the reduced sulfur in the ore minerals in these deposits appears to have been derived from
TSR. It is therefore proposed that during arc-tectonic events, crude oils are generated and travel
along faults in sedimentary basins, leaching metals along the way. Reactions between these crude
oils and sulfate-bearing sequences are catalyzed by transition metals dissolved in the hydrocarbon
liquid. As the reaction proceeds, crude oil is gradually consumed and sulfide ore minerals are

precipitated to form a deposit.
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1.1 Overview

Sediment-hosted ore deposits account for a significant proportion of the World’s zinc (Zn) and
copper (Cu) production (Hitzman, et al., 2005; Leach et al., 2005) and are commonly enriched in
transition metals such as nickel (Ni), platinum group elements (PGE), lead (Pb), gold (Au),
molybdenum (Mo), mercury (Hg), uranium (U) and vanadium (V) (Gu. et al., 2012). These
deposits are often discovered in close spatial proximity to petroleum both on the regional and
microscopic scale. On a regional scale, sediment-hosted deposits such as the Zn deposits of the
Canning Basin in northern Australia, the Kupferschiefer deposit in Poland, the Zunyi Ni-Mo-
PGE deposit in southern China and the Hg deposits of California all occur near petroleum
systems, the source rocks of which are pre-to-syn-genetic in age with respect to the ore
mineralization (Peabody and Einaudi, 1992; Gautier, 2003; EIA 2011; EIA, 2015). Most of these
deposits display signs of having interacted with petroleum on a much smaller scale, in some
cases with liquid hydrocarbon inclusions occurring within the ore minerals (Kelly and Nishioka,

1985; Etminan and Hoffman, 1989; Peabody and Einaudi, 1992).

Most researchers consider that the ore metals in the above deposits were transported as aqueous
complexes in hydrothermal fluids to the site of ore formation and deposited as sulfide minerals in
response to changes in physicochemical conditions (e.g., Coveney and Nansheng, 1991,
Loukola-Ruskeeniemi and Heino, 1996; Williams-Jones et al., 2009). The presence of petroleum
inclusions in these ore minerals, however, may indicate that the ore fluid was petroleum rather
than a hydrothermal fluid. Support for this idea is provided by the observation that crude oils
(natural liquid hydrocarbons) can be significantly enriched in ore metals, containing as much as

1580 ppm V, 105 ppm Ni, 160 ppm Zn, 11.7 ppm Cu, 2.1 ppm Pb, 10.1 ppm Mo and 3 ppb Au
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(Jones, 1975). Furthermore, experiments have shown that saturated hydrocarbons, such as octane
that are an important component of crude oil, can dissolve large amounts of Hg (up to 821ppm at
200°C), which is consistent with the common occurrence of petroleum in epithermal Hg deposits
(Meidaner et al., 2005). It also has been shown that Au and U can dissolve in crude oil at
temperatures between 200 and 300°C in concentrations (~50ppb Au and 300ppb U) comparable
to those thought to be necessary for ore formation (Migdisov et al., 2017). In addition, Au has
been shown to partition strongly into thiol-rich oils over saline brines under ore-forming
temperatures, indicating that oils rather than brines may serve as ore fluids in sediment-hosted
Au deposits (Crede et al., 2019). Finally, it is noteworthy that some organic carbon-rich shale-
hosted deposits contain percentage level concentrations of Ni (Coveney and Nansheng, 1991;
Orberger et al., 2003 Jowitt and Keays, 2011), a metal that is relatively insoluble in aqueous
fluids, even at elevated temperatures (Liu, 2012), and is therefore unlikely to be concentrated by

hydrothermal processes.

Despite abundant evidence indicating a direct spatio-temporal relationship between the injection
of crude oil and the mineralization in many sediment-hosted ore deposits (e.g., metal-enriched
bitumen veins within or proximal to the ores; Emsbo and Koenig, 2007; Henderson et al., 2019),
the accepted wisdom is that the ore metals in these deposits are either precipitated during
sedimentation or during diagenesis or at a much later time, in all cases by hydrothermal fluids
(Coveney and Nansheng, 1991; Loukola-Ruskeeniemi and Heino, 1996; Jowitt and Keays,
2011). Petroleum systems and sediment-hosted deposits may be more closely related than

previously thought and studying the link between them will lead to a broader understanding of

16



the processes that simultaneously control ore mineralization, petroleum composition, basin

evolution and the cycling of trace metals in the geosphere.

1.2 Evidence for metal transport by liquid hydrocarbons in natural systems.
1.2.1 Pb-Zn Mississippi Valley type (MVT) deposits

Sediment-hosted deposits contain the world's largest Pb and Zn resources and a significant
number of these deposits, particularly those belonging to the MVT deposit class, display a close
association with bitumen and petroleum (Anderson and Macqueen, 1982; Leach et al., 2005).
Mississippi Valley Type deposits are a class of carbonate hosted Zn-Pb deposits that typically
form on the flanks of sedimentary basins, orogenic forelands or foreland thrust belts inboard of
clastic rock-dominated passive margin sequences (Leach et al., 2010). The temperatures at which
MVT deposits commonly form (100-150 °C) (Anderson and Macqueen, 1982; Parnell, 1988)
overlap to a large extent with the temperatures corresponding to petroleum maturation and
expulsion (80 - 160 °C; Peters et al., 2004) and the major element compositions, salinities, D/H
and 80/°0 ratios, and temperatures of MV T ore-forming brines closely resemble those of oil-

field brines (Sverjensky, 1986).
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Figure 1.1 Typical MVT deposit setting. Modified from Li et al., 2017.

The ore metals of MVT deposits are generally thought to be transported to the site of ore
deposition as chloride complexes in basinal brines (Kesler et al., 1995; Leach et al., 2010).
Recent evidence, however, from a study of the world-class Laisvall Zn-Pb MVT deposit in
Sweden highlights the potential importance of crude oil as an ore fluid for this class of deposits
(Saintilan et al., 2019). Based on the Pb isotopic ratios of bitumen intergrown with the ores,
galena and sphalerite from the Laisvall deposit, organic matter in the underlying Alum shale and
the granitic basement, Saintilan et al. (2016, 2019) were able to show that the ores and
intergrown bitumen lie on a mixing line limited at one end by the organic matter of the Alum
shale and at the other end by the granitic basement. This allowed them to conclude that ~ 50% of
the Pb came from the organic matter of the Alum shale and that it had been transported by
petroleum from this source, the residues of which are preserved as bitumen in the deposit. This
example provides compelling evidence that petroleum is potentially an effective fluid for the

transport and re-concentration of Pb in MVT ore-forming systems.
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In addition to Laisvall, the ore zones of several other MVT deposits have also been infiltrated by
petroleum. These include the Gays River deposit in Nova Scotia, the San Vincente deposit in
Peru and the MVT deposits of the Canning Basin in Australia (Gize and Barnes, 1987; Etminan
and Hoffman, 1989; Spangenberg, 1999). In the case of the Canning basin, several MVT
deposits have been found to contain sphalerite (ZnS) ore that host a large number of liquid
hydrocarbon inclusions (Etminan and Hoffman, 1989). These hydrocarbons are compositionally
different from and more mature than other hydrocarbons sourced from the same formation,
indicating that they likely entered the carbonate host rocks from an external source
contemporaneously with MVT Zn-Pb mineralization (Wallace et al., 2002). These examples
provide evidence that petroleum may also be responsible for the transport of the Zn concentrated

in MVT deposits.

1.2.2 Auand U deposits

Several sediment hosted Au and U deposits also display a close association with petroleum. For
example, the Carlin-Type Au deposits of the Alligator Ridge in Nevada contain abundant oil-
bearing inclusions that can be found in calcite and realgar (AssS4) veins that encircle the ore.
Free oil also infills vugs and fractures in the limestones proximal to the ore zone (Hulen and
Collister 1999). Similarly, veins of pyrobitumen in the El Rodeo deposit in Nevada can contain
up to 100 ppm Au and may be the relic of solidified hydrocarbon ore fluids (Emsbo and Koenig,

2007; Williams-Jones et al., 2009).

Another mining district where gold is intimately associated with hydrocarbons is the

Witwatersrand (South Africa), where 40% of the gold is in reefs with carbon seams, many of
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which contain in excess of 1000 ppm Au (Williams-Jones et al., 2009). The carbon seams also
host much of the U ore at the Witwatersrand deposit which occurs as nanoparticles of uraninite
(UO) that are uniform in size (5-7nm) and aggregate to form clusters 10s of microns in
diameter. It has been proposed that these clusters represent the residues of hydrocarbon liquids
that transported U in solution or as nanoparticles in suspension (Fuchs et al., 2015). Independent
evidence of such liquids is provided by the presence of hydrocarbons preserved as fluid
inclusions in overgrowths on detrital quartz grains from the deposit (England et al., 2002; Fuchs
et al, 2016). The carbon seams at the Witwatersrand deposit are now generally considered to

represent residues from the migration of liquid hydrocarbons (Williams-Jones et al., 2009).

Pyrobitumen

{ Pyrobitumen

50 pm

b

Figure 1.2 Pyrobitumen nodules from the Witwatersrand Carbon Leader lined by gold (Au) with
small randomly distributed uraninite (Urn) grains. The nodules are bound by sericite (Ser) and
quartz (Qtz). (Fuchs et al., 2016)

Sandstone-hosted deposits are also known to contain large quantities of bitumen and U and are
particularly abundant in Utah and Colorado (Parnell, 1988). The hydrocarbons from these
deposits are probably petroleum derivatives, as there are rapid lateral transitions within the same

formation between uraniferous hydrocarbons, solid non-uraniferous hydrocarbons and petroleum
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(Parnell and Eakin, 1987). There are also many cases of U mineralization in red beds that are
concentrated in and around accretionary nodules of replacive organic matter. Although the ore
grades are not high enough to constitute ore deposits, many such nodules are still significantly
enriched in U, Cu, V and other metals in multiple locations around the world (e.g., Harrison,
1970; 1975; Curiale et al. 1983). Based on carbon isotope measurements performed on Permian
red beds in Oklahoma, Curiale et al. (1983) proposed that the bitumen in these replacive
uraniferous nodules was derived from petroleum which most likely leaked into the red beds from
deep reservoirs. Nonetheless, much research needs to be conducted to determine whether the
metalliferous bitumen in these deposits represents the solidified remains of migrated metal-rich
hydrocarbon fluids or in-situ generated bitumen, participated only in the deposition of ore metals
but not in their transport. Although it has been long thought that the role of petroleum or bitumen
in these deposits is that of a reductant promoting the precipitation of ore metals from the
hydrothermal fluid, the notion that petroleum may serve as an ore fluid in the formation of these

deposits remains relatively unexplored (Parnell 1988, Migdisov et al., 2017).

Figure 1.3 Typical uraniferous nodule hosted in red-siltstone matrix (Curiale et al, 1983)
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1.2.3 Mercury, Platinum Group Element and copper deposits

The occurrence of oil or bitumen is commonplace in Hg ore deposits from around the world
(Parnell, 1988). For example, small amounts of petroleum occur in numerous cinnabar (HgS)
deposits that extend for up to 600 km along the Coast Range of California. In some cases, such
as at the Culver-Baer deposit in California, petroleum is intergrown with cinnabar. High
concentrations of Hg are also present in petroleum of the Cymric oil field of the San Joaquin

Valley adjacent to the cinnabar deposits, implying a genetic relation between the two (Peabody

and Einaudi, 1992).

Figure 1.4 View of a breccia from the Culver-Baer deposit containing intergrown cinnabar and
bitumen.

Liquid hydrocarbons may have also been involved in the formation of the epithermal deposit
exploited briefly at the Boss Mine, Nevada, in the early part of the 20th century, where
percentage level concentrations of Pd and Hg (1.85 wt. % Pd, 0.89wt% Au+Pt and 5.83wt% Hg)
were present in bitumen contained within siliceous ore shoots that fractured a horizontal stratum

of dolomite. The precious metals occur as nanoparticles of the alloy Potarite ((Pd, Au, Pt) Hg)
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that are dispersed within the bitumen matrix. It is thought that the bitumen represents relicts of
liquid hydrocarbons that impregnated the fossiliferous calcareous country rocks (Jedwab et al.,
1999). The fact that mineralization is contained within the bitumen may indicate that the ore

metals were transported in a liquid hydrocarbon medium.

In addition to the deposit exploited at the Boss Mine, very high PGE concentrations (up to 5000
ppm Pd and 1770 ppm Pt) have been reported for bitumen in the Kupferschiefer deposit in
Poland (Kucha and Przylowicz, 1999). The bitumen associated with the ore in the Kupferschiefer
deposit contains abundant polyaromatic sulfur hydrocarbons (PASH), a class of compounds
commonly found in crude oil, suggesting that petroleum may have infiltrated the system from the

underlying strata (Pttmann and Gopel, 1990).

In addition to hosting considerable PGE resources, the Kupfershciefer is a world-class copper
deposit (Kucha and Przylowicz, 1999). A significant number of sediment-hosted copper deposits
worldwide, including the Kupferschiefer, occur close to the interface between red beds and oil
shale sequences (Eugster, 1985). In some cases, such as the White Pine deposit in Michigan,
liquid oil is trapped as primary fluid inclusions in calcite crystals in late Cu-Fe sulfide-bearing
veins that crosscut the cupriferous black shales, indicating that petroleum likely exerted an

important control on the copper mineralization (Kelly and Nishioka, 1985).
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Figure 1.5 Cross-section of the Kupferschiefer deposit at the Lubin Mine location showing the
vertical distribution of Cu and noble metals in the stratigraphy. The mineralized black shales
directly overlie a hematite-rich sandstone (Kucha and Przylowicz, 1999).

1.2.4. Ni-polymetal deposits

Nickel is one of the metals that is most commonly associated with petroleum in which it is
known to reach concentrations > 100ppm (Jones, 1975). There are several Ni deposits that are
hosted in black shales with good petroleum producing potential, these include the hyper enriched
black shales (HEBS) of the Selwyn Basin in Yukon Canada, the Zunyi deposit in Southern China
and the Talvivaara deposit in Finland. The Ni-Mo sulfide beds hosted in the black shales of the
Selwyn and the Zunyi deposit closely resemble each other. In both deposits, the sulfide bed is
usually only ~5-15 cm thick but contains several weight percent Ni and Mo (Coveney and
Nansheng, 1991). Blebs of migrabitumen occur exclusively in the ore zone of the Zunyi deposit,
indicating that brecciation by a petroleum fluid may have occurred during catagenesis (Kiibek et

al, 2007). Likewise, bitumen dykes found below the enriched sulfide bed at Nick Prospect in the
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Yukon HEBS may indicate that hydrocarbon-rich ore fluids were being debouched into the ore

zone (Hulbert et al, 1992).

Ni-Mo ore bed in Niutitang Fm
black shale

Quartz stockworks
in Dengying dolostoney

Figure 1.6 Stratigraphy at the Zunyi Ni-Mo-PGE deposit. The thin Ni-Mo ore bed occurs within
black shales which overlie a sequence of Precambrian dolostone.

Based on the abundance of framboidal pyrite in the ore zones of the South China and Yukon
HEBS, it has been argued that the ores were produced through the metabolic action of microbes
at the sediment water interface, which concentrated Ni from the overlying seawater column
(Gadd et al., 2018, and 2019). However, framboidal pyrites can also form abiotically (Scott et al.,
2009) and furthermore the millerite (NiS) ore in these deposits ‘mantles’ the pyritic framboids
indicating that it was introduced epigenetically into the ore system (Gadd et. al., 2019). Given
the low solubility of Ni in hydrothermal fluids it is much more likely that the Ni was introduced
into the system in a hydrocarbon fluid. In addition, the concentration of Ni in seawater is very
low (Kato et al., 1990) making it unlikely that sufficient Ni could concentrate from microbial
processes alone to form a deposit with the percentage level Ni contents observed in the South

China and Yukon HEBS.
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The black shale (black schist) hosted sulfide ore of the Talvivaara deposit is of much lower
relative grade than the Zunyi deposit and Nick prospect (averaging 0.26 wt% Ni, 0.14 wt% Cu,
and 0.53 wt% Zn), but is up to 330m thick and contains 300 million metric tons of ore (Loukola-
Ruskeeniemi, K. and Heino, T., 1996). Uraninite crystals in the Talvivaara deposit are rimmed
by bitumen that has been interpreted as evidence for the migration of hydrocarbons through the
ore zone (Lecomte et al, 2014). The Talvivaara black schists were deposited 2.0-1.9Ga
coincident with the Shunga event, a time marked by a worldwide accumulation of organic matter

and the formation giant oilfields in Russian Fennoscandia (Melezhik et al, 2009).

1.3 Compositional controls on the dissolution of metals by crude oils.

Crude oils are composed largely of saturated and aromatic hydrocarbons with minor amounts of
thiophenoaromatics, sulfides, neutral nitrogen, and polar compounds. The polar compounds (also
referred to as NSO compounds) contain one or more heteroatoms of nitrogen(N), sulfur(S) or
oxygen(O) and, although they typically compose less than 10 wt% of petroleum, they are
commonly found to be complexed with metals. (Hughley et al., 2004). Bacterial biodegradation
is regarded as an effective means for increasing the NSO and metal content of oils in reservoirs
cooler than approximately 80°C. Petroleum soluble compounds of Zn, Cu, Ni, Ti, Ca, and Mg
adsorb selectively at petroleum-water interfaces and are thought to be derived from bacterial
metalloproteins that become incorporated into oil during biodegradation and early diagenesis
(Dodd et al., 1952). It has long been observed that fresh, oxygenated waters in contact with

reservoir oil can cause extensive aerobic biodegradation. More recently, it has been recognized
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that anaerobic sulfate reducing and fermenting bacteria can also degrade petroleum (Wenger et
al., 2002) and in doing so may incorporate polar ligands into oil that promote the dissolution of
ore metals (\VVairavamurthy and Mopper, 1987; Meredith et al, 2003) as occurs in modern-day
sapropelic sediments. Likewise, reactions occurring at the oil-water interface between mineral
oxidants like hematite (Fe203) and sulfate-bearing minerals such gypsum (CaSQOa) have been
shown to contribute to an increase in the carboxylic acid and thiol content of crude oils, both of
which are potentially effective ligands for the complexation of ore metals (Ho et al., 1974,

Surdam et al, 1993, Giordano, 1994).

Table 1.1 Examples of compounds typically found in crude oil (Tissot and Welte, 1978;
Hughley et al, 2004).

Type of compound

Saturated hydrocarbons —

Paraffins Napthenes
Aromatic Hydrocarbons
Thiophenoaromatics
p :.,///’\\‘r/‘s‘“‘-\.
X
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Sulfides

N O

Neutral Nitrogen Compounds

I—=Z

Carboxylic acids

Polar Compounds

Porphyrins

Thiols
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Metals are present in crude oils at concentrations from a few parts-per-billion in conventional
light stocks to hundreds of parts-per-million in heavy crudes; the most abundant elements being
Ni, V and Fe. Other metals commonly found in oils, such as Pb, Ba, Sn, Ag, Co, Cu, Mo, Ti and
Zn, are mostly present in the 1-50 ppm range (Caumette et al., 2009). The ability of crude oils to
dissolve and transport metals is dependent on the availability of specific metal-binding ligands.
For example, NSO compounds are known for their ability to form metal organic complexes in
crude oil and are most abundant in relatively immature, biodegraded oils (Hughley et al., 2004).
Such oils tend to be viscous and rich in asphaltenes, a fraction of petroleum composed of large
heterocyclic molecules, which result from the early breakdown of kerogen (Orr, 1986). One of
the principal classes of metal species commonly associated with the asphaltene fraction of
petroleum is metalloporphyrins (Caumette et al., 2009). Porphyrins are macrocyclic aromatic
compounds composed of four pyrrole rings connected by methine bridges that bind mainly to Ni,
V, Fe or Cu in crude oil via N-metal bonds (Caumette, 2009; Ptaszek, 2013). Petroleum
porphyrins are derived from porphyrins and porphyrin-related molecules that are ubiquitous in
living organisms, such as hemes (iron-containing porphyrins), chlorophylls or bacterio-
chlorophylls (Mg-containing porphyrins). During oil maturation most of the metals originally
present in the porphyrins are replaced predominantly by Ni (I1) or V(IV) oxide (Caumette et al.,

2009).

Aside from porphyrins, which have been extensively studied, little is known about the other
kinds of metal organic complexes that form in petroleum. These complexes are potentially more
abundant than the metalloporphyrins and may account for up to 50-80% of the metal being

complexed in oil (Caumette et al., 2009). It has been suggested that organic O and S ligands such
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as carboxylic acids and thiols may promote the dissolution of metals in ore fluids from sediment-
hosted deposits (Giordano, 1994). These ligands are present in petroleum, frequently in high
concentrations. For example, crude oils from the Muglad basin in Sudan have been reported to
contain up to 8620 ppm carboxylic acids (Chapter 4, Supplementary Materials) and the Rodney
Crude in Canada up to 3179 ppm thiols (Chapter 2, Supplementary Materials). Although Zn, Ca,
Mg and Ti- carboxylate complexes are known to occur in petroleum (Caumette et al., 2009), to
our knowledge, the occurrence of metal thiolate complexes in petroleum has not yet been
reported. Nonetheless, thiols are recognized for their ability to bind to sulfide minerals with
relative ease, even at room temperature (Bradshaw et al., 1995; Goh et al, 2008; McFadzean et
al., 2013) and thiol complexes of metals such as Hg, Cu, Ni and Au in humic acids are known to
have exceptionally high stability constants (Vlassopoulos et al., 1990). Thus, crude oils that are
enriched in thiols may be effective at scavenging pre-existing metal sulfides from the sediments.
According to the HSAB (Hard and Soft Acid and Base) theory, thiols are a ‘soft’ ligand, that is
to say that they are polarizable because of their high mass to charge ratio (Pearson, 1963) and are

therefore expected to form stable bonds with ‘soft” polarizable metals such the PGEs and Au.

Biodegradation is generally known to increase the sulfur and carboxylic acid content of oils
(Meredith et al, 2000) and biodegradation of organic matter by sulfate reducing bacteria, is
responsible for the production of thiols in marine sediments (Vairavamurthy and Mopper, 1987),
which may eventually serve as source rocks for a thiol-enriched oil. Petroleum acidity can also
be increased during catagenesis through reactions with water and mineral oxidants such as
hematite (Surdam et al, 1993). These sorts of reactions may have occurred in mineral deposits

like White Pine or the Kupferschiefer, where mineralized oil shales directly overlie a sequence of
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red beds. During maturation, these shales could be expected to generate a high acidity petroleum
ore fluid at the interface with the red beds which would in theory be effective for scavenging
certain ore metals such as Zn (Caumette et al., 2009). In contrast, anomalously thiol-rich oils
form as the result of Thermochemical Sulfate Reduction (TSR), an abiotic reaction between
aqueous sulfate and petroleum that takes place in deep carbonate reservoirs (Ho et al, 1974; Cai
et al, 2003; Wei et al, 2011; Nguyen et al 2013) at onset temperatures between 100-140°C
(Machel, 2001). These thiol-rich oils could potentially serve as effective ore fluids for the

transport of ‘soft’ metals like the PGEs and Au, and even a “borderline” metal like Ni.

1.4 Depositional Mechanisms in sediment-hosted ore deposits

A reaction that is known to occur in both petroleum reservoirs and ore-forming systems is
Thermochemical Sulfate Reduction (TSR). During TSR, organic matter (kerogen, petroleum or
gas) reacts with aqueous sulfate to produce carbon dioxide and H>S gas. The HS gas so
produced is known to further react with hydrocarbons, resulting in crude oils and condensates
that are highly enriched in thiols (Ho et al, 1974; Cai et al, 2003; Wei et al, 2011; Nguyen et al
2013). Oils commonly undergo TSR in deep anhydrite-rich, carbonate reservoirs with onset
temperatures between 100 and 140°C (Machel, 2001). In the case of the Puguang gas fields in
China, TSR is thought to have occurred at a depth of 7000 m before uplift led to the present-day
reservoir depth of 5000-5500m (Hao et al., 2008). Thermochemical Sulfate Reduction also
commonly occurs in the carbonate-hosted ore zones of MVT deposits, where the production of
H>S gas causes sphalerite (ZnS) and galena (PbS) to precipitate from the ore fluid (Machel,
2001). Most researchers consider that the ore fluids for MVT deposits are basinal brines. Based

on the results of the research described in this thesis, it is proposed, instead, that the Pb and Zn in
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these deposits were transported as polar complexes in petroleum and furthermore that these
metals may be deposited from a petroleum in the presence of H2S gas as galena and sphalerite,

respectively. This latter hypothesis is investigated in Chapter 4.

Thermochemical sulfate reduction may also be relevant to the formation of other sediment-
hosted deposits. Evidence for this is provided by the reduced sulfur products of TSR experiments
carried out between sulfate and organic compounds (glycine and alanine) at temperatures of 150-
200°C, which show similar mass-anomalous fractionation (A*3S = > 0 + 0.2 %o) to the
sulfide ore and organic sulfur extracted from the shale-hosted polymetallic Talvivaara deposit.
Thus, it is thought that the TSR reaction was the main source of reduced sulfur for the Talvivaara
sulfide ore (Young et al, 2013). Thermochemical sulfate reduction has also been proposed as a
source of reduced sulfur for the sulfide ore at the Kupferschiefer deposit in Poland (Bechtel and

Puttmann, 1991; Sun, 1998; Oszczepalski, 1999; Sun, and Puttmann, 2000).

It is possible that the reduced sulfur in these sediment-hosted deposits could also have been
produced at low temperature (< 80 °C) by the action of sulfate-reducing bacteria at the sediment-
water interface, resulting in the precipitation of ore metals directly from seawater (Jowitt and
Keays, 2011). The relative importance of TSR and microbial sulfate reduction in the formation

of the sulfide ores, however, is a subject of ongoing discussion (Machel 2001; Watanabe, 2009).

The link between petroleum systems and sediment-hosted deposits is potentially important but
poorly understood and warrants further investigation. Thus, the central goal of this project is to

better understand the processes that promote the dissolution of ore metals in liquid hydrocarbons
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and likewise elucidate how metals can be precipitated from oil under changing physicochemical

conditions to create a highly concentrated ore deposit.
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Preface to Chapter 2

Chapter 2 entitled “The Solubility of Palladium (Pd) in Crude Oil at 150, 200 and 250 °C
and its Application to Ore Genesis” provides an overview of factors controlling the solubility
and speciation of Palladium (Pd) in crude oil at temperatures between 150 and 250°C. The
methodology used to measure the solubility of Pd in crude oil involved reacting Pd(0) wire with
a selection of crude oils at saturated vapor-pressure in silica glass reactors, digesting the oils in
acids and analyzing the resulting aqueous solution using Inductively-Coupled Plasma Mass
Spectrometry (ICP-MS). As a complement to these experiments, X-ray Photoelectron
Spectroscopy (XPS) was used to scan the surface chemistry of the Pd wire that had reacted with
the crude oils in order to identify the compounds in crude oil that have an affinity for Pd. The
experimental findings are related to observations of sediment-hosted deposits which have high

concentrations of Pd and bitumen.
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Abstract
Although most economic palladium deposits occur in mafic igneous rocks and are the products of
magmatic processes, there are a number of polymetallic deposits hosted by organic-rich
(bituminous) black shales in which the palladium reaches exploitable concentrations. Considering
that palladium is rarely concentrated by hydrothermal processes, and as organic-rich black shales
are the source beds for the production of hydrocarbons and bitumen commonly records the path
taken by these hydrocarbons, it is reasonable to entertain the possibility that liquid hydrocarbons
may act as an ore fluid for palladium. In order to test the potential of liquid hydrocarbons to act as
ore fluids, Pd(0) metal wires were reacted with three crude oils, A, B and C (A being the lightest
and C being the heaviest crude oil), at temperatures of 150, 200 and 250 °C. After reaction at 150
°C, the Pd concentrations in crude oils A, B and C were 60 + 20 ppb, 19 + 4 ppb, and 128 + 29
ppb, respectively. The corresponding concentrations at 200 °C, were 18 + 6 ppb, 17 &+ 6 ppb, and
50 + 15 ppb, respectively, and at 250°C, were 16 =2 ppb, 11 £ 1 ppb and 26 = 2 ppb, respectively
(n = 3). The measured solubility of Pd was highest in the heaviest crude oil, C. All three oils
reached their maximum Pd concentration at 150 °C, with Pd concentration decreasing
progressively as temperature increased to 250 °C. To gain insights into the mechanism controlling
the dissolution of Pd in crude oil, we analyzed the reacted Pd wires using X-ray Photoelectron
Spectroscopy (XPS). The XPS spectrum displays a well-defined thiol (R-SH) peak at a binding
energy of 163eV, which indicates that Pd has an affinity for reduced organosulfur compounds.
Moreover, Pd concentrations were observed to increase with the total thiol content of the oil,
thereby corroborating the results of the XPS analyses. Our results clearly show that Pd solubility
in crude oil is promoted by the presence of thiols. As thiol-rich hydrocarbons usually develop in

deep, high temperature (100 to 140 °C) carbonate sequences containing abundant sulfate
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mineralization, it is thought that the thiols are the products of thermochemical sulfate reduction
(TSR) (Machel, 2001). We therefore propose that liquid hydrocarbons, which have interacted with

sulfate at relatively high temperature, may serve as effective ore fluids for palladium.

51



2.1 Introduction

Platinum group elements (PGE) are intimately associated with hydrocarbons in a number of ore
deposits. One such deposit is the Polish Kupferschiefer, in which palladium (Pd) and platinum (Pt)
concentrations in the clay-organic matrix of the black shales reach 1,900 and 600 ppm, respectively
(Kucha and Przybylowicz, 1999). In the Kupferschiefer, platinum group elements are particularly
enriched in a variety of pyrobitumen known as a thucholite, which is composed primarily of
thorium, uranium, carbon and hydrogen (Th, U, C, H; Barthauer et al., 1953). Palladium and
platinum concentrations in the Kupferschiefer thucholite can be as high as 5,000 and 1,770 ppm,
respectively (Vaughan et al., 1989; Kucha and Przybylowicz, 1999). Lower, but nevertheless
significant concentrations of Pd and Pt, have been reported for black-shale-hosted deposits in the
Zunyi district, Guizhou province, China, namely 0.4 and 0.3 ppm, respectively (e.g., Coveney,
1991; Coveney et al., 1992; Lott et al., 1999). In a similar black shale-hosted deposit in the Yukon,
Canada, the Nick Prospect, Pd and Pt concentrations reach 0.9 and 0.7 ppm, respectively (Jowitt
and Keays, 2011). Both the Zunyi deposits and the Nick prospect also contain percentage levels
of Ni, a metal that is sparingly soluble in hydrothermal fluids (Liu et al., 2012) but is highly soluble
in petroleum (Jones, 1975). It is therefore attractive to consider the possibility that instead of being
transported in hydrothermal fluids, as has been generally assumed, the PGE (and Ni) in these
deposits were concentrated by liquid hydrocarbons. Support for this idea, in the case of the
Kupferschiefer deposit, comes from the fact that the ores formed at temperatures of 80 — 140 °C
(Oszczepalski, 1999), which coincide with those of the oil window, and accumulations of
polyaromatic sulfur hydrocarbons in the sulfide ore of the Polish Kupferschiefer (Pittmann and
Gopel, 1990) suggest the influx of sulfur-rich crude oil into the ore zone from deeper

Carboniferous sequences.
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Arguably, the best evidence for the association of PGEs with hydrocarbons is provided by the Boss
deposit in Nevada, U.S.A, which is hosted by bituminous dolomitic limestones (Knopf, 1915); the
bitumen is interpreted to have formed from liquid hydrocarbons that are thought to have
impregnated the limestones (Jedwab et al., 1999). Most of the PGE is concentrated in bitumen
within fine-grained siliceous “ore shoots” that cut the limestone and contain an average of 660
ppm Pd, 150 ppm Pt and 1315 ppm Au. Transmitted Electron Microscopic (TEM) imaging showed
that the PGEs are dispersed in the bitumen as nanoparticles of potarite, an alloy of Hg {(Pds1, Auzs,
Ptor) Hg}, although they are also present in appreciable concentrations in bitumen that is

apparently devoid of nanoparticles (Jedwab et al., 1999).

Despite the potential involvement of liquid hydrocarbons in the formation of the aforementioned
PGE deposits, there have been no experimental studies of the solubility of these metals in this
medium. Indeed, the only experimental study that bears on the topic is that of Plyusnina et al.
(2000), who evaluated the capacity of organic matter to adsorb Pt from aqueous solutions. This
study showed that at 200 and 400 °C, 0.02 and 1.95 g Pt was adsorbed per kg of organic matter

(20 and 1950 ppm), respectively.

In this study, we report the results of experiments designed to determine the solubility of Pd in
crude oils (Pd(0) wire) at temperatures of 150, 200 and 250 °C and saturated vapour pressure.
Based on hard-soft-acid-base (HSAB) theory (Pearson, 1963), Pd is a soft acid and is expected to
react with soft bases, such as reduced sulfur compounds. The oils were therefore selected to

provide a range of compositions, particularly with respect to sulfur content. The results are
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encouraging and show that liquid hydrocarbons can dissolve Pd in concentrations sufficient for

them to constitute ore fluids.

2.2 Crude Oil Characterization

Three crude oils, A, B, and C were supplied by Statoil for this study. The crude oils were selected
S0 as to provide a range of properties and compositions, i.e., API gravity, total acid number (TAN),
the proportions of paraffins, naphthenes, aromatics and asphaltenes, and the contents of sulfur (S)

and nitrogen (N). These are reported in Table 2.1.

Table 2.1 The characteristics and compositions of the three crude oils, A, B and C, employed in
our experimental study.

Parameters Oil A Oil B Oil C
API Gravity 26.6 25 19
Specific Gravity 0.895 0.904 0.94
Sulfur (wt.%) 0.84 0.52 0.82
Thiols/sulfides (ppm) 44 0 52
Thiophenes/Disulfides (ppm) 1401 37 1052
Benzothiophenes (ppm) 3892 1884 3164
Dibenzothiophenes (ppm) 2575 2737 2024
Benzonaphtothiophenes (ppm) 490 549 109
Nitrogen (wt.%b) 0.2 0.44
TAN (mgKOH/qg) 0.2 2.9 2.3
Paraffins (wt.%0) 37 19
Naphthenes (wt.%) 49 65
Aromatics (wt.%0) 13 15
Asphaltenes (wt.%0) 1.6 0.3 1.4

Crude oil is a complex mixture of organic and inorganic constituents, i.e., paraffins, naphthenes,
aromatics and asphaltenes, together with inorganic constituents such as S, N, trace elements and

silicate minerals (Manning and Gize, 1993). The proportions of the different organic constituents
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determine the API gravity, an inverse measure of the density of oil relative to that of water
(Speight, 2001). Crude oils are most simply distinguished by their API gravity. In this study, A is
the lightest (highest APl number) and C the heaviest (lowest APl number) crude oil that was
considered (Table 2.1). A parameter that is important in controlling metal uptake by crude oil is
the S content, as the thiol group (-SH) is known to be involved in the formation of metal organic
complexes (Lewan, 1984; Giordano, 1994; Speight, 2001). The crude oil with the lowest S content
is crude Oil B (0.52 wt.%) and that with the highest S content is crude Oil A (0.84 wt.%); crude
Oil C has a S content very similar to that of crude Oil A (Table 2.1). The TAN (mgKOHY/qg) value,
a measure of acidity, is also important to quantify because high acidity can lead to the
demetallation of metal organic compounds via ion-exchange reactions (Falk, 1964; Buchler, 1978;
Manning and Gize, 1993; Giordano, 1994). The TAN values for oils A, B and C are 0.2, 2.9 and
2.3 mg KOHY/qg respectively. Finally, the nitrogen content is important to know because it is a
measure of the porphyrin content, although other nitrogen compounds may also be present,
including amine, pyridine, quinolone, pyrrole and carbazole (Tissot and Welte, 1978). The crude
oil with the lowest N content is crude Oil B (0.2 wt.%), and that with the highest N content crude

is crude Oil C (0.44 wt.%; Table 2.1).

2.3 Methodology

2.3.1 Experimental Methods

The experiments were performed at 150, 200 and 250 °C and a pressure of approximately 12 bars
in quartz reactors prepared by fusing quartz tubing (OD = 12 mm, ID = 10 mm) supplied by

National Scientific Inc. (Figure 2.1). Prior to being used, the quartz reactors were cleaned with
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nitric acid (~75% HNOg) for 24 hours, rinsed with Milli-Q™ water and dried at 100°C for 2 hours.
The palladium was introduced in the form Pd(0) wire, and was placed in a fused quartz ampoule
(OD =9 mm, ID =7 mm) that had been cleaned using the method employed for the quartz reactors.
The ampoule was then placed in the reactor. Aliquots (~0.5 ml) of the three different types of crude
oil (A, B, and C) were placed in separate reactors, which were sealed using an oxyhydrogen flame.
All weights, namely, those of the quartz reactor before and after introduction of the Pd(0) wire-
bearing quartz ampoule and the crude oil, before and after an experiment, were carefully
determined using a high precision Mettler M3 analytical balance. The reactors were then placed in
a Thermo Scientific™ Thermolyne™ tabletop muffle furnace oven that had been preheated to the

desired temperature. The temperature was controlledto £ 1 °C.

After an experiment, the reactor was quenched to room temperature in water, opened with a
diamond cutter and the Pd(0) wire-bearing ampoule removed with disposable tweezers. The
reactor was then prepared for analysis by being stoppered with clean quartz wool to prevent loss

of material.

2.3.2 Analytical Method

The unreacted and reacted crude oils were analysed using a method similar to that described by
Sugiyama and Williams-Jones (2018). The crude oils were ashed using a combination of thermal
combustion and chemical oxidation, and the residues leached with HCI and analysed using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS; Fig. 2.1). Refer to Supplementary

Materials for further details on the ICP-MS dilutions and data correction.
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After an experiment, the Pd(0) wires were retrieved from their reactors, rinsed in toluene and
vacuum-dried at room temperature for 24 hours (Fig. 2.1). The surface composition of the wires
was characterized by X-ray Photoelectron Spectroscopy (XPS) on a Thermo Scientific Ka
spectrometer, using Al Ka radiation (1486 eV) and an X-ray spot size of 200 um. Scans were made
with a pass energy of 50eV and a resolution of 0.1 eV. The curve fitting analysis was performed
using Avantage software version 4.60 with Gaussian—Voigt curves functions and background

removal through the Smart method (Castle and Salvi, 2001).

1. Experimental setup 2. Sample preparation
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Figure 2.1 The experimental protocol employed for the investigation of Pd solubility and
speciation in oils A, B, and C at 150, 200 and 250 °C.
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2.4 Experimental Parameters

2.4.1 Temperatures of the experiments

Although the oil window extends from 80 to 160 °C (Peters et al., 2004), it is known from pyrolysis
experiments (Price and Wenger, 1992), and the entrapment of liquid hydrocarbons in black
smokers (Peter and Scott, 1988), that liquid hydrocarbons are stable for protracted periods of time
at temperatures above 300 “C. We therefore elected to conduct the experiments at temperatures of
150, 200 and 250 °C. The lowest temperature of the range was chosen for kinetic reasons, i.e., to
ensure that equilibrium was reached in a reasonable amount of time and the upper temperature

limit to avoid any risk of thermal degradation of the crude oils.

2.4.2 Duration of the experiments

To establish the time required for the experiments to reach equilibrium, Kinetic experiments were
conducted at 150, 200 and 250 °C using crude oils A, B and C. Aliquots of these crude oils were
reacted with Pd(0) wire for durations ranging from 1 to 30 days at 150 °C and 1 to 15 days at 200
and 250 °C, as discussed in Section 2.5.1, and the Pd concentrations in the crude oils were
determined as described in Section 2.4.2. As is evident from Figure 2.2, Pd concentrations in the
crude oils start to plateau after approximately 5 days. This is taken to be the steady-state
concentration of Pd in crude oil. Accordingly, experiments designed to determine the steady-state
concentration of Pd in crude oils were conducted for durations of 10 or more days at temperatures

of 150, 200 and 250 °C.
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2.5 Results

2.5.1 Results from the Palladium Solubility Experiments

From Table 2.2, it is evident that the Pd concentration in each crude oil decreased progressively
with increasing temperature. It is also evident that the composition of the crude oil plays a key role
in controlling Pd solubility. These differences in Pd concentration can be accounted for largely by
differences in the thiol content and perhaps also the asphaltene content of the oils. Qil C is the
heaviest and most asphaltene-rich oil; it also has the highest thiol content of the all the oils and
dissolved the highest concentration of Pd at each temperature tested. Oils A and B are lighter oils,
which have lower asphaltene contents than Oil C. Of these lighter oils, Oil A has the higher thiol
content and dissolved more Pd than its light counterpart, Oil B. Oil B contains no detectable thiols
but still dissolved 19.5 ppb of Pd at 150 °C, which means that Pd dissolution in crude oil is not
determined solely by the thiol content (See Section 2.6.1 for more detail). Nevertheless, it is
evident from Figure 2.3, which compares the maximum Pd concentration dissolved by each oil
with its thiol content, that the decreasing trend in maximum Pd concentration is mirrored by a
decreasing trend in thiol concentration. Of all the compositional parameters measured in our crude
oils, only the sulfur content and more broadly the asphaltene content correlate positively with Pd

concentration.
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Table 2.2 A summary of the experimentally determined solubility of Pd in oils A, B and C at 150,
200 and 250 °C. The palladium concentration at 25 °C is the background concentration

in the unreacted oils.

Oil A OilB oilC
Error Error
Temp. n* Pd(ppb) (%) n* Pd(ppb) (%) n* Pd(ppb) Error (%)
25°C 3 05+01 15 3 06+0.2 29 3 1.4+0.7 49
150 °C 3 60+20 32 3 20+4 21 3 130 + 30 22
200 °C 3 18+6 33 3 206 37 3 50+ 10 29
250 °C 3 16 +3 16 3 11+1 11 3 26.0+2 5.8
n* is the number of experiments conducted
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Figure 2.3 The maximum Pd solubility (ppb)in crude oils A, B and C versus their thiol

content (ppm).
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2.5.2 Results of XPS Analyses

X-ray Photoelectron Spectroscopy (XPS) was employed to determine the composition of the
residual oil coating the surface of the palladium wire. Sulfur is the most abundant element coating
the wire and accounts for approximately 6 atom% of the wire surface as determined by XPS. Figure
2.4 is an XPS spectrum for the sulfur compounds coating the Pd wire after reaction with Oil C at
150 °C. The prominent sulfur (S2p) peak, indicated by the dotted line, is centered at a binding
energy of 163 eV corresponding to the thiol functional group (Castner et al., 1996). This indicates
that most of the sulfur coating the wire is in the form of thiols, implying that palladium has a strong

affinity for the reduced sulfur in oil.

The thiol peak in Figure 2.4 is relatively broad and can be resolved into two separate peaks. The
peak at 164.7 eV indicated by the yellow line represents free thiols, whereas the green peak located
at 162.4 eV corresponds to palladium-thiolate. The latter interpretation assumes that the binding
energy for gold-thiolate is similar to that for palladium-thiolate, for which there are no data
(Castner et al., 1996). This means that, whereas some thiols remain unbound, a large proportion
of the thiols are chemically bonded to the palladium wire. A less prominent sulfur peak at 168 eV
corresponds to the sulfate functional group. The much smaller size of the sulfate peak relative to
the thiol peaks provides evidence that oxidized sulfur is a much less important ligand for
palladium, consistent with HSAB principles (Pearson, 1963); sulfate is a hard base and palladium

a soft acid.
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Figure 2.4 An XPS spectrum illustrating the sulfur speciation of residual oil on a palladium wire
after reaction with oil C at 150 °C. The thiol peak is resolved into an unbound thiol peak in yellow
(~164eV) and a palladium-thiolate peak in green (~162eV).

In Figure 2.5, we show an XPS spectrum for palladium after reaction with crude QOil C at 150 °C.
Deconvolution of the spectrum reveals that the wire is coated in a mixture of native Pd metal and
Pd(I1). The XPS spectrum for the native Pd metal consists of a doublet (in green) with the Pd 3ds)2
and 3da. peaks centered at 335.7 and 340.9 eV, respectively. The Pd(ll) doublet (in purple) is
shifted to slightly higher binding energies than the doublet of its non-oxidized counterpart. Thus,
the palladium wire was oxidized by reaction with the crude oil, whereas thiols in the oil were
reduced to form palladium-thiolate. In this reaction the hydrogen atom of the thiol group is
replaced by a Pd atom (2 RSH + Pd(0) => (RS)2-Pd*™). Palladium-thiolates are clearly stable in
crude oil up to 150 °C and are important in controlling palladium solubility in liquid hydrocarbons.

This is consistent with the predictions of HSAB theory (Pearson, 1963).
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Figure 2.5 An XPS spectrum of the palladium wire after reaction with crude oil C at 150 °C. The
grey doublet corresponds to the Pd(I1) species whilst the green doublet corresponds to Pd(0).

2.6 Discussion
2.6.1 Factors determining Pd concentration and speciation in crude oil

Sulfur compounds in mature crude oils evolve during the mobilization of hydrocarbons through
oil-rock interaction. Our results suggest that thiol-rich crude oils can dissolve appreciable
concentrations of Pd, with Oil C, our most thiol-rich oil, dissolving up to 127 ppb Pd at 150°C.
This oil contains 52 ppm of thiols, which is a low concentration compared to that reported for
some crude oils. For example, the “Rodney Crude” described in Ho et al. (1974) has a thiol content
of 3179 ppm based on an API gravity of 32 and a mercaptan number of 275 (refer to Supplementary
Materials, Section B for a calculation of the thiol content of the Rodney Crude oil). Similarly, the

“Light Mixed B.C.” oil, also described by Ho et al. (1974), has a thiol content of 1310 ppm. Based
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on the results of our experiments, an oil such as the Rodney Crude or the Light Mixed B.C. oil
would be expected to dissolve substantial amounts of Pd. Mature thiol-rich crude oils of this type
come from deep carbonate reservoirs, which contain elevated concentrations of hydrogen sulfide
and are typically associated with sulfate-bearing carbonate sequences (Ho et al., 1974; Cai et al.,
2003; Wei et al., 2011; Nguyen et al., 2013). Orr et al. (1974) proposed that thermochemical sulfate
reduction (TSR) was responsible for the large concentrations of hydrogen sulfide and polysulfides
in oils hosted by carbonate reservoirs. Reactions between hydrogen sulfide and organic compounds
from oil, gas or condensates can produce an elevated steady-state concentration of thiols, leading
to thiol-enriched oils (Ho et al., 1974, Wei et al., 2011, Cai et al., 2003, Nguyen et al., 2013). In
contrast, oils that mature in the absence of sulfate have low total sulfur and thiol contents (Ho et

al., 1974; Orr et al., 1974).

Another compositional parameter that may control Pd dissolution in high specific gravity crude
oil is the asphaltene content; asphaltenes comprise a variety of very high molecular weight
compounds including porphyrins, which are effective metal chelators (Filby et al., 1987). As they
form stable complexes with Pd (Kostas et al., 2007), porphyrins could play an important role in
the dissolution of PGEs in crude oils. This is supported by the observation that the metalation of
porphyrins during diagenesis by chalcophile elements such as Ni is promoted by ion transfer
compounds like carboxylic acids (Lipiner et al., 1988). Since Pd is a dio transition metal and a
chalcophile element like Ni, it should display an analogous chemical behavior. If we assume this
to be the case, then an oil with a high carboxylic acid content can potentially form Pd porphyrin
complexes under diagenetic conditions. Interestingly, Oil B has the highest TAN (an indicator of

high carboxylic acid content) of the three crude oils considered in this study (2.9 mg KOH/g).
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Furthermore, although Oil B contains no detectable thiols, it has a moderate asphaltene content
(0.3 wt.%). Thus, Oil B has the potential to form Pd porphyrins, which may explain why it was
able to dissolve significant Pd despite the absence of thiols. In contrast, Oil A has the lowest TAN
and asphaltene content of the oils tested but contains 44 ppm thiols and so is likely to dissolve Pd
as a thiolate complex rather than as a porphyrin complex. Qil C has the highest thiol content of the
three crude oils tested (52 ppm thiol S), displays a strong chemical affinity for thiols according to
our XPS analyses and also dissolved much more Pd metal than the other two oils. However, Oil C
also has the largest asphaltene fraction (1.4 wt.%) of the three oils and a high TAN (2.3 mg
KOH/qg), suggesting that the very high concentration of dissolved Pd may be due partly to the

formation of Pd porphyrins.

2.6.2 The environment of hydrocarbon-associated palladium ore formation

The Kupferschiefer, Zunyi and Boss deposits all exhibit notable Pd enrichment and lie in close
spatial proximity to sulfate-bearing carbonate sequences. For example, the Permian Kupferschiefer
is overlain by an anhydrite-rich carbonate sequence (Oszczepalski, 1999) and, consequently, some
researchers have suggested that TSR may have played a role in the mineralization of the
Kupferschiefer deposit, although this continues to be debated (Bechtel and Puttmann, 1991; Jowett
et al., 1991; Oszczepalski et al., 2012). In contrast, the Zunyi deposit in Southern China consists
of a thin layer of transition metal sulfides within a sequence of black shales. The black shales
locally contain barite deposits and unconformably overlie a thick sequence of Precambrian
dolomite (Lott et al., 1999; Mao et al., 2002). Moreover, barite is commonly observed in the Zunyi
deposit (Murowchick et al., 1994), an important precondition for the production of reduced sulfur

by thermochemical sulfate reduction. Finally, it is noteworthy that sulfate-bearing minerals
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(plumbojarosite and hydronium jarosite) are also observed in close association with bitumen in the

Boss deposit (Jedwab et al., 1999).

Although, there is no agreement on the genesis of black-shale-hosted PGE deposits, most
researchers favor one of two models, a synsedimentary model, in which the metals precipitate from
the seawater column and accumulate at the seawater-sediment interface, and a hydrothermal model
in which the metals are deposited by sea-floor vent fluids (Jowitt and Keays, 2011; Kucha and
Przybylowicz, 1999). These models, however, do not adequately account for the fact that a
significant proportion of the Pd in black-shale-hosted deposits occurs as metal organic bituminous
material (Kucha, 1993; Mitkin et al., 2000). Indeed, the currently favored genetic models do not
consider this observation, proposing only that hydrocarbons act as chemical reduction fronts which
aid in the precipitation of redox sensitive elements from a metalliferous hydrothermal fluid or from
seawater (Disnar and Sureau, 1990). A hypothesis that therefore needs to be considered is that the
metals were transported to the site of deposition in liquid hydrocarbons. In the case of the Zunyi
deposit in southern China (Ni-Mo-PGE), support for liquid hydrocarbons as alternatives to a
hydrothermal ore fluid is provided by the fact that the principal ore metal, Ni, is sparingly soluble
in aqueous liquids. Indeed, chemical analyses of modern petroleum and bitumen from over-mature
reservoirs and analyses of petroleum in modern hydrothermal seafloor vents all indicate that the
major metals concentrated in the ore zone at Zunyi are all very soluble in petroleum (Emsbo et al.,
2005). This conclusion led Emsbo et al. (2005) to propose that petroleum, rather than a

hydrothermal fluid, was responsible for the metal enrichment of the Zunyi Deposit.
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Platinum group element enrichment is associated with organic matter potentially derived from
petroleum in a number of black-shale-hosted deposits, i.e., Zunyi, Nick, the Polish Kupferschiefer
and the Boss deposit. At Zunyi, particles of migrabitumen, indicative of brecciation by petroleum,
have been found in the ore zone (Kiibek et al, 2007). Large bituminous veins underlie the
mineralized horizon of the Nick Prospect, potentially documenting the passage of a liquid
hydrocarbon fluid into the black shales from below (Hulbert et al, 1992). Polyaromatic sulfur
hydrocarbons (PASH), which are common constituents of crude oils, are abundant in organic
matter associated with the sulfide ore of the Polish Kupferschiefer and are interpreted by Puttmann
and Gofel (1990) to have been transported into the Kupferschiefer from the underlying
Carboniferous strata. Finally, the PGE-ore of the Boss Deposit is hosted by bitumen in breccias

that almost certainly represents the residues of petroleum (Jedwab et al., 1999).

The ability of a crude oil to dissolve Pd is dependent on the abundance of key ligands in the oil, of
which thiols appear to be the most important (this study). Metals and thiols can be incorporated
into hydrocarbon source rocks by sulfate reducing bacteria during sedimentation (Vairavamurthy
and Mopper, 1987). As shales undergo diagenesis, the metal and sulfur content of the nascent oil
will reflect that of the source rocks (Caumette et al., 2009). The thiol content of the oil, however,
may be increased to unusually high levels through catagenetic reactions like TSR that occur when
the oil encounters sulfate minerals at temperatures in excess of 100°C (Machel, 2001). These thiol-
rich oils, of which the Rodney crude and Light Mixed B.C. oils (see above) are examples, in turn,
would have greatly enhanced capacity to leach ‘soft’ metals like Pd from the surrounding
sediments, potentially leading to orders of magnitude higher Pd concentrations than those of our

experiments, which employed comparatively thiol-poor oils. We propose that such metalliferous,
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thiol-enriched oils eventually accumulate in traps where, through continued heating, form

carbonaceous, PGE-rich sulfide seams exemplified by the deposits referred to in this paper.

2.6.3 Evaluation of the potential of crude oils to act as ore fluids for palladium

In the previous section, we discussed evidence for the association of petroleum with PGEs in
several deposits, among which, the Kupferschiefer is the most important. Because of its location
at the edge of the Carboniferous-Rotliegend petroleum system, which occupies a large part of the
southern North Sea and adjacent onshore parts of Europe (Gautier, 2003), it is therefore
reasonable to propose that the Kupferschiefer was infiltrated by hydrocarbons from this source.
Moreover, this hypothesis is supported by the observation that the source rocks (Carboniferous
Coal Measures), reservoir rocks (Permian Rotliegend sandstones), and evaporite seals (Zechstein
formation) of the Carboniferous-Rotliegend petroleum system (Gautier, 2003) are reproduced by
the Kupferschiefer stratigraphy, i.e., the Kupferschiefer shales are overlain by the Zechstein
evaporites and underlain by the Permian Rotliegend sandstones (Kucha and Przybylowicz,

1999).

A key question for the present discussion is whether the Carboniferous-Rotliegend petroleum
system could have supplied sufficient petroleum to the Kupfershiefer shales to account for the
mass of Pd that accumulated in this deposit. To answer this question, we calculated the size of the
Pd resource in the Polish Kupferschiefer (Supplementary materials; Section C) by integrating the
annual production of Pd from the start of mining in 1995 to present and the projected annual
production to 2054, when the last reserves are predicted to be exhausted. According to this

calculation, the Polish Kupferschiefer initially contained ~ 1000 kg of Pd. Assuming that the
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putative petroleum ore fluid contained 100 ppb of Pd (Oil C dissolved a maximum of 127 ppb Pd),
it follows that 10 billion kg of oil would have been required to form the Kupfershiefer resource of
1000 kg of Pd ore. By comparison, the Carboniferous-Rotliegend petroleum system in Western
Europe hosts estimated mean undiscovered resources of 144 million barrels of oil which, given an
oil density of 940 kg/m® (comparable to Qil C), is equivalent to 21.5 billion kg of oil. Thus, the
Carboniferous-Rotliegend petroleum system would have been more than sufficient to form the Pd
resource of the Polish Kupferschiefer. We note also that our estimate of the amount of oil needed
to form the Kupferschiefer is conservative, because of the relatively modest thiol content of Oil C

compared to that reported for many other crude oils (Ho et al., 1974).

In assessing the potential of petroleum as an ore fluid, it is important to compare the Pd solubility
to its solubility in hydrothermal fluids, which as discussed earlier, also have been invoked to
explain Pd enrichment in black shales. The solubility of Pd in hydrothermal fluids at temperatures
comparable to those considered in this study is controlled mainly by the formation of chloride and
bisulfide complexes and depends on the ligand concentration, oxygen fugacity and pH. As a
chloride complex, the solubility of Pd exceeds 1 ppb only under highly oxidised conditions (above
the magnetite-hematite oxygen buffer), at relatively low pH (< 4) and at unusually high salinity (>
3 m NaCleg.) (Gammons and Bloom, 1992). The solubility of Pd is similarly low as a bisulfide
complex; for a geologically realistic reduced sulfur concentration of 0.01 m, the solubility of Pd
at 200°C is < 1ppb (Gammons and Bloom, 1993). For comparison, the highest concentration of
Pd that has been measured in a hydrothermal fluid is 2 ppb, which was for a geothermal fluid at
300 °C (McKibben et al., 1990), considered to be an analogue for epithermal ore-forming fluids

(Clark and Willams-Jones, 1990). In summary, the solubility of Pd in Oil C at 150 °C (our thiol-
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rich oil) is at least two orders of magnitude higher than the solubility of Pd in hydrothermal fluids
that might have been present during the formation of black shale-hosted Pd deposits, further
strengthening the case that hydrocarbon liquids rather than aqueous fluids are the main agents of

Pd transport for black-shale-hosted Pd deposits.

2.7 Conclusions

We have demonstrated that crude oils can serve as effective Pd ore fluids for black shale-hosted
deposits. X-ray Photoelectron Spectroscopy analyses of Pd wires reacted in crude oil at 150 °C
indicate that Pd has a strong chemical affinity for the reduced sulfur fraction of crude oil causing
Pd to be preferentially dissolved as thiolate complexes. Heavy crude oils that mature in the
presence of sulfate at the interface between a black shale and a carbonate sequence at temperatures
between 100 and 140°C are likely to undergo thermochemical sulfate reduction. This leads to
hydrogen sulfide production and the formation of a thiol-rich oil. Palladium concentrations in our
most thiol-rich oil reached 127 ppb at 150°C, which is considerably higher than the solubility of

Pd in hydrothermal fluids of the type that have been invoked as possible ore fluids.

Despite the clear link between thiol and Pd concentrations in crude oil, one of our oils dissolved
19 ppb Pd at 150°C yet contained no detectable thiols. We attribute this to the formation of Pd
porphyrin complexes in the asphaltene fraction of the oil. Given that carboxylic acids promote the
metalation of porphyrin complexes by metals such as Pd, we propose that the transport of Pd as
Pd-porphyrins is likely to be important in heavy oils with a large asphaltene fraction and a high
carboxylic acid to thiol ratio. Lastly, we note that in crude oils with truly anomalous thiol contents,

Pd concentrations are expected to far exceed the concentrations reported in this study.
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A. ICP-MS sample preparation and data correction

The crude oils were ashed using reusable Pyrex™ culture tubes and glass wool that was
cleaned with HNO3 for 24 hrs, rinsed with Mili-Q® water for two hours, and then dried in an oven
for one hour at 150 °C. Three mL aliquots of oil were placed in three separate culture tubes, which
were capped with glass wool to prevent loss of ash. The capped culture tubes were then combusted
at 550 °C in a muffle furnace for 12 hours. After combustion, 0.25 ml of 75% Optima™ grade
HNOs3, 0.5 ml of Optima™ grade H,O, and Trace metal grade 0.25 ml HCI were placed in each
culture tube to oxidize the ash and leach the metals. The crude oils, acids, and culture tubes were

weighed at each of the steps outlined above.

We measured Pd and &Y counts in digested samples (crude oils from Table A), Pd
standards (0.1, 0.5, 1, 5, 10, 15, 20 and 50 ppb standards diluted from 1000 ppm Pd agueous
standards supplied by SCP Science Ltd.) and a blank solution (1 ppb Yttrium () diluted from
1000 ppm Y aqueous standards supplied by SCP Science, 2% Optima grade HNO3, and Mili-Q®
water). The blank solution was also used as a diluent for the digested acid samples and the
standards. Digested acid samples were diluted ~80x in 50 ml centrifuge tubes, and then analysed
with an ICP-MS using Y as an internal standard. To convert the counts to concentrations, we
constructed calibration curves for each metal by plotting the corrected 1%Pd/®Y ratios (:®°Pd/®Y
ratios subtracted from the blank %Pd/®Y ratios; Eq. A.1) with known standard concentrations
(Eq. A.2). All the calibration curves regressed linearly through the origin with a R? > 99.9%.
Finally, the metal concentrations in the samples were determined by converting counts to

concentrations using the slope from Eqg. A.2, and then corrected by multiplying dilution factors
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and density factors to account for dilutions and acid-oil density differences between the digested

acid samples and the original oil samples (Eg. A.3).
105p 4 105p 4
( 89y ) = ( 89y )

105
Tpd = slope X Known Pd Standard Concentration (C1) Equation
Y

Corrected standard

105
— ( 89Pd> Equation A.1
Y
blank

Corrected Sample

A2

Metal Concentration in Crude Oil = C1 x Dilution factor x M Equation A.3
oil (in grams)

B. Calculation of the thiol content of the Rodney Crude oil

_ 1415

API - 131.5, where API is a measure of the weight of petroleum liquids and SG is the

specific gravity of the oil.

1415
Therefore, SG¢ = ———
API+131.5

The API value for the Rodney Crude is 32. (Ho et al., 1974)

141.5

SG = =0.865
Rodney Crude 32+131.5

SG = £9L where p denotes density.
PH20

Assuming py20 = 1.0 g/mL

pRodney Crude = SGRodney Crude — 0.865 g/ml—
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mg of thiol S

Mercaptan Number=
100mL

(Oswald, 1961)

The Mercaptan number for the Rodney Crude is 275 (Ho et al., 1974)

, 10009
275 mg of thiol s _ 275Mgthiol Sx—C0™ 375000 ug
5sesg — 3179 ppm
mL

Mercaptan Number= = =
100mL 100mL X prodney crude  100mL x

Thus, the Rodney Crude contains 3179 ppm of thiol S.
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Ho, T.Y., Rogers, M.A., Drushel, H.V. and Koons, C.B., 1974. Evolution of sulfur compounds in

crude oils. AAPG Bulletin, 58(11), p.2338-2348.

Oswald, A.A., 1961. Organic Sulfur Compounds. Ill. Co-Oxidation of Mercaptans with Styrenes

and Indene. The Journal of Organic Chemistry, 26(3), pp.842-846.

C. Calculating size of the Pd resource at Polish Kupferschiefer and the petroleum reserves
of the Carboniferous-Rotliegend petroleum system

Calculating Pd resource of the Polish Kupferschiefer

Pt and Pd are extracted together as a by-product of copper mining at the Polish Kupferschiefer.

Pd + Pt produced in 1995: 95 kg (Piestrzynski and Sawlowicz, 1999)
Pd + Pt produced in 2011 = 2505 oz x 0.0284kg/oz = 71kg (Bartlett et al, 2013)

Working mines of Polish Kupferschiefer have average concentrations of 0.2ppm Pt and 0.1ppm
Pd. (Piestrzynski and Sawlowicz, 1999)
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Pt:Pd = 2:1

We can use this ratio to estimate how much Pd was extracted in each year
Pd (1995) = 95kg/3 = 31.7 kg

Pd (2011) = 71kg/3 = 23.7 kg

The earliest available report of Pd production at the Polish Kupferschiefer that we could find
dates to 1995 (Piestrzynski and Sawlowicz, 1999) and mining is expected to last until 2054 at the
latest (Speczik et al, 2013).

Now we can use these data to linearly extrapolate the amount of Palladium mined in any given
year.

B0
50

40
Pd{1995)=31.7kg

20
PA{2011}=23.7kg

..... | [Pd(t)=-0.5t + 1029.2]

Pd mined {kg)

20

10

1985 2005 2015 2025 2035 2045

Year

Supplementary Figure 2.1 Linear extrapolation showing the amount of Pd extracted from the
Polish Kupferschiefer every year.

Estimation of total Pd resource at the Polish Kupferschiefer

2054

Total Pd = [

1029.2 — 0.5t dt = 1000kg

Quantity of oil required to form the Pd mineralization at the Polish Kupferschiefer

Assuming oil is transporting 127ppb Pd.
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127ppb = 127x10"°kg Pd /kg oil = 1.27x10~7 kg Pd /kg oil

1.27x10" kg Pd

Amount of oil = 1000kg Pd/ g oil

= 7.87 billion kg oil

Mean undiscovered resources in Carboniferous Rotliegend petroleum stystem.

Mean undiscovered resources of the Carboniferous-Rotliegend petroleum system: 144 million
barrels of oil

Assuming oil density is equal to Oil C

1000kg 1000kg

Density oil C (p) = Specific Gravity Oil C x ——=10.94 x =940 kg/m?3

Volume of oil barrel= 0.159 m3/barrel

0.159m3 940 kg

Mass of oil in petroleum system = 144x10®barrels x
barrel

= 21.5 billion kg oil
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Preface to Chapter 3

The results presented in Chapter 2 demonstrate that crude oil can serve as an effective ore fluid
for the transport of Pd in sediment-hosted deposits. Furthermore, it was shown that the entire Pd
resource in the Kupferschiefer deposit in Poland could have been supplied by crude oil sourced
from the underlying Carboniferous strata. Nonetheless, arguably the most compelling evidence
for the transport of metals by petroleum is found in the sediment-hosted Pb-Zn deposits of the
Mississippi Valley Type (MVT) class. Chapter 3 reports the results of experiments designed to
evaluate the solubility and speciation Zn in the same crude oils that were considered in Chapter
2. It also discusses the factors that contribute to the formation of Zn-rich crude oils as well as the
geochemical conditions required to precipitate Zn from metalliferous crude oil to form an ore
deposit. Wires of Zn(0) were reacted in crude oils at 150, 200 and 250°C and the steady-state
concentration of Zn in these oils was determined. This was accomplished by digesting the
reacted oils and analyzing them by ICP-MS. The surface of the Zn wires was analyzed by XPS to
identify the ligands in crude oil that have a high affinity for Zn. An experiment was also
conducted that had been devised to precipitate sphalerite, ZnS, from crude oil by mimicking the

geochemical conditions found in the ore zones of Mississippi Valley Type (MVT) deposits.
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Abstract
Although the ore fluid for Mississippi Valley Type (MVT) deposits is universally considered to
be a basinal brine, the common occurrence of liquid hydrocarbons as inclusions in one of the ore
minerals (sphalerite) raises the question of whether liquid hydrocarbons could play a role in
metal transport. Here, we explore the potential of liquid hydrocarbons to act as an ore fluid by
determining the steady-state concentration of zinc in crude oil and evaluating the factors that
promote its dissolution. To this end, zinc wires were reacted with a series of oils (labelled oils A,
B and C) at 150, 200 and 250 °C, and the steady-state concentration of Zn was determined. Zinc
concentrations were observed to increase with temperature and with the Total Acid Number
(TAN) of the oils, the latter of which is strongly correlated to the carboxylic acid content of
crude oil. Crude oil B, the highest TAN oil, dissolved 1700 £+ 0.8 ppm of Zn at 250 °C, which is
comparable to the highest Zn concentration inferred to have been dissolved in brines interpreted
to represent MVT ore fluids. X-ray Photoelectron Spectroscopic (XPS) analyses performed on
the residual oil coating the zinc wires after the reaction supported the conclusion that Zn has a
strong chemical affinity for carboxylic acids in crude oil. Finally, an experiment designed to
precipitate sphalerite crystals from a Zn-rich synthetic oil at room temperature showed that
sphalerite precipitation from liquid hydrocarbons proceeds efficiently in a carbonate-buffered,

H.S -rich environment.
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3.1 Introduction

Zinc ([Ar] 3d° 4s?) is the 24th most abundant element in the Earth's crust and the second most
abundant metal in the human body after iron (Huang and Gitschier, 1997). Unlike the transition
metals, the Zn(2+) ion has a full d-orbital and so does not participate in redox reactions but rather
acts as a Lewis acid accepting electrons to form stable complexes with variety of ligands and in
varied geometries. This makes Zn a metal of noteworthy biological significance, serving as an
essential enzymatic co-factor for the growth, development and differentiation

of all types of life, including micro-organisms, plants and animals (McCall et al., 2000). It also
explains its accumulation and retention to significant levels in organic matter (Jones, 1975;

Shuman,1999), including liquid hydrocarbons (see below).

Since Roman times, when it was alloyed with copper to form brass, zinc has been an important
metal in human development (Craddock,1978), and currently some 13 million tons of the metal
are used annually in a large variety of industrial applications (Thomas, 2018). Much of the
current production of zinc is from the mining of deposits hosted by carbonate-rich sedimentary
rocks, in which it occurs as the mineral sphalerite (ZnS), making zinc a chalcophile or “sulphur
loving” element (Lee and Saunders, 2003). Many of these deposits belong to the Mississippi
Valley Type (MVT) deposit class (Anderson and Macqueen, 1982; Leach et al., 2010), and are
epigenetic, typically occurring on the flanks of sedimentary basins, orogenic forelands, or
foreland thrust belts inboard of clastic rock-dominated passive margin sequences (Leach et al.,

2010). Nearly all of them are dolomite-hosted with the zinc and lead ore minerals (sphalerite and
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galena) occurring commonly within cavities or as breccia cements in the carbonate rocks

(Anderson and Macqueen, 1982).

The generally accepted hypothesis for the formation of MVT deposits is that the metals are
transported in basinal brines (oil field brines) that migrate into carbonate reservoirs (limestone
reefs) formerly occupied by liquid hydrocarbons; the hydrocarbons, which have lower density
than the brines, precede the latter. There, the brines deposit the metals as a result of mixing with
fluids from the backreef, in which sulphate is thermally reduced to HS by interacting with the
hydrocarbon residues (Leach et al., 2010). This hypothesis is supported by the close association
of MVT deposits with hydrocarbons, such as bitumen (Anderson and Macqueen, 1982).
However, hydrocarbons are also commonly present as fluid inclusions in the sphalerite ores
(Roedder, 1979; Anderson and Macqueen, 1982; Etminan and Hoffmann, 1989), which raises the
possibility that instead of acting solely as reductants, the hydrocarbons could also have served as
agents of metal transport. This latter hypothesis would be consistent with the observation that the
oil window (80-160 °C; Peters et al., 2004) overlaps with the temperatures at which MVT
deposits commonly form (100-150 °C; Anderson and Macqueen, 1982; Parnell, 1988). It is also
supported by the observation that crude oils commonly contain high concentrations of Zn (up to

160 ppm, Jones, 1975).

In this paper, we examine the hypothesis that, in some cases, liquid hydrocarbons can dissolve
enough Zn to act as ore fluids for MVT deposits. To this end, we experimentally investigated the
solubility of zinc in crude oils of variable composition at temperatures up to 250 °C. As sulphur

in these deposits is generally considered to come from evaporites and to be supplied for mineral
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precipitation as H»S through the process of bacterial sulphate reduction (BSR) or
thermochemical sulphate reduction (TSR), we also report the results of experiments designed

to precipitate sphalerite from a synthetic liquid hydrocarbon fluid.

3.2 Materials and methods

3.2.1 Crude oil characterization

The crude oils A, B and C used in this study, as well as data on their compositions and physical
properties, were supplied by Statoil Canada. These oils differ markedly from one to another, both
compositionally and with respect to their physical properties (Table 3.1). For example, the oils
vary greatly in their sulphur content and the proportions of different sulphur compounds (thiols,
polysulphides, thiophenes, benzothiophenes). Certain sulphur compounds, notably thiols, are
well known for their ability to form metal organic complexes with chalcophile elements (Lewan,
1984; Giordano, 1994; Speight, 2001) and so are of particular interest when studying metal
solubility in oil. Our oils also differ considerably in their Total Acid Number (TAN), a measure
of oil acidity, which is strongly correlated to the carboxylic acid content (Meredith et al., 2000).
Significantly, short-chain carboxylic acids have been proposed as potentially effective ligands
for the transport of Zn in aqueous fluids, such as those thought to be responsible for the
formation of MVT deposits (Giordano, 1985; Sverjensky, 1986; Giordano and Kharaka, 1994).
Consequently, the carboxylic acid content of an oil, which is reflected in its TAN, may also play

an important role in controlling zinc solubility in liquid hydrocarbons. Lastly, the nitrogen and

94



asphaltene content of the oils are parameters that should be considered because of their
association with nitrogen-bearing ligands such as porphyrins, which are well-known for their
ability to form metal organic complexes. Indeed, nickel and vanadium porphyrins are very
commonly present in crude oil, and chromium, titanium, cobalt and zinc porphyrins have all

been identified in oil shales (Duyck et al., 2007).

Table 3.1 The characteristics and compositions of the three crude oils, A, B and C, employed
in our experimental study.

Parameters Oil A Oil B Oil C
API Gravity 26.6 25 19
Specific Gravity 0.895 0.904 0.94
Sulfur (wt.%) 0.84 0.52 0.82
Thiols/sulfides (ppm) 44 0 52
Thiophenes/Disulfides (ppm) 1401 37 1052
Benzothiophenes (ppm) 3892 1884 3164
Dibenzothiophenes (ppm) 2575 2737 2024
Benzonaphtothiophenes (ppm) 490 549 109
Nitrogen (wt.%0) 0.2 0.44
TAN (mgKOH/qg) 0.2 2.9 2.3
Paraffins (wt.%0) 37 19
Naphthenes (wt.%b) 49 65
Aromatics (wt.%) 13 15
Asphaltenes (wt.%0) 1.6 0.3 1.4

3.2.2 The solubility and speciation of zinc in liquid hydrocarbons

In order to determine the steady-state concentration of elemental zinc in crude oil, zinc wires
were reacted in crude oils A, B and C at 150, 200 and 250 °C. This involved reacting a zinc wire
in oil inside a sealed quartz tube for variable durations (5, 10, 15 and 30 days). After the
experiments, the tubes were quenched in water at room-temperature and the metal wire was
removed. The oil was then combusted in a furnace at 550 °C for 24 h and the resulting char was
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leached in a solution composed of 2:1:1 parts H202:HNOs: HCI for a further 24 h. The leaching
solution was diluted in a 2% HNOs3 solution and analysed by ICPMS using Y as an internal
standard. Further details of the experimental and analytical methods are given in Sanz-Robinson

et al. (2019) and Sugiyama and Williams-Jones (2018).

After reaction with oil, the zinc wires were removed, rinsed in toluene and vacuum dried for 24
h. The residual oil coating the wires was analysed by X-ray Photoelectron Spectroscopy (XPS) to
gain insight into the types of ligands in oil, which preferentially bind to zinc. The surface
composition of the wires was characterized by XPS on a Thermo Scientific Ka spectrometer,
using Al Ko radiation (1486 eV) and an X-ray spot size of 100 um. Scans were made with a pass
energy of 50 eV and a resolution of 0.1 eV. We used the Thermo Scientific Ka spectrometer
etching capability to progressively etch the zinc wire with an argon (Ar®) ion beam and analyse
the freshly exposed zinc surface. Progressive etching removes ligands that are weakly bound to
the surface of the wire, thereby exposing ligands that have a greater chemical affinity for zinc

and are more deeply embedded in the wire.

3.2.2.1 Temperature and duration of the experiments

The oil window extends from 80 to 160 °C (Peters et al., 2004). Pyrolysis experiments (Price and
Wenger, 1992) and evidence from liquid hydrocarbons entrapped in black smokers (Peter and
Scott, 1988), however, both suggest that oil remains stable to temperatures above 300 °C for
protracted periods of time (>30 days). Thus, the range of experimental temperatures selected for

this study (150-250 °C) was based on oil window temperatures and oil stability considerations.
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In order to determine the steady-state concentration of zinc in an oil at a given temperature, zinc
wires were left to react in the oil for different durations (see Fig. 3.1). Zinc concentrations were
measured after reaction with the oils for 5, 10, 15 and 30 days. Every data point in Fig. 1 is the
average of three trials performed at the same temperature and duration and the associated error
bars represent the standard deviation of the three trials. As is evident from Fig.3.1, a steady-state
concentration was reached in <30 days, and in some cases in as little as 5 days. Nevertheless, the
experimental errors for oils B and C decreased, if reaction times were prolonged to the full 30
days. Experimental errors for oil A remained the same for all durations. Zinc concentration in the
crude oils was deemed to have reached a steady state when the concentration reached a plateau
value and the experimental error was at a minimum. All subsequent experiments were conducted

for durations predicted to produce a steady-state concentration.
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Figure 3.1 Concentration of Zn in crude oils A, B and C at 150, 200 and 250 °C as a function of

the duration of the experiments. The vertical lines are error bars indicating the experimental

uncertainty.

3.2.3 Precipitation of sphalerite from a synthetic zinc-rich oil

The Conostan® 1000 ppm Zn oil standard (Catalogue #CB7-100-032), which is composed of
Zn-alkylaryl sulphonate (1000 ppm Zn) dissolved in crude oil (compositional information for

this Zn oil standard is provided in Supplementary materials, Section A), was injected into a

reaction vessel atop a layer of calcite-buffered, 15 wt% NaCl brine. Hydrogen sulphide gas was
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generated in an external flask by dripping 38% hydrochloric acid onto sodium sulphide. The
hydrogen sulphide gas was pumped through the reaction vessel under positive pressure for five
(5) minutes to ensure a hydrogen sulphide atmosphere (Sup. Fig. 3.1). The reaction vessel was
then sealed and left to rest for 24 h at room temperature. Sphalerite crystals were seen to
precipitate from the oil after 10 min. The crystals were separated by centrifuging the brine, and
their composition was confirmed using a Rigaku SmartLab X-ray diffractometer (XRD) with Cu

Ka radiation (A=0.154 nm).

3.3 Results

3.3.1 Solubility and speciation of Zinc in crude oil

The Zn solubility increases with temperature for the three oils tested (Table 3.2). In addition,
zinc solubility increases with TAN concentration at the three temperatures considered (Fig.3.2).
Oil B, our highest TAN oil (Table 3.2), with a TAN value of 2.9 mgKOH/g, dissolved 1700 ppm
Zn at 250 °C, the highest Zn concentration dissolved in any of our experiments. At the same
temperature, Oil C, with a TAN value of 2.3 mgKOHY/g, dissolved 1520 ppm Zn and Oil A, with
a TAN value of 0.2 mgKOH/g, dissolved 244 ppm. Steady-state concentrations of Zn in the

crude oil were observed to correlate strongly and exclusively with oil TAN values.
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Table 3.2 The experimentally determined steady-state concentration of Zn in crude oils A, B and

C at 150,200 and 250 °C. The Zn concentration at 25 °C is the background concentration in the

unreacted oil.

Oil A Qil

B

n* Zn (ppm) Error n* Zn (ppm)

(Ppm)
25°C 3 0.1 0.1 3
150°C 3 50 10 3
200°C 3 90 30 3
250°C 3 240 20 3

n* is the number of experiments conducted.
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Figure 3.2 Zn solubility (ppm) in crude oils A, B and C versus the oil TAN (mgKOH/qg).

As noted earlier, X-ray Photoelectron Spectroscopy analyses were performed on the residual oil

coating the zinc wires after reaction with crude oil (see Fig. 3.3). The zinc wires were covered in
a layer of carbon (C), oxygen (O) and sulphur (S). Progressive etching of the Zn wires led to an

increase in the relative abundance of Zn and O and a decrease in the relative abundance of C as

detected by XPS. The relative abundance of S did not change significantly during etching. This

indicates that Zn has a strong chemical affinity for the oxygen-bearing fraction of crude oil, a

weaker affinity for S and a weaker affinity still for C in crude oil.
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Figure 3.3 An XPS spectrum identifying the major elements bound to the Zn wire after reaction
with Qil C at 200 °C. The relative abundances of these elements changed as the wire was
progressively etched.

3.3.2 Precipitation of sphalerite from a Zn-rich oil

A reaction designed to precipitate Zn from oil in the presence of hydrogen sulphide gas was
carried out successfully (details of the experimental setup are provided in Section 3.2.3).
Although the reaction was allowed to proceed for 24 h, sphalerite crystals were seen to
precipitate at the oil-brine interface as a cloud of small, white crystals after just 10 min (Fig. 3.4).
The composition of the crystals was confirmed using XRD (see Fig. 3.5). The mass of sphalerite
that precipitated was measured and shown to represent for 44% of the Zn initially present in the

oil (see Supplementary materials, Section B for details of the calculation).
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Figure 3.4 Reaction vessel containing sphalerite that was precipitated from a 1000 ppm zinc-
sulphonate oil.
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Figure 3.5 An XRD spectrum of the sphalerite precipitated from a 1000 ppm zinc-sulphonate
oil.
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3.4 Discussion

3.4.1 Factors affecting the solubility and speciation of Zn in crude oil

The results of the experiments illustrated in Fig. 3.2 show that zinc solubility in crude oil
increases with the TAN value at all temperatures investigated. The total acid number (TAN) is a
variable, that quantifies the acidity of an oil and is strongly correlated to its carboxylic acid
content (Meredith et al., 2000). Thus, the carboxylic acid content appears to exert an important
control on Zn solubility in crude oil. In addition, as is evident from Fig. 3.3, the results of XPS
analyses of the Zn wires reacted in crude oil show that Zn has a strong chemical affinity for
oxygen compounds in the oil. This is reflected by the growth of the Zn peak and the O peak upon
etching of the wire. As most of the oxygen in petroleum is contained in carboxylic acids (Seifert,
1975), this independently reinforces the hypothesis that Zn is complexed primarily by carboxylic
acids in crude oil. In contrast, the carbon peak in Fig. 3.3 shrinks upon etching, which indicates
that carbon is only loosely bound to the zinc wire. The observation that the sulphur peak changes
little upon etching indicates that the chemical affinity of Zn for S in oil may be very limited. This
is confirmed by the fact that Oil B, our most Zn-rich oil, has the lowest sulphur content of the
three oils. In addition, thiols were not detected in Oil B. This contrasts sharply with the
conclusion that thiols form the dominant organic complexes with Zn in aqueous ore fluids

(Giordano, 1994).
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Heavy crude oils from geologically young formations tend to have the highest carboxylic acid
contents. This high content is due primarily to bacterial biodegradation (Meredith et al., 2000; L.i
et al., 2010). Redox processes during late diagenesis involving the reaction of kerogen or
hydrocarbons with mineral oxidants, such as hematite (Fe>Oz3) in red beds, however, may also be

a significant source of carboxylic acids (Surdam et al., 1993).

3.4.2 The potential of liquid hydrocarbons to act as zinc ore fluids.

It has long been thought that water-soluble carboxylic acids, such as acetic acid, may be effective
ligands for the transport of Zn in oilfield brines (Giordano, 1985; Sverjensky, 1986; Giordano
and Kharaka,1994) but little consideration has been given to the possibility that liquid
hydrocarbons may act as ore fluids for Zn. High TAN crude oils can contain as much as 3 wt%
carboxylic acids, making these acids potentially important ligands for complexation with Zn
(Seifert, 1975). Oil B, our highest TAN oil (2.9 mg KOH/g, corresponding to a carboxylic acid
content of 8.6 mg/g; See Appendix C for calculation), dissolved 1700 ppm Zn at 250 °C, which
is comparable to the maximum amount of Zn inferred to have been dissolved in brines trapped as
fluid inclusions in sphalerite from MVT deposits based on thermodynamic modeling (Stoffell et
al., 2008). It is important to note, however, that the TAN of Oil B is much lower than that of
some oils reported in the literature. For example, the Muglad basin and Great Palogue Field in
Sudan are known to produce oils with TAN values of up to 16.2 mgKOH/g (L.i et al., 2010) and
10.4 mgKOHY/g (Dou et al., 2008), respectively. Lower but still significant TAN values (up to 3.6
mgKOH/g) have been reported for crude oils from offshore oilfields along the Brazilian coast
(Barbosa et al., 2016). Based on the results of our experiments, all these oils have the potential to

transport significantly greater concentrations of Zn than Oil B.
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It is noteworthy that not only can crude oils dissolve significant quantities of Zn but in some
MVT deposits, e.g., San Vincente in Peru, Laisvall and Vassbo in Sweden, those of the Canning
Basin in Western Australia and Gays River in Nova Scotia, there is evidence for the epigenetic
injection of petroleum into the ore zone from an underlying shale sequence (Gize and Barnes,
1987; Etminan and Hoffmann, 1989; Spangenberg et al., 1999; Saintilan et al., 2016). In the case
of the Cadjebut deposit, one of the largest Pb and Zn deposits in the Canning Basin, brine
inclusions commonly coexist with hydrocarbon inclusions in sphalerite from the ore zone.
Hydrocarbon inclusions appear as areas of purple zoning in the sphalerite, which can constitute
up to 30% volume of the crystals (Etminan and Hoffmann, 1989). This is consistent with the
observation from stratigraphic reconstruction, seismic depth mapping and basin modeling, that
large portions of the Ordovician-Devonian source rock sequence below the Cadjebut deposit
were within the oil window when the deposit formed at 350 Ma £15 Ma (Warren and Kempton,
1997; Wallace et al., 2002). Significantly, this also coincided with a time of extension and
subsidence in the region (Wallace et al., 2002). It has, therefore, been proposed that the MV T-
related hydrocarbons were driven up from the source rocks into the ore zone through
compaction-induced flow and compactional dewatering (Wallace et al., 2002). If, as seems
plausible from the scenario described above, the hydrocarbons were generated at the same time
as the brines and traveled with them to the site of ore deposition, then it is reasonable to

speculate that the hydrocarbons may have played a role in transporting the zinc.
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Before concluding that liquid hydrocarbons could play a role in the transport of Zn in MVT ore-
forming systems, it is necessary to establish whether it is possible to mobilise petroleum in the
quantities required to form a MVT deposit. The Cadjebut deposit has reserves of 3.5 million
metric tons of 17% combined Zn+Pb (Tompkins et al., 1994). Assuming that the ore fluid was an
oil with a density 850 kg/m? (similar to the oil used in our sphalerite precipitation experiments),
it would require 0.7 km?® of oil with a concentration of 1000 ppm Zn to form 3.5 million tonnes
of ore grading at 17 wt% Zn. Given the oil productivity of the Canning Basin, this volume of oil
could have been easily supplied (refer to Supplementary materials, section D for relevant
calculations). For example, the Ordovician, organic-rich Goldwyer Shale in the Canning Basin
has risked oil and condensate reserves in place of 38.8 km? (EIA, 2015), and this probably only
constitutes a small fraction of the original hydrocarbon producing potential of the basin. These
observations, when considered in light of the results of our experiments showing that carboxylic
acid-rich crude oils can transport very large concentrations of Zn, strengthens the case for a

hypothesis involving the transport of Zn by liquid hydrocarbons during MVT ore formation.

3.4.3 Precipitation of sphalerite from zinc-rich oils

The calculations described above have shown that it should be possible, in principle, to form a
MVT deposit from a liquid hydrocarbon ore fluid. These calculations, however, assume that a
mechanism is available for efficiently precipitating sphalerite from the hydrocarbon liquid. In
MVT deposits, the sphalerite (and galena) is commonly precipitated from the ore fluid as a result
of the reduction of sulphate by organic matter (Thom and Anderson, 2008). This generates large
amounts of H2S gas, which is postulated to react with the dissolved Zn species in the ore fluid,

thereby inducing deposition of sphalerite and other base metals (Machel, 2001). Sulphate
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reduction can occur at low temperature (from 0 to 80 °C) through a microbially-mediated process
known as Bacterial Sulphate Reduction (BSR) but can also start to occur abiotically at
temperatures between 100 and 140 °C through a process referred to as Thermochemical Sulphate

Reduction (TSR) (Machel, 2001).

We evaluated the potential for sphalerite deposition experimentally for the case in which the ore
fluid is a hydrocarbon liquid rather than a brine by placing a 1000 ppm Zn synthetic oil in
contact with a calcite-equilibrated, 15 wt% NaCl brine. The resulting fluid was purged with
hydrogen sulphide gas to simulate the geochemical conditions imposed by BSR or TSR inside a
carbonate reservoir. The experiment was conducted at room temperature and led to the
precipitation of 44 wt% of the Zn initially contained in the oil as sphalerite, indicating that Zn
dissolved in crude oil will precipitate readily in the presence of H2S. Although this is an
extremely efficient process at ambient temperature, it does not follow that the process would be
similarly efficient at the temperature of MVT ore-formation.The results of calculations reported
by Williams-Jones and Migdisov (2014), however, show that any Zn present in brines at
temperatures corresponding to those of MVT deposits will precipitate entirely in the presence of
an equivalent amount of H»S. Thus, if any of the Zn dissolved in the oil were to partition into the
coexisting brine, a process that would be favoured by elevated temperatures, it would precipitate
spontaneously in the presence of H2S. This supports the hypothesis that liquid hydrocarbons

could play a significant role in the formation of MV T deposits as an agent for metal transport.

Bacterial sulphate reduction and TSR take place spatially at the confluence of organic matter

(kerogen, bitumen or oil) with sulphate rich brines. The aqueous sulphate for this reaction is
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thought to be derived locally from gypsum in the carbonate host rocks (Machel, 2001). In MVT
systems, such as those that formed the Cadjebut deposit, there is evidence for multiple ore fluid
pulses due to regional extension and subsidence (Tompkins et al., 1997). During the initial
pulses, Zn-rich fluids (petroleum and water) would migrate into the carbonate-sulphate reservoir,
where, in the presence of minerals such as gypsum and magnesite, sulphate reduction leads to the
precipitation of an early generation of sphalerite ore. Subsequent fluid pulses may not only be
enriched in Zn but may also re-dissolve some of the pre-existing ore and reprecipitate it higher
up in the stratigraphy. Thus, it is likely that the locus of sulphate reduction, which coincides with
the organic phase-water interface, mobilises Zn with each fluid pulse and so the ore in these
systems becomes progressively enriched in a pulse-wise manner, thereby providing further
support for the hypothesis that liquid hydrocarbons may play a role in Zn transport in MVT ore-

forming systems.

3.5 Conclusion

The solubility of Zn in crude oil correlates positively with their Total Acid Number (TAN), and
XPS analyses performed on zinc wires after reaction in crude oil indicate that Zn has a strong
chemical affinity for the oxygen ligands in crude oil. Both the oxygen content and TAN correlate
with the carboxylic acid content of crude oil, indicating that carboxylic acids are likely the main
enabling ligands for Zn dissolution in crude oils. Most importantly, from the perspective of MVT
ore-genesis, the concentrations of Zn dissolved in our high TAN crude oils are comparable to the
inferred concentration of zinc in sphalerite-saturated brines representative of MVT deposits;

even higher concentrations are predicted for oils reported to have TAN considerably higher than
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the highest one (Oil B) in our study. This, and the preservation of liquid hydrocarbons in MVT
ores, support the hypothesis that these hydrocarbons play an important role in transporting the
zinc required for the formation of some MVT deposits. Finally, the results of our experiments
simulating the geochemical conditions imposed by Thermochemical Sulphate Reduction (TSR)
show that sphalerite is precipitated efficiently from liquid hydrocarbons through interaction with

H>S in exactly the same way as it is proposed to precipitate from hydrothermal fluids.
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A. Composition of the zinc oil standard used in experiments designed to precipitate

sphalerite from a zinc-rich oil

Sphalerite was successfully precipitated from a Conostan® 1000 ppm Zn oil standard (Catalogue

#CB7-100-032) using the technique detailed in Section 3.4.2. of our methodology. Zinc is

dissolved in the oil standard as a Zn-alkylaryl sulfonate (1000 ppm Zn). The sulfonate functional

group binds stably to zinc, whereas the alkylaryl component facilitates the dissolution of the

compound in oil. The oil is composed of a blend of light mineral oil (short-chain alkanes) and

Hibernia crude oil. Compositional information pertaining to the Hibernia crude oil used in the oil

standard is detailed below (Table Al).

Supplementary Table 3.1 The composition and properties of the Hibernia Crude oil used in the
Conostan® Zn oil standard.

Parameters

Specific gravity

Carbon (wt%o)

Hydrogen (wt%)

Nitrogen (wt%o)

Saturates (wt%o)

Aromatics (Wt%o)

0.84-0.86

86

13

79

15
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Resins (wt%o) 4

Asphaltenes (wt%) 3

Waxes (Wt%b) 8

B. Experimental setup for the precipitation of sphalerite from a Zn-rich oil

38%0 HCl
H2$ out H=5in
Zn-tich oil NazS
15wt% NaCl,
CaCO: buffered LT—J \—Y—}
brine
Reaction Vessel HzS generation flask

Supplementary Figure 3.1 The experimental setup for the precipitation of sphalerite from a
zinc-rich oil
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Calculating experimental yield

The experiment was performed with 20g of 1000ppm Zn oil.

1000g Zn

Total Zinc = (( T05g oil ) x20g 0il> X

1000 mg

=20mg Zn

Our experiment precipitated 13.11 mg of Sphalerite (ZnS)

L . 13.11x1073g ZnS 1000 . :
Zinc in sphalerite = ((M) XMZn) x gmg where Mzns is the molecular weight

Mzns

of ZnS and Mz, is the atomic mass of Zn.

97.47-L
mol

Zinc in Sphalerite = <(M) x65.38 %) x% =8.794 mg Zn

Zinc in Sphalerite
Total Zin

8.794 mg Zn
13.11mg Zn

Experimental yield= ( )xlOO% = ( )xlOO% = 44%

44% of Zn contained in the oil was precipitated as sphalerite
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C. Estimating the carboxylic acid content of crude oil from TAN values

10000
° 8
8000
_ o e
20
oY) [ ]
= .
= 6000 .-
c
g
< 4000 o .7 b y = 3200.4x - 656.98
2 o o R? = 0.9065
Q e
X 2000 o ¢
o °
g ¢ .-
©
o
0 "!g'." L
o 0.5 1 15 2 2.5 3
-2000

TAN (mg KOH/g)

Supplementary Figure 3.2 Oil TAN versus carboxylic acid content (modified from Meredith et

al., 2000)
(kg mg KOH
Carboxylic acids <?) = 32004 x TAN(T) — 656.98

Empirical equation derived from the data of Meredith et al. (2000).
Our most metalliferous oil has a TAN = 2.9 mg KOH/g.

This corresponds to a carboxylic acid content of 8620 ug/g
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D. Mass balance calculation to determine the amount of Zn-rich oil required to form Zn

deposit as large as the Cadjebut deposit in the Canning Basin, Australia.

The Cadjebut deposit has reserves of 3.5 million tonnes of ore grading at 17wt% Pb + Zn.

Mass of metal = 3.5 x10*2g x 0.17 = 5.95 x 10t g Pb + Zn.

Calculating amount of oil required to form a Cadjebut sized deposit assuming all the metal is Zn

and assuming that the oil has a density (p) of 850 kg/m? and dissolves 1000 ppm Zn (equivalent

to the density and Zn concentration of the oil used in our sphalerite precipitation experiments).

1000 kg Zn _ 1000kg Zn _085kgZn

10kg oik 106kg/ m3oil
850kg m—3

Concentration of Zn in oil = 1000ppm Zn =

Mass of Zn deposit _ 5.95x10%kg Zn _ 3
085 kg, =0.7km

m3

Amount of oil = , —— =
Concentration of Zn in oil

Calculating volume of oil reserves (in cubic kilometers) of the Goldwyer Shale in the Canning

Basin

0.159m3 _ 1 km3
barrel 10°m3

Oil reserves = 244 x 10°barrels x = 38.8 km?®
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Preface to Chapter 4

The previous chapters demonstrated that petroleum is a potentially effective ore fluid for Pd and
Zn in the context of sediment-hosted deposits. Both metals can be dissolved to high
concentrations in liquid hydrocarbons. The research presented in Chapter 4 deals with the
solubility and speciation of Ni in petroleum. some highly viscous oils naturally contain large
amounts of Ni (in excess of 100 ppm), a considerable proportion of which (as much as 50%) is
bound to a family of nitrogen-bearing ligands known as porphyrins, which are derived from
porphyrin-like molecules such as chlorophyll and heme present in living organisms. Little is
known, however, about the other classes of compounds in petroleum that may bind to Ni.
Therefore, in this chapter, the physical and geochemical factors that control the dissolution of Ni
in liquid hydrocarbons are discussed. The data required for this discussion were obtained using
the methodology described in Chapters 2 and 3. As in these chapters, the research findings are
linked to observations of sediment-hosted deposits which, in addition to containing high

concentrations of Ni, appear to have been infiltrated by petroleum.
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Abstract

The very low solubility of Ni in saline brines and the correspondingly high concentration of Ni in
some crude oils raises the possibility that liquid hydrocarbons may be the ore fluids for black-
shale-hosted Ni deposits. To test the feasibility of this hypothesis, Ni wires were reacted with
three crude oils of differing composition at 150, 200 and 250°C for up to 30 days, and the
concentration of Ni in the oil determined. At 150°C, Ni concentrations in the three oils remained
relatively low. Above 200°C, however, Ni concentrations were elevated and correlated positively
with the thiol content of the oil. Our most thiol-rich oil dissolved 217 + 40.4 ppm Ni after 30
days at 250°C. X-ray photoelectron spectroscopic (XPS) analyses performed on the residual oil
coating the Ni wires after reaction independently corroborate the conclusion that Ni has a strong
chemical affinity for thiols in crude oil. Furthermore, in crude oils with no thiols, the Ni reacted
with other sulfur compounds (potentially sulfonic acids) in oil to form thiols. Significantly, our
XPS analyses show that iron (Fe) from the oil was embedded in the Ni wire concomitantly with
the attachment of thiols. This suggests that Fe has an affinity for Ni and that the thiolation of Ni
by crude oil may depend on the availability of Fe in the oil. In addition to thiols, porphyrins also
likely play an important role in the dissolution of Ni, the oil in which Ni was most soluble has a
high nitrogen content, whereas in the other oil, which is characterized by a high thiol content, the
Ni solubility was relatively low and the nitrogen content of this oil was below the detection limit.
Immature biodegraded oils that are sourced from carbonate rocks generally tend to be enriched in

asphaltenes, Ni and sulfur. Nevertheless, some mature oils acquire anomalously large thiol

127



contents through Thermochemical Sulphate Reduction (TSR), a high temperature (100 to 140°C)
reaction occurring commonly in carbonate reservoirs, which involves the abiotic reduction of
sulfate minerals at the expense of oil or bitumen. Thus, given the affinity of Ni for thiols, large
volumes of Ni-poor oil can potentially be altered by TSR to produce smaller volumes of residual

oil enriched in thiols and Ni.
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4.1 Introduction

Nickel (Ni) commonly forms metal organic complexes with nitrogen-bearing ligands such as
tetrapyrroles and sulfur-bearing ligands, e.g., thiols in living organisms, organic sediments, oil
and bitumen (Parnell, 1988). For example, the Ni-Fs30 co-enzymes present in methanogens are
Ni-tetrapyrrole complexes (Diekert et al., 1981) and the most common form of hydrogenase
enzyme present in anaerobic microorganisms consists of metal organic iron-nickel (Fe—Ni)
complexes bound together by cysteinyl thiolate ligands (Ohki and Tatsumi, 2011). Nickel and
sulfur are also enriched in the asphaltene phase in bitumen and petroleum (Parnell, 1988; Yu et
al., 2015), which is composed of large (500-1000 Da) heterocyclic molecules such as

tetrapyrroles (Groenzin and Mullins, 1999).

Occurrences of Ni-rich bitumen veins in Peru, Argentina and Venezuela and high levels of Ni
and Vanadium (V) in Venezuelan oils and coals, according to Kapo (1978), may be genetically
related to Ni and V ore deposits in the watershed. Moreover, several ore grade Ni deposits
elsewhere, notably the Zunyi Deposit in Southern China, the Nick and related prospects in the
Yukon, Canada and the Talvivaara deposit in Finland, are hosted in sediments, which may have
been infiltrated by petroleum. The relationship between petroleum and anomalous Ni enrichment

in organic-rich sedimentary rocks is intriguing.

The Zunyi deposit in Southern China and the prospects of Yukon, Canada, are metalliferous
black shales that share many similarities, most notably that the ore horizon in both localities
consists of a thin (between 10 and 30 cm thick), stratiform layer of sulfide minerals with weight

percent enrichments of Ni (Jowitt and Keays, 2011). Both deposits also display signs of having
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interacted with liquid hydrocarbons. For example, evidence of migrabitumen in the Zunyi
deposit may indicate that the latter was brecciated during late diagenesis, allowing it to act as an
“oil collector” (Kfibek et al., 2007). Similarly, large, bituminous veins in the Nick Prospect in
Yukon Canada, have been interpreted as evidence for the passage of hydrocarbon-rich fluids
through the mineralized horizon (Hulbert et al., 1992, Henderson et al., 2019). Unlike the
aforementioned metalliferous shales, the Talvivaara deposit, located in the central part of the
Fennoscandian Shield, has a considerably thicker ore horizon (up to 330m thick) and contains
300 million metric tons (Mt) of ore averaging 0.26 wt,% Ni, 0.14 wt.% Cu, and 0.53 wt.% Zn
with minor concentrations (10-30 ppm) of uranium (U) (Loukola-Ruskeeniemi and Heino, 1996;
Lecomte et al, 2014). The presence of bitumen rims on uraninite crystals from the Talvivaara

deposit suggests a close association with liquid hydrocarbons (Lecomte et al., 2014).

As discussed above, liquid hydrocarbons may have interacted with the black shales hosting
several Ni-rich deposits. Here, we examine the physical and compositional parameters that
control Ni solubility in oil to determine the potential of crude oil to act as a Ni ore fluid. We do
S0, using the results of experiments designed to determine the solubility of Ni wire in crude oil at
temperatures of 150, 200 and 250 °C, a range consistent with conclusions from pyrolysis
experiments (Price and Wenger, 1992) and studies of liquid hydrocarbons entrapped in black
smokers (Peter and Scott, 1988) that liquid hydrocarbons remain stable to temperatures above
300°C for protracted periods of time. Finally, we use the results of this study to examine the

hypothesis that Ni-enriched deposits in sedimentary basins may be the products of Ni-rich oils.
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4.2 Materials and Methods

4.2.1 Crude Oil Characterization

The crude oils selected for this investigation and compositional data were provided by Statoil
Canada. These oils have markedly different compositions and physical properties (Table 4.1).
This is important for isolating the compositional parameters, which affect the dissolution of Ni in
crude oil. The selected oils vary in specific gravity from 0.90 to 0.94 and have varying
asphaltene contents. The asphaltene phase of petroleum is composed of large heterocyclic
molecules and is particularly important to the context of this investigation given that Ni is
commonly concentrated in the asphaltene fraction of petroleum (Parnell, 1988; Groenzin and
Mullins, 1999). In our oils, the asphaltene content ranges from below 0.3 wt.% up to 1.6 wt. %.
The selected oils also differ in their Total Acid Number (TAN), a measure of their carboxylic
acid content (Seifert, 1975) and contain sulfur compounds (e.g., thiols, thiophenes,
benzothiophenes, dibenzothiophenes and benzonaphtothiophenes) in varying abundances.
Certain sulfur species, such as thiols, are recognized for their ability to form metal organic
complexes (Lewan, 1984; Giordano, 1994; Speight, 2001). Finally, the nitrogen content of our
oils varies between 0.2 and 0.44 wt. %. Nitrogen is an important compositional parameter as
certain nitrogen bearing species in petroleum, such as porphyrins, are known to bind stably to Ni
(Barwise, 1990). Compounds, such as pyrroles, pyridines and saturated amines, also contribute

to the nitrogen budget of crude oil (Mitra-Kirtley et al., 1993).
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Table 4.1 The composition and properties of the three crude oils, A, B and C, employed in our
experiments.

Parameters Oil A Oil B Qil C
API Gravity 26.6 25 19
Specific Gravity 0.895 0.904 0.94
Sulfur (wt.%0) 0.84 0.52 0.82
Thiols/sulfides (ppm) 44 0 52
Thiophenes/Disulfudes (ppm) 1400 37 1050
Benzothiophenes (ppm) 3890 1880 3160
Dibenzothiophenes (ppm) 2580 2740 2020
Benzonaphtothiophenes (ppm) 490 549 109
Nitrogen (wt.%0) 0.2 0.44
TAN (mgKOH/qg) 0.2 2.9 2.3
Paraffins (wt.%) 37 19
Naphthenes (wt.%0) 49 65
Aromatics (wt.%0) 13 15
Asphaltenes (wt.%0) 1.6 0.3 1.4
Background Ni (ppm) 5.59 4.05 6.22
Background Fe (ppm) 0.343 8.71 16.5

4.2.2 Solubility and speciation of Nickel in liquid hydrocarbons

In order to determine the solubility of elemental Ni in crude oil, Ni(0) wires (>99.9%) from
Sigma-Aldrich® were reacted in crude oils A, B and C for varying lengths of time following the
procedure described in Sanz-Robinson and Williams-Jones (2019). This involved reacting a Ni
wire in oil inside a sealed quartz tube. Prior to being used, the quartz tubes were cleaned with
trace-metal grade nitric acid (~75% HNO3) for 24 hours, rinsed with Milli-Q™ water and dried
at 100 °C for 2 hours. A Ni wire was placed in the reaction tube and an aliquot of crude oil
(~0.5ml) was pipetted into the tube. The loaded reactors were then placed in a Thermo

Scientific™ Thermolyne™ tabletop muffle furnace oven that had been preheated to the desired
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temperature. This procedure was repeated for varying periods of time (5, 10, 15 and 30 days) at

150°C, 200°C and 250°C.

After each experiment, the reaction vessel was removed from the furnace and quenched
immediately in a beaker of tap-water at room temperature. The tubes were then opened using a
file and the Ni wire was removed. The reacted oil was combusted in a muffle furnace at 550°C
for 24 h and the resulting char was digested in a solution of 0.25 ml of 75% Optima™ grade
HNOs3, 0.5 ml of Optima™ grade H,02 and 0.25 ml of Optima™ grade HCI for a further 24h in
order to oxidize the remaining char and dissolve the metal. The leaching solution was diluted
with a solution of 2% Optima™ grade HNO3 and analysed with the Thermo Scientific™ iCAP™
Q inductively coupled plasma mass spectrometer (ICPMS) in the ICP Laboratory of the
Department of Earth and Planetary Sciences at McGill University. Yttrium was used as an
internal standard for the ICPMS analyses. The instrument response was calibrated by using dilute

external standard Ni solutions in 2% HNO:s.

The reacted Ni wires were rinsed in toluene (>99.5%) purchased from Fischer Scientific,
vacuum-dried for 24 h and analyzed by X-ray photoelectron spectroscopy (XPS) to determine
the composition of the residual oil bound to the wire. For the purpose of comparison, the
procedure was repeated for Ni wires that had been immersed in the three oils at ambient
temperature. The analyses were conducted with a Thermo Scientific Ka™ spectrometer at the
McGill Institute for Advanced Materials (MIAM). Analyses were performed using Al Ko™
radiation (1486 eV) and an X-ray spot size of 100 um, and scans were made with a pass energy

of 50 eV at a resolution of 0.1 eV. The C1S, C-C peak at 284.8eV was used as a charge-
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reference peak to ensure adequate peak alignment. The Thermo Scientific Ko™ spectrometer
etching function was used to progressively etch the Ni wire, thereby removing weakly bound

surficial ligands and exposing deeply embedded ligands with a strong chemical affinity for Ni.
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Figure 4.1 The concentration of Ni (3 S.D.) in crude oils A, B and C at 150, 200 and 250 °C as a
function of the duration of the experiments. The vertical lines are error bars indicating the
experimental uncertainty.

4.3 Results

4.3.1 Nickel solubility

Nickel wires were reacted with crude oils A, B and C for 5, 10, 15 and 30 days at 150, 200 and
250°C in order to establish the steady-state Ni concentrations. Three experiments were
performed for each oil at each temperature and for each duration, and the average temperature
and standard deviation for each set of experiments determined. As the Ni concentrations
increased with time and were highest after 30 days (Fig. 4.1), we consider the average
concentrations obtained for this duration to represent the minimum solubility of Ni in the

corresponding oils (Table 4.2).
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Nickel concentrations in the crude oil were relatively low at 150°C, with all oils dissolving
approximately 10 ppm Ni. Progressive heating, however, resulted in a significantly higher
solubility of Ni in Oil C (Figure 4.1) relative to the other oils; Oil C dissolved 194+17 ppm Ni at
200°C and 217 ppm Ni at 250°C, whereas Oil A dissolved 25.7 and 13.8 ppm at these
temperatures and Oil B dissolved 15.6 and 12.3 ppm, respectively (Table 4.2). Oil C has the
highest thiol and iron content of the three oils considered, followed by Oil A, which dissolved
the second largest amount of Ni, albeit a considerably lower amount than Oil C. The asphaltene
and sulfur content of Oils A and C are similar, but Oil A has a considerably smaller TAN and Fe
content. Oil B dissolved the least Ni of the three crude oils. It has the largest TAN number but a
much smaller asphaltene fraction than Oils A and B, has a moderate Fe content and contains no

detectable thiols.

Table 4.2 Results of experiments designed to determine the solubility of Ni in crude oils A, B and
C at 150, 200 and 250 °C. The Ni concentration at 25°C is the background concentration in the
unreacted oil.

Oil A Ooil B OilC

Temp Error n Error n Error
n*  Ni(ppm) (ppm) Ni (ppm)  (ppm) Ni (ppm)  (ppm)

*
*

25°C 3 5.6 0.3 3 4.05 0.03 3 6.2 0.2
150

°C 3 10 2 3 10 2 2 10 4
200

°C 3 26 4 3 16 3 2 190 20
250

°C 3 14 6 3 12 2 3 220 40

n* is the number of experiments conducted
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4.3.2 Results of X-ray Photoelectron Spectroscopy Analyses

An XPS scan (Figure 4.2) performed on the residue of oil on a Ni wire after reaction with Oil C
(Ni solubility is highest in this oil) at 200°C, showed that the wire is coated mainly with carbon
(C), sulfur (S) and oxygen (O). The wire was etched with an argon ion beam to remove weakly
bound surficial ligands. After etching, the amounts of C and O decreased, whereas the relative
proportions of Ni and S increased. This shows that Ni has a strong chemical affinity for S in
crude oil. An enlargement of the S peak (Figure 4.3a) shows that it is centered at a binding
energy of ~163 eV, which corresponds to the thiol functional group (Castner et al., 1996). This
indicates that S, and more specifically thiols in Oil C, have a strong chemical affinity for Ni. The
XPS scan of the wire that had been immersed in Oil C at ambient temperature also yielded a
spectrum with a thiol peak (~ 163 eV) but, in addition, the spectrum contained a peak at ~168 eV
corresponding to an oxidized sulfur species, possibly a sulfonic acid (Figure 4.3b). Similar
results were obtained for Qil A after reaction at 200 °C and ambient temperature, respectively

(Supplementary materials, Sup. Fig. 1a and b).
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Figure 4.2 A XPS spectrum identifying the major elements bound to the Ni wire after reaction
with Oil C at 200°C. The relative abundances of these elements changed as the wire was
progressively etched. Peak binding energies for the different elements are as follows: S 2p
=163eV, C 1S=285eV, O 1S =532eV and Ni 2p = 853eV. The peaks between 650eV and
750eV that appear after etching are Ni Auger Lines, resulting from the relaxation of core Ni
electrons (Wagner, 1972, Poto¢nik et al., 2016)
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Figure 4.3 An XPS spectrum illustrating the sulfur speciation of residual oil on a nickel wire

after reaction with Oil C at a) 200°C and b) ambient temperature. The sulfur 2p peak centered at
a binding energy of 163eV corresponds to the thiol functional group whereas the sulfur 2p peak
centered at 168eV corresponds to oxidized sulfur compounds.
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Predictably, and in contrast to the spectra for Oils A and C at ambient temperature, the Ni wire
spectrum soaked in Oil B (which does not contain detectable thiols) at ambient temperature did
not display a thiol peak ( ~ 163 eV), although, like the other oils it did contain a peak for an
oxidized sulfur species ( ~ 168eV) (Figure 4.4a). Unexpectedly, however, the spectrum obtained
for Ni wire after reaction with Oil B at 200 °C contained a thiol peak (~ 163 eV) (Figure 4.4b).
We interpret this finding to indicate that the Ni wire catalytically reduced oxidized forms of

sulfur in the oil like sulfonic acids to thiols (Kelemen et al., 1990).
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Figure 4.4 An XPS spectrum illustrating the sulfur speciation of residual oil on a nickel wire
after reaction with Oil B at a) 200°C and b) ambient temperature.

The thiolation of the Ni wires and the dissolution of Ni in Oil B and C also coincided with the
incorporation of iron (Fe) from the oil into the Ni wires, albeit in trace amounts (< 1 atom % of
the Ni wire surface). This is evident in Figure 5 by the presence of an Fe doublet with peaks at

706 and 714 eV, which appeared after etching the Ni wire. Thus, Fe also displays a strong
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chemical affinity for Ni and may participate in the redox reactions that occur between the Ni

wire and sulfur compounds in the oil.
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Figure 4.5 An XPS spectrum of the nickel wire after reaction with Oil C at 200°C. Progressive
etching revealed the presence of trace amounts of iron.

4.4 Discussion

4.4.1 Nickel solubility and speciation in liquid hydrocarbons as a function of petroleum
composition.

In addition to testing the hypothesis that crude oils can dissolve significant amounts of Ni, the
experiments described above were conducted to identify the compositional factors controlling
the dissolution of Ni in liquid hydrocarbons. At 200°C and 250°C, Qil C has a much greater

capacity to dissolve Ni than the other crude oils (Table 4.2), which in part reflects the fact that it
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has the highest thiol content of the three oils. This high thiol content, however, does not explain
the observation that the solubility of Ni in Oil C is nearly eight times higher than that of Oil A,
whereas the thiol content of the latter oil is roughly 80% of that of Oil C (Table 4.1 and 4.2). The
high Ni content of Oil C relative to Oil A also cannot be attributed to differences in the
asphaltene content (Ni, like other metals has been shown to concentrate in the asphaltene fraction
of crude oils; Marcano et al., 2011), because the asphaltene contents of the two oils are very
similar and, indeed, the asphaltene content of Oil A is slightly higher than that of Oil C (1.6
versus 1.4 wt.%). The two oils do, however, differ in their nitrogen contents and TAN values. Qil
C has the highest nitrogen content of the three oils (0.44 wt.%), whereas nitrogen was not
detected in Oil A (Table 4.2). This may indicate that a significant proportion of the Ni in Oil C
dissolved as porphyrin species, an observation that has been made for other crude oils (Ali et al.,
1993). As the TAN value of Qil C is very much higher than that of Oil A (2.3 versus 0.2) and
this value is an indicator of the carboxylic acid content, it is also possible that the binding of Ni
by thiols in Oil C was greatly enhanced by the much higher acidity of this oil (Wenger et al.,
2002. Clegg and Henderson, 2002). Notably, Oil B has the highest TAN value (2.9 wt.%), which
may explain that it dissolved some Ni (15.6 ppm at 200 °C), despite being thiol-free initially
(thiols formed during the experiments due to Ni catalyzed reduction of oxidized sulfur species;
see above). Given that Oil A contains some nitrogen (0.2 wt.%), it is likewise possible that Ni in

this oil was dissolved in large part as porphyrin species.

The thiolation of Ni may also involve Fe, which is the only other chemical component in the oil,
aside from thiols that showed an affinity for the Ni wire. The intimate association of Ni, Fe and

thiols on the wire surface indicates that Fe may be involved in the redox processes that helped
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dissolve Ni into the oil. Oil C has the highest Fe content of all the oils and displays a strong Fe
peak upon etching of the reacted Ni wire, whereas Oil A has the lowest Fe content and shows
little evidence of complexing with Fe. This may also explain why these two oils dissolve very
different amounts of Ni. In principle, Fe could enhance the dissolution of Ni by forming Ni-Fe-
sulfur clusters, i.e., stable complexes of Fe and Ni bound together by thiolate ligands that are

ubiquitous in nature (Ragsdale, 2009).

4.4.2 Geochemical factors affecting oil composition and ore deposit formation

The polar compounds in crude oil (also referred to as NSO compounds) contain one or more
heteroatoms of nitrogen(N), sulfur(S) or oxygen(O) and, although they typically compose less
than 10 wt% of petroleum, they are considered important ligands for metals in crude oil
(Hughley et al., 2004). With the increasing maturity of oils, the NSO content generally
decreases, whereas their gasoline content (the amount of short-chain, volatile aromatic and
aliphatic compounds) increases (Meyer, 1989). Thus, Ni transport is favored by immature oils,
particularly those that have experienced strong biodegradation, as these oils generally have
higher NSO contents than less biodegraded oils of similar maturity (Meyer, 1989; Wenger et al.,
2002; Head et al., 2003). Biodegraded immature oils are also characterized by high asphaltene
contents. Nickel concentrations are highest in immature oils derived from carbonate source rocks
with a low clay content and a high reduced sulfur content (this is likely due to Ni complexation
by thiols). By comparison, marine and lacustrine shales generate oils with moderate amounts of
Ni, and land-plant derived oils contain very little Ni (Meyer, 1989; Barwise, 1990). For example,
crude oils generated in carbonate source rocks from the Gulf of Suez and Abu Dhabi have been

documented to contain Ni in concentrations that range from 4 ppm to 148 ppm Ni, whereas oils
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generated from non-carbonate source-rocks in the North Sea, mainland China, Indonesia and the
Gippsland Basin in Australia have Ni concentrations in the 0.13 ppm Ni to 22 ppm Ni range

(Barwise, 1990).

As noted above, nickel has an affinity for the asphaltene fraction of crude oil (Sugihara and
Bean, 1962; Parnell, 1988; Yu et al., 2015). Indeed, the Boscan Crude oil from Venezuela, which
has an asphaltene fraction corresponding to 20 wt% of the oil (Sugihara and Bean, 1962; Fish et
al., 1984), contains up to 115 ppm Ni (Sugihara and Bean, 1962). Moreover, 78% of the Ni in
this oil is contained within the asphaltene fraction (Fish et al., 1978). The asphaltene phase in
petroleum is composed of large heterocyclic compounds, such as porphyrins (a form of
tetrapyrrole), that are generated from the break-down of kerogen in the source rocks during
catagenesis (Orr., 1986). Major precursors for porphyrins in oil are the chlorophylls present in
photosynthetic organisms (Hodgson, 1973). In the Boscan Crude oil, 36 wt% of the metals in the
asphaltene fraction are bound to porphyrins (Sugihara and Bean, 1962). Little is known,
however, about the other kinds of metal organic complexes that form with Ni in petroleum,
which are potentially more abundant than the Ni-porphyrins and may account for up to 50-80%

of the metal being complexed in oil (Caumette et al., 2009).

In addition to its association with porphyrins, Ni possesses a strong chemical affinity for thiols,
as has been shown in this study. Despite the decreasing trend in the proportion of NSO
compounds with oil maturity, some very mature oils can contain anomalously high
concentrations of thiols. These oils are typically sourced from deep, high temperature carbonate

reservoirs with high partial pressures of hydrogen sulfide gas. The hydrogen sulfide in these
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reservoirs is thought to be produced by thermochemical sulfate reduction (TSR) (Ho et al.,
1974), a redox reaction between sulfate minerals and organic matter, which involves the high
temperature, abiotic reduction of sulfate (see Equation 1 below). The hydrogen sulfide produced
by TSR can react with organic compounds in liquid hydrocarbons, leading to the formation of
thiol-enriched oils (Ho et al., 1974; Cai et al., 2003; Wei et al., 2011; Nguyen et al., 2013). Qil C,
our most thiol-enriched oil (52 ppm thiol), has a relatively low thiol content compared to crude
oils, described in the literature, that have undergone TSR. For example, the “Rodney Crude” and
the “Light Mixed B.C.” oils described by Ho el al. (1974) have thiol contents of 3179 ppm
and1310 ppm, respectively, as calculated from their mercaptan numbers (refer to Supplementary
materials, section A for a calculation of the thiol content of the Rodney Crude Oil). Anomalously
thiol-rich oils, that have undergone TSR, therefore, may be expected to transport considerably

greater concentrations of Ni than Oil C.

Thermochemical sulfate reduction:

Hydrocarbons + SO4> = Altered hydrocarbons + bitumen + HzS + HCO3™ + H20 @

(Machel, 2001)

Thermochemical sulfate reduction is a common source for the reduced sulfur responsible for the
formation of Mississippi Valley Type (MVT) deposits (Machel, 2001) and is interpreted to be
the source of reduced sulfur for the sulfide ores in other sediment-hosted deposits, such as the
Kuperschiefer deposit in Poland (Bechtel and Pittmann, 1991; Jowett et al., 1991; Sun, 1998;

Oszczepalski et al., 2012) and the Ni-rich sulfide ores in the Talvivaara deposit in Finland, which
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displays mass-anomalous A33S fractionation similar to that of TSR laboratory experiments
(Young et al., 2013). Thus, the genesis of some sediment-hosted sulfide deposits may be related

through TSR to the production of a metalliferous, thiol-rich oil.

4.4.3 Evidence for the involvement of liquid hydrocarbons in the genesis of shale-hosted
nickel deposits.

The two currently favored models for the formation of sedimentary Ni-rich deposits are: 1)
synsedimentary mineralisation, with the metals being scavenged from seawater by organic matter
close to the seawater-sediment interface (Lehman et al., 2007; and 2) exhalative hydrothermal
mineralisation, with the metals being deposited from basinal brines as they are discharged into a
euxinic, stratified water mass (Jowitt and Keays, 2011). Given that petroleum can dissolve
considerable amounts of Ni, a petroleum exhalative (Petrex) model has also been proposed to
describe the genesis of certain Ni-rich sedimentary deposits, e.g., the Zunyi deposits in China. In
this model, petroleum is discharged into the basin and forms a sea-surface slick. Metals are then

deposited as the oil is volatilized, water-washed, oxidized and biodegraded (Emsbo et al., 2005).

Here, we discuss the evidence for the involvement of liquid hydrocarbons in the genesis of shale-
hosted nickel deposits. The principal examples of these deposits are the hyper-enriched black
shale (HEBS) deposits in southern China as well as the Nick Prospect and related prospects in
the Yukon, Canada. These deposits comprise thin highly enriched metal-sulfide layers, usually
no more than 30 cm thick in southern China and 10 cm thick in the Yukon, with Ni grades of up
to 7 wt% and 5.7 wt%, respectively (Jowitt and Keays, 2011; Henderson et al., 2019). They

outcrop discontinuously for 2000 km in southern China and > 800 km in the Yukon. Organic
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particles commonly fill voids and fissures in the mineralized black shale of southern China and
most probably represent partly remobilized and solidified products of oil migration
(migrabitumens) (Ktibek et al., 2007). The restriction of migrabitumen to the ores and their
absence in the barren shales likely reflect a higher primary porosity of the ore horizon (breccia)
compared to the barren shale. Thus, the ore horizon probably played the role of an “oil collector”
during late diagenesis and catagenesis (Kiibek et al., 2007). At the Nick prospect, pyrobitumen
occurs as centimetre-scale veinlets within the mineralized layer and meter-wide subvertical veins
in the shales stratigraphically below this layer. Moreover, pyrobitumen within the mineralized
layer contains 1300 ppm Ni on average and elevated concentrations of other metals. and one of

the thicker veins below the layer contains 2000 ppm Ni (Henderson et al, 2019).

It is noteworthy that there are numerous oil and gas fields of Sinian to Cambrian age (Sichuan
Basin) in relatively close proximity to some of the HEBS deposits in southern China (EIA 2011;
Lan et al., 2017; Pages et al., 2018). The gas in these fields is interpreted to have formed through
the thermal cracking of petroleum (Hao et al., 2008; Caineng et al., 2014; Zou et al., 2014; Zhu
et al., 2015) and, in many cases, there is evidence that there was gas souring from TSR (Cai C. et
al., 2003; Hao et al., 2008; Zhu et al., 2015). As crude oil starts to undergo TSR, it becomes
oxidized at the expense of aqueous sulfate in the reservoir, which is reduced to hydrogen sulfide
gas (Machel, 2001). The residual oil that has undergone TSR is anomalously enriched in thiols
(Ho et al., 1974; Cai et al., 2003; Wei et al., 2011; Nguyen et al., 2013), that display a strong
affinity for metals like Ni and Pd (Sanz-Robinson et al., 2019). These residual oils are therefore
potentially effective ore fluids for the transport of Ni and Pd and perhaps other noble metals like

Pt, Os and Au, all of which share similar electronegativity and therefore, according to hard-soft-
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acid-base principles, are expected to bind to ‘soft’ ligands like thiols (Pearson, 1963).
Furthermore, the oxidation of petroleum by TSR can produce naphthenic acids (Machel, 2001),
that are effective ligands for the complexation and transport of Zn in petroleum (Sanz-Robinson

and Williams-Jones, 2019).

We propose that residual reduced sulfur-enriched hydrocarbons in the Sichuan basin supplied the
Ni (and Pd, Pt, Os, Au, Zn and Mo) that formed the hyper-enriched black shale Ni deposits in
southern China. The presence of highly enriched bituminous veins below the Nick prospect
suggests that the HEBS in Yukon Canada had a similar history. According to the above
hypothesis, the formation of HEBS is genetically related to a large petroleum system that
undergoes pulses of thermal cracking and TSR (Cai et al., 2004; Hu et al., 2010) yielding natural
gas, sour gas and residual petroleum enriched in thiols. With consumption of the petroleum by
TSR, the volume of residual oil shrinks but becomes increasingly enriched in thiols and it is this
oil that supplies the Ni (and other metals), which distinguishes hyper-enriched black shale

deposits from other sediment-hosted metalliferous deposits.

Further evidence for the involvement of liquid hydrocarbons in the formation of HEBS, is
provided by the (circa 2.0 — 1.9 Ga) Talvivaara deposit in Finland, which hosts significant Ni
reserves and contains uraninite crystals rimmed by bitumen. The latter indicates that
hydrocarbons, possibly from source rocks deeper in the stratigraphy deposited during the Shunga
event (c. 2.0 Ga), migrated through the deposit (Lecomte et al, 2014). This event was marked by
the global deposition of organic carbon-rich rocks and the development of vast petroleum

resources such as those in the Zaonezhskaya Formation of the Onega Basin in Russian
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Fennoscandia (Melezhik et al, 2009, Asael et al., 2013; Strauss et al., 2013; Lecomte et al, 2014).
Thus, not only is the mineralization in the Talvivaara deposit associated with bitumen, but there
was also a large reservoir of liquid hydrocarbons that could have transported the metals to the

site of ore formation.

As mentioned above, one of the currently favored hypotheses for the HEBS of southern China
and the Yukon, Canada is that they are synsedimentary and formed as a result of the precipitation
of the ore metals from seawater (seawater contains 2 ppb Ni on average; Kato et al., 1990) at the
seawater-sediment interface through bacterially-mediated processes. It has been suggested that
textures of the iron sulfides (i.e. framboidal pyrite) at the HEBS of Yukon, Canada reflect
deposition during early-diagenesis (Gadd et al., 2018, and 2019). However, pyritic framboids
could have also formed abiotically (Scott et al., 2009) and the millerite (NiS) mineralization at
the Peel River HEBS in Yukon, show it mantling and replacing pyrite (Henderson et al., 2019),
indicating that the nickel mineralization is epigenetic. Finally, the required concentration factor
(~ 10 million; from 2 ppb to several wt%) seems unreasonably high. The other hypothesis for the
formation of HEBS, namely that they are epigenetic but deposited from saline hydrothermal-vent
brines (Lott et al., 1999, Steiner et al., 2001), is also problematic. This is because Ni is highly
insoluble in hydrothermal fluids, even those with high chloride activity, making it unlikely that
saline brines could have constituted an ore fluid for the mineralization in these rocks. For
example, at 250 °C and fO»-pH conditions buffered by the assemblage magnetite-pyrite-
pyrrhotite, the solubility of millerite, the main Ni mineral in HEBS deposits, is 0.2 ppm; this

solubility decreases with decreasing temperature (Liu et al., 2012). In view of the serious
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weaknesses of the synsedimentary seawater and epigenetic brine models, the role of petroleum as

an ore fluid for Ni and other metals in sediment-hosted deposits merits serious consideration.

4.5 Conclusions

The potential of liquid hydrocarbons to act as ore fluids was evaluated by reacting Ni wires in
crude oil at elevated temperatures (150-250°C). Below 150°C, Ni concentrations in the three
crude oils considered in this study remained relatively low. Above, 200 °C, one of the oils, (Oil
C) dissolved considerably more Ni than the other two oils (reaching a concentration of 217 ppm
at 250°C). X-ray photoelectron spectroscopic analyses of the residual oil coating the Ni wires
after reaction indicates that Ni has a strong chemical affinity for thiols. This is supported by the
observation that Oil C, the most Ni-philic of the oils has the highest thiol content (52 ppm). Oil
A, which has the second highest thiol concentration (44 ppm), dissolved the second largest
amount of Ni (up to 26 ppm Ni at 200°C). The much lower capacity of Oil A to dissolve Ni
compared to Oil C and its only slightly lower thiol content, however, indicate that a second
species played an important role in Ni solubility. As Oil C has the highest nitrogen content (0.44
wt.%) of the three oils and Oil A contains no nitrogen, this second species is likely to be a Ni-
porphyrin, which previous studies have linked to the high concentration of Ni in some crude oils.
Oil C also has a high carboxylic acid content (indicated by its high TAN value), whereas that of
Oil A'is very low (very low TAN value). The much higher acidity of Oil C compared to Oil A
may have promoted the stronger binding of Ni to thiol ligands and the formation of Ni-thiolate
complexes, thereby further explaining the much higher capacity of Oil C to dissolve Ni; Ni-

thiolation may also be promoted by the presence of Fe, as shown by the synchronous
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incorporation of Fe in the Ni wires and the binding of thiols to them. The evidence that liquid
hydrocarbons can dissolve high concentrations of Ni, that Ni is extremely insoluble in
hydrothermal fluids and that Ni forms ore deposits (several wt.% Ni) in black shales, which have
been infiltrated by petroleum, makes a compelling case that liquid hydrocarbons could be

important ore fluids for nickel.
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A. Calculation of the thiol content of the Rodney Crude oil

APl = % —131.5, where API is a measure of the weight of petroleum liquids and SG is the

specific gravity of the oil.

141.5

Therefore, SG = ———
API+131.5

The API value for the Rodney Crude is 32. (Ho et al., 1974)

141.5
32+131.5

=0.865

SGRodney Crude =

SG = £2L where p is the density.
PH20

Assuming py,o = 1.0 g/mL

pRodney Crude = SGRodney Crude — 0.865 g/ml—

mg of thiol S

Mercaptan Number=
100mL

(Oswald, 1961)

The Mercaptan number for the Rodney Crude is 275 (Ho et al., 1974)

100049

; 275 mg thiol S x ————=
275mg of thiol S 275000
Mercaptan Number= gof = mg_ = omess = 3179 ppm
100mL 100mL X prodney crude  100mL x L

Thus, the Rodney Crude contains 3179 ppm of thiol S.
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B. Supplementary Figures
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Sup. Fig. 4.1 X-ray photoelectron spectra of the residual oil left on the Ni wire after reaction

with QOil A at a) 200° and b) ambient temperature.
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Sup. Fig. 4.2 Sulfur (S2p) XPS of the residual oil left on the Ni wire after reaction with Qil A at

150°C before and after etching.
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Sup. Fig. 4.3 Sulfur (S2p) XPS of the residual oil left on the Ni wire after reaction with Qil A at

200°C before and after etching.
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Sup. Fig. 4.4 Sulfur (S2p) XPS of the residual oil left on the Ni wire after reaction with Qil B at

150°C before and after etching.
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Sup. Fig. 4.5 Sulfur (S2p) XPS of the residual oil left on the Ni wire after reaction with Qil B at

200°C before and after etching.
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Sup. Fig. 4.6 Sulfur (S2p) XPS of the residual oil left on the Ni wire after reaction with Oil C at

150°C before and after etching.

171



, 7000
—Before etching

After etching 6000

5000
4000

3000

Counts/s

2000

1000

172 167 162 157
Binding Energy (eV)

Sup. Fig. 4.7 Sulfur (S2p) XPS of the residual oil left on the Ni wire after reaction with Qil C at

200°C before and after etching.
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Sup. Fig. 4.8 Iron (Fe2p) XPS of the residual oil left on the Ni wire after reaction with Qil A at

150°C before and after etching.
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Sup. Fig. 4.9 Iron (Fe2p) XPS of the residual oil left on the Ni wire after reaction with Oil A at

200°C before and after etching.
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Sup. Fig. 4.10 Iron (Fe2p) XPS of the residual oil left on the Ni wire after reaction with Qil B at

150°C before and after etching.
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Sup. Fig. 4.11 Iron (Fe2p) XPS of the residual oil left on the Ni wire after reaction with Oil B at

200°C before and after etching.
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Sup. Fig. 4.12 Iron (Fe2p) XPS of the residual oil left on the Ni wire after reaction with Oil C at
150°C before and after etching.
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Sup. Fig. 4.13 Iron (Fe2p) XPS of the residual oil left on the Ni wire after reaction with Oil C at

200°C before and after etching.
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Sup. Fig. 4.14 Carbon (C1s) XPS of the residual oil left on the Ni wire after reaction with Oil A

at 150°C before and after etching.
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Sup. Fig. 4.15 Carbon (C1s) XPS of the residual oil left on the Ni wire after reaction with Oil A

at 200°C before and after etching.
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Sup. Fig. 4.16 Carbon (C1s) XPS of the residual oil left on the Ni wire after reaction with Oil B

at 150°C before and after etching.
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Sup. Fig. 4.17 Carbon (C1s) XPS of the residual oil left on the Ni wire after reaction with Oil B

at 200°C before and after etching.
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Sup. Fig. 4.18 Carbon (C1s) XPS of the residual oil left on the Ni wire after reaction with Oil C

at 150°C before and after etching.
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Sup. Fig. 4.19 Carbon (C1s) XPS of the residual oil left on the Ni wire after reaction with Oil C
at 200°C before and after etching.
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Sup. Fig. 4.20 Oxygen (O1s) XPS of the residual oil left on the Ni wire after reaction with Oil

A at 150°C before and after etching.
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Sup. Fig. 4.21 Oxygen (O1s) XPS of the residual oil left on the Ni wire after reaction with Oil

A at 200°C before and after etching.
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Sup. Fig. 4.22 Oxygen (O1s) XPS of the residual oil left on the Ni wire after reaction with Oil B

at 150°C before and after etching.
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Sup. Fig. 4.23 Oxygen (O1s) XPS of the residual oil left on the Ni wire after reaction with Oil B

at 200°C before and after etching.
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Sup. Fig. 4.24 Oxygen (O1s) XPS of the residual oil left on the Ni wire after reaction with Oil C

at 150°C before and after etching.
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Sup. Fig. 4.25 Oxygen (O1s) XPS of the residual oil left on the Ni wire after reaction with Oil C

at 200°C before and after etching.
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5. Conclusions

5.1  General Conclusions and Contributions to Knowledge

The weight of the experimental evidence indicates that Pd, Zn and Ni can be dissolved in crude
oil in concentrations that would be sufficient to form an ore deposit. For example, results of the
experiments show that Zn concentrations in crude oil can reach at least 1700 ppb, which greatly
exceeds that measured in aqueous inclusions from ore deposits. Moreover, the solubility of Zn in
crude oil is controlled by the acidity of the oil and so acidic (high TAN) oils are capable of
dissolving high concentrations of Zn. The highest concentration of Zn obtained (1700 ppm) was
for the most acidic oil considered in the experiments (TAN=2.7mgKOH/g). Some crude oils,
however, are reported to have TAN in excess of 16 mgKOH/g indicating that Zn concentrations
in crude oil can be potentially much higher than those measured in this study. Estimations
utilizing the oil reserves of the Canning Basing suggest that a crude oil containing just 1000 ppm
Zn would be able to produce the entire Zn reserve of the Cadjebut Deposit, which is associated
with this basin. This is a Mississippi Valley Type (MVT) Deposit that received an injection of
crude oil from the underlying Goldwyer Shale at approximately 350Ma (Warren and Kempton,
1997; Wallace et al., 2002). Thus, it is entirely plausible that petroleum served as an ore fluid for
the Zn and Pb deposits of the Canning Basin as well as numerous other MVT Zn-Pb deposits
around the world that have also experienced an epigenetic injection of crude oil. These include
the Laisvall Deposit in Sweden, the Gays River deposit in Nova Scotia and the San Vincente
Deposit in Peru (Gize and Barnes, 1987; Etminan and Hoffmann, 1989; Spangenberg et al.,
1999; Saintilan et al., 2016). Furthermore, the experiments also show that a mixture of Zn-rich
crude oil floating atop a calcite-buffered brine will spontaneously produce sphalerite crystals at

room temperature when exposed to hydrogen sulfide gas (a geochemical environment that was
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designed to resemble the limestone reefs where MV T mineralization occurs). Thus, it is possible
that at least some of the major MVT deposits around the world formed entirely through
processes involving the transport of zinc as carboxylate complexes in petroleum. It is
hypothesized that, during the abiotic reaction of metalliferous petroleum with aqueous sulfate,
the petroleum is gradually consumed to form carbonate minerals and hydrogen sulfide gas, at
which point the Zn dissolved deposits as sphalerite. This reaction is referred to as
Thermochemical Sulfate Reduction (TSR) and is commonly known to occur in petroleum
reservoirs and in the ore zones of MVT ore deposits at depths of up to 7 km below the subsurface
and temperatures varying between 100 and 240°C (Goldstein and Aizenshtat, 1994, Hao et al.,

2008).

The experiments with Pd and Ni showed that both metals are relatively soluble in crude oil, (up
to 127 ppb Pd and 240ppm Ni). As is the case with the Zn deposits of the Canning Basin, it is
estimated, based on the reserves of the Carboniferous Rotliegend petroleum system, that
petroleum containing 127ppb Pd could easily supply the entire Pd reserve of the adjacent Polish
Kupferschiefer. Significantly, it has been reported that the shales of the Kupferschiefer contain
high concentrations of Polyaromatic Sulfur Hydrocarbons, a class of compounds that is
commonly present in petroleum, thereby indicating that the Kupferschiefer sediments may have
been infiltrated by Carboniferous crude oil (Piittmann and Gofel, 1990). The experimental
findings show that Pd and Ni have a strong affinity for thiols in crude oil and anomalously high
concentrations of thiols are commonly reported in crude oils that have undergone
Thermochemical Sulfate Reduction (TSR). Furthermore, it is likely that Thermochemical Sulfate
Reduction contributed to the formation of the sulfide ores at the Kupferschiefer deposit and Ni

deposits such as the Talvivaara deposit in Finland (Sun, 1998; Young, et al, 2013). Thus,
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processes involving the thermal breakdown of petroleum are likely to be influential in the

formation of many of the sediment-hosted deposits described in the literature.

It is noteworthy that Ni not only appears to have an affinity for thiols in crude oil but also helps
catalyze the reduction of sulfur compounds in crude oil, as evidenced by the formation of thiols
on the surface of a Ni wire that has been left to react in a crude oil that was initially devoid of
thiols. Although our experiments with Pd in crude oil preclude this finding, we consider that Pd
may also catalytically promote the reduction of sulfur compounds in petroleum, given its
location in the same period of the Periodic Table as Ni. From this we predict that Ni (and
possibly Pd) concentrations may not only increase in crude oils that have undergone TSR but
may also catalytically promote this reaction. Furthermore, our experiments show that the
dissolution of Ni and reduction of sulfur compounds in crude oils are enhanced in oils that
contain large concentrations of Fe. Thus, it is likely that Fe, like Ni also serves as a catalyst in

promoting TSR.

5.2 Recommendations for future studies

Previous models for the genesis of sediment-hosted metallic mineral deposits do not account for
the fact that there is spatio-temporal association between the ores and petroleum hydrocarbons in
many of these deposits (such as oil inclusions in the ore minerals). One of these genetic models,
the hydrothermal model, considers that the metals are transported to the site of ore deposition
dissolved in hydrothermal fluids and precipitated by in-situ sulfate reduction (Jowitt and Keays,
2011). However, this model fails to explain the high concentrations of Ni (~7wt%) present in

deposits such as the hyper enriched black shales (HEBS) of Southern China, considering the very
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low solubility of Ni in hydrothermal fluids (Liu et al., 2012). The other model for the formation
of these deposits asserts that all the ore metals in these sediment-hosted deposits were derived
from seawater and precipitated as sulfide minerals by microbial processes at the sediment-water
interface (Jowitt and Keays, 2011; Lehmann et al, 2016). As it stands, more research needs to be
done on sediment-hosted deposits to determine the degree to which the reduced sulfur in these
deposits is derived from the activity of sulfur reducing microbes living in the sediments versus
the abiotic breakdown of petroleum by TSR. These processes are difficult to distinguish,
microscopically or even compositionally but have been successfully differentiated using stable
isotope techniques. For example, whole rock ore samples that have undergone TSR will display
mass-anomalous A33S fractionation (A*3S = > 0 + 0.2 %o) and crude oils, kerogen,
condensates and bitumen that have undergone TSR typically display high total sulfur content,
83*S enrichment and §3C depletion relative to those that have undergone BSR (Machel, 2001;

Young et al., 2013).

Another avenue for future research lies in determining whether the carbonaceous matter that
hosts the ore in sediment-hosted deposits is of sedimentary origin, derived from locally generated
liquid hydrocarbons or from petroleum that has undergone secondary migration from a shale unit
deep within the basin. In many sediment-hosted deposits, where the ore is hosted in
carbonaceous seams (such as the Witwatersrand deposits), it is not immediately apparent that
these seams are indeed residues of petroleum migration. To this end, Rhenium-Osmium (Re-Os)
geochronology could be used to determine whether the non-mineralized shales surrounding the
ore zone are the same age as the ore minerals, bitumen and pyrobitumen from within the ore

zone. If the sulfide minerals from the ore zone formed during (or after) the injection of petroleum
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into the deposit, they will be radiogenically younger than the non-mineralized shales (the pre-
existing host rock that became infiltrated by the petroleum). Furthermore, the Os isotopic ratio at
the time of formation (8’0s/*®0s), can be deduced from Re-Os isochrons and used as a proxy
for the source of the ore minerals and the organic matter in the non-mineralized rocks. If ore
metals are transported into the deposit from an external source in a hydrocarbon fluid, then their
source proxy will be different to that of the host rocks but perhaps more akin to that of oil source

rocks deeper in the stratigraphy.

Sediment-hosted deposits are an important source of many industrially useful metals and are
therefore worth understanding from a purely economic point of view. The study of these deposits
may also contribute to a better understanding of the abiotic reactions that simultaneously control
the composition of minerals (sulfides, clays, sulfates, oxides, phosphates and carbonates),
hydrocarbons and hydrothermal fluids. The TSR reaction, in particular, is worthy of further study
since it links mineral deposit and petroleum systems and is also responsible for linking the
carbon and the sulfur cycle in the geosphere (Goldstein and Aizenshtat, 1994). It has long been
considered that the mass-anomalous fractionation of sulfur isotopes in Archean rocks is due to
the photolysis of sulfur dioxide gas by UV radiation in an oxygen-free atmosphere, although this
notion is now being challenged since the same mass-anomalous fractionations can also be
achieved by TSR. Consequently, the sulfur isotope record of sedimentary rocks may be linked to
the biological and thermal evolution of Earth in ways different than previously thought
(Watanabe, 2009). In certain sediment-hosted deposits such as those of the MVT class, the
Kupferschiefer deposit, the Talvivaara deposit and potentially numerous others, the breakdown
of hydrocarbons by TSR is the primary mode of ore formation. Moreover, the formation of some

of these sediment-hosted deposits is coeval with important events in Earth’s history. For
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example, the Zunyi deposit in Southern China, which outcrops discontinuously for 2000 km
spanning China from one side to the other, is early Cambrian in age and has been studied to gain
insight into the processes that contributed to the Cambrian Explosion (Steiner et al, 2001). Thus,
the formation of carbonaceous sediment-hosted deposits demands further investigation for their
potential relation to major historic perturbations in the Earth's global carbon and sulfur cycles

and major life events.
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