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1. 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 1,700 £+ 0.8 ppm 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
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sphalerite precipitation from liquid hydrocarbons proceeds efficiently in a carbonate-buffered,

H,S -rich environment.

2. Introduction

Zinc ([Ar] 3d10 4s2) is the 24™ 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 different 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 types, 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.,
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2010). Nearly all of them are dolomite-hosted with the zinc and lead ore minerals (sphalerite and
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 H»S 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
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in these deposits is generally considered to come from evaporites and to be supplied for mineral
precipitation as H,S through the process of bacterial sulfate 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. Materials and methods

3.1 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 in respect to their physical properties (Table 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 organometallic 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 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
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
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ability to form organometallic 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 1. The composition and properties of the three crude oils, A, B and C, employed in our

experiments.
Parameters Oil A Oil B Oil C
API Gravity 26.6 25 19
Specific Gravity 0.895 0.904 0.94
Sulphur (wt.%) 0.84 0.52 0.82
Thiols/sulphides (ppm) 44 0 52
Thiophenes/Disulphides (ppm) 1400 37 1050
Benzothiophenes (ppm) 3890 1880 3160
Dibenzothiophenes (ppm) 2580 2740 2020
Benzonaphtothiophenes (ppm) 490 549 109
Nitrogen (wt.%) - 0.2 0.44
TAN (mgKOH/g) 0.2 2.9 23
Paraffins (wt.%) --- 37 19
Naphthenes (wt.%) -- 49 65
Aromatics (wt.%) --- 13 15
Asphaltenes (wt.%) <0.3 0.3 1.4
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3.2 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 hours and the resulting char
was leached in a solution composed of 2:1:1 parts H;O,:HNO;: HCI for a further 24 hours. The
leaching solution was diluted in a 2% HNOj 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., (in review) and Sugiyama and Williams-Jones (2018).

After reaction with oil, the zinc wires were removed, rinsed in toluene and vacuum dried for 24h.
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 Ka radiation (1486 eV) and an X-ray spot size of 100 pum. 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 and analyse the freshly exposed zinc
surface. Progressive etching removes ligands that are weakly bound to the surface of the wire,
thereby exposing ligands, which have a greater chemical affinity for zinc and are more deeply

embedded in the wire.
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3.2.1 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. Thus, the range of experimental temperatures selected for this study

(150-250 °C) was based on oil window temperatures and oil stability considerations.

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 Figure 1). Zinc concentrations were
measured after reaction with the oils at 5, 10, 15 and 30 days. Every data point in Figure 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 Figure 1, a steady
state concentration was reached in less than 30 days, and in some cases in as little as 5 days.
However, 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 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.
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3.3 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 sulfonate (1000 ppm Zn) dissolved in crude oil (compositional information for this
Zn oil standard is provided in Appendix A), was injected into a reaction vessel atop a layer of
calcite-buffered, 15 wt% NaCl brine. Hydrogen sulfide gas was generated in an external flask by
dripping 38% hydrochloric acid onto sodium sulfide. The hydrogen sulfide gas was pumped
through the reaction vessel under positive pressure for five (5) minutes to ensure a hydrogen
sulphide atmosphere (Appendix B, Fig. A1). The reaction vessel, which was at room
temperature, was then sealed and left to rest for 24 hours. Sphalerite crystals were seen to
precipitate from the oil after 10 minutes. The crystals were separated by centrifuging the brine,
and their composition was confirmed using a Rigaku SmartLab X-ray diffractometer (XRD) with

Cu Ko radiation (A = 0.154 nm).

4 Results

4.1 Solubility and speciation of Zinc in crude oil

The Zn solubility increases with temperature for the three oils tested (Table 2). In addition, zinc
solubility increases with TAN concentration at the three temperatures considered (Fig. 2). Oil B,
our highest TAN oil (Table 2), with a TAN value of 2.9 mgKOH/g, dissolved 1700 ppm Zn at
250 °C, which was the highest Zn concentration dissolved in any of our experiments. At the same
temperature, Oil C, with a TAN value of 2.3 mgKOH/g, dissolved 1520 ppm Zn and Oil A, with
a TAN value of 0.2 mgKOH/g, dissolved 244ppm. Steady state concentrations of Zn in the crude
oil were observed to correlate strongly and exclusively with oil TAN values. By contrast, the
sulphur and thiol contents of the oils showed no correlation with Zn concentration. Moreover,

Oil B, which dissolved the highest concentration of Zn, contained no detectable thiols.
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172 Table 2. The experimentally determined solubility of Zn in crude oils A, B and C at 150, 200
173 and 250 °C. The Zn concentration at 25°C is the background concentration in the unreacted oil.
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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). 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. An XPS spectrum identifying the major elements bound to the Zn wire after reaction
with Oil C at 200°C. The relative abundances of these elements changed as the wire was
progressively etched.
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4.2 Precipitation of sphalerite from a Zn-rich oil

A reaction designed to precipitate Zn from oil in the presence of hydrogen sulfide gas was
carried out successfully (details of the experimental setup are provided in Section 3.3). Although
the reaction was allowed to proceed for 24 hours, sphalerite crystals were seen to precipitate at
the oil-brine interface as a cloud of small, white crystals after just 10 minutes (Fig. 4). The
composition of the crystals was confirmed using XRD (see Figure 5). The mass of sphalerite that
precipitated was measured and shown to represent for 44% of the Zn initially present in the oil

(See Appendix B for details of the calculation).

Zn-rich
(1000 ppm Zn)
oil

15 wt.% NaCl,
CaCOs3 brine

Precipitated
Sphalerite (ZnS)

Figure 4. Reaction vessel containing sphalerite that was precipitated from a 1000 ppm zinc-
sulfonate oil.
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Figure 5. A XRD spectrum for sphalerite precipitated from a 1000 ppm zinc-sulfonate oil.

5 Discussion

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

The results of the experiments illustrated in Figure 2 show that zinc solubility in crude oil
increases with the TAN value for all temperatures investigated. The total acid number (TAN) is a
variable, which 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 Figure 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,
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1975), this independently reinforces the hypothesis that Zn is complexed primarily by carboxylic
acids in crude oil. In contrast, the carbon peak in Figure 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).

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; Li,
et al. 2010). Redox processes during late diagenesis involving the reaction of kerogen or
hydrocarbons with mineral oxidants, such as hematite (Fe,O3) in red beds, however, may also be

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

5.2 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
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1s 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 modelling (Stoffel 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 mg KOH/g (Li et al., 2010) and
10.4 mg KOH/g (Dou et al. 2008), respectively. Lower but still significant TAN values (up to 3.6
mg KOH/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.

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 Hoffman, 1989; Spangenberg, 1999; Saintilan et al., 2016). In the case of the
Cadjebut deposit, one of the largest Pb-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

15

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy bk W

OO O OO U U oo BB DDBDDBDDBRDDEPRPRWWWWWLWWWWWWNDNDNDNDNDNDMNNNMNNDMNNNNNRE R RRRRRRRRE
O WNHFOWO-JOHUE WNEFOWOM-JIJOHUEWNNEFOWOWJOU S WNEFOOVWW-JOUdWNEFE OWOWwJoUdwdhDEF O

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

region (Wallace et al., 2002). It has, therefore, been proposed that the MVT-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.

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 percent 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 Appendix 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 that a hypothesis
involving the transport of Zn by liquid hydrocarbons during MVT ore formation, merits

consideration.
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5.3 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 H,S 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
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 which is referred to as Thermochemical

Sulphate Reduction (TSR) (Machel, 2001).

We have evaluated 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 so as to simulate the geochemical conditions imposed by BSR or TSR inside a carbonate
reservoir. The experiment was conducted at room temperature and led to 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 H,S. 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. However, the results of calculations reported by Williams-
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Jones and Migdisov (2014) 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 temperature, it would precipitate spontaneously in the
presence of H,S. This supports the hypothesis that liquid hydrocarbons could play a significant

role in the formation of MVT 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
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) 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.
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Conclusions

The solubility of Zn in crude oil correlates positively with the 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 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
the highest 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.

Acknowledgements

The research described in this paper was funded by a grant from Statoil Canada and a
collaborative research and development grant from NSERC. The crude oil samples used in the
experiments were supplied by Statoil Canada. Ichiko Sugiyama helped with the set-up of the
experiments and developed the methodology that we employed in analysing our samples.
Finally, we acknowledge the constructive comments of two anonymous reviewers that helped us

to improve the manuscript significantly.

19

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy bk W

OO O OO U U oo BB DBDDBRDBDEPRPRWWWWWLWWWWWWNDNDNDNDNDNDNNNMNNDMNNNNNRERRRRRRRRPRE
O WNHFOWO-JOHUE WNEFOWO-JIJOHUEWNEFOWOOWJIJOU S WNEFOOVWJOU s WNEFE OWOwJoU bW O

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

References
Anderson, G.M. and Macqueen, R.W., 1982. Ore deposit models-6. Mississippi Valley-type

lead-zinc deposits. Geoscience Canada, 9(2).

Ayuso, R.A., Kelley, K.D., Leach, D.L., Young, L.E., Slack, J.F., Wandless, J.F., Lyon, A.M.
and Dillingham, J.L., 2004. Origin of the red dog Zn-Pb-Ag deposits, Brooks Range,
Alaska: evidence from regional Pb and Sr isotope sources. Economic Geology, 99(7),

pp.1533-1553.

Barbosa, L.L., Sad, C.M., Morgan, V.G., Figueiras, P.R. and Castro, E.R., 2016. Application of
low field NMR as an alternative technique to quantification of total acid number and

sulphur content in petroleum from Brazilian reservoirs. Fuel, 176, pp.146-152.

Craddock, P.T., 1978. The composition of the copper alloys used by the Greek, Etruscan and
Roman civilizations: 3. The origins and early use of brass. Journal of Archaeological

Science, 5(1), pp.1-16.

Dou, L., Cheng, D., Li, M., Xiao, K., Shi, B. and Li, Z., 2008. Unusual high acidity oils from the

great palogue field, melut basin, Sudan. Organic Geochemistry, 39(2), pp.210-231.

Duyck, C., Miekeley, N., da Silveira, C.L.P., Aucelio, R.Q., Campos, R.C., Grinberg, P. and

Brandao, G.P., 2007. The determination of trace elements in crude oil and its heavy

20

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy 0ok W

OO O OO U U oo BB DDBDDDBRDBDEPRPRWWWWWLWWWWWWNDNDNODNDNDNDNNNMNNDMNNNNNRE R RRRRRRRRE
O WNNHFOWO-JOHUE WNEFOWO-JOHUE WNNEFOWOW-JOU S WNEFOOVWW-JOU s WNEFE OWOwJoOUdwdhDEFE O

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

fractions by atomic spectrometry. Spectrochimica Acta Part B: Atomic

Spectroscopy, 62(9), pp.939-951.

EIA (2015). Technically recoverable Oil and Shale Gas Resources: Australia. Washington D.C.

Etminan, H. and Hoffmann, C.F., 1989. Biomarkers in fluid inclusions: A new tool in
constraining source regimes and its implications for the genesis of Mississippi Valley-

type deposits. Geology, 17(1), pp.19-22.

Evans, T.L., Campbell, F.A. and Krouse, H.R., 1968. A reconnaissance study of some western

Canadian lead-zinc deposits. Economic Geology, 63(4), pp.349-359.

Giordano, T.H., 1985. A preliminary evaluation of organic ligands and metal-organic
complexing in Mississippi Valley-type ore solutions. Economic Geology, 80(1), pp.96-

106.

Giordano, T.H., 1994, Metal Transport in Ore Fluids by Organic Ligand Complexation, in
Pittman, E.D. and Lewan, M.D. eds., Organic Acids in Geological Processes, Springer-

Verlag, p. 320 — 354.

Giordano, T.H. and Kharaka, Y.K., 1994. Organic ligand distribution and speciation in
sedimentary basin brines, diagenetic fluids and related ore solutions. Geological Society,

London, Special Publications, 78(1), pp.175-202.

21

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy 0ok W

OO O OO0 U oo DDBDDBDDBRDDEPRPRWWWWWLWWWWWWNDNDNODMNDNDNDNNNMNNDMNNNNNRERRRRRRRRPRE
GO WNHFOWO-JOHUE WNEFOWOW-JIJOHUE WNNEFOWOWJOU S WNEFOOVWW-JOU s WNEFE OWOwJoU bW O

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

Gize, A.P. and Barnes, H.L., 1987. The organic geochemistry of two Mississippi Valley-type

lead-zinc deposits. Economic Geology, 82(2), pp.457-470.

Huang, L. and Gitschier, J., 1997. A novel gene involved in zinc transport is deficient in the

lethal milk mouse. Nature genetics, 17(3), p.292.

Jones, P. (1975). Trace Elements and Other Elements in Crude Oil—a Literature Review.

Sunbury: Report of British Petroleum Research Centre.

Leach, D.L., Taylor, R.D., Fey, D.L., Diehl, S.F. and Saltus, R.W., 2010. 4 deposit model for
Mississippi Valley-Type lead-zinc ores: Chapter A in Mineral deposit models for

resource assessment (No. 2010-5070-A). US Geological Survey.

Lee, M K. and Saunders, J.A., 2003. Effects of pH on metals precipitation and sorption. Vadose

Zone Journal, 2(2), pp.177-185.

Lewan, M., 1984, Factors controlling the proportionality of vanadium to nickel in crude oils:

Geochimica et Cosmochimica Acta, v. 48, p. 2231 — 2238.

Li, M., Cheng, D., Pan, X., Dou, L., Hou, D., Shi, Q., Wen, Z., Tang, Y., Achal, S., Milovic, M.

and Tremblay, L., 2010. Characterization of petroleum acids using combined FT-IR, FT-

22

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy bk W

OO O OO U U oo BB DBDDBRDBDEPRPRWWWWWLWWWWWWNDNDNDNDNDNDNNNMNNDMNNNNNRERRRRRRRRPRE
GO WNHFOWO-JOHUE WNEFOWOW-JIJOHNU WNEFOWOWJOUWNEF O OVWW-JOU s WNEFE OWOwJoOU bW O

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

ICR-MS and GC-MS: Implications for the origin of high acidity oils in the Muglad

Basin, Sudan. Organic Geochemistry, 41(9), pp.959-965.

Machel, H.G., 2001. Bacterial and thermochemical sulfate reduction in diagenetic settings—old

and new insights. Sedimentary Geology, 140(1-2), p.143-175.

McCall, K.A., Huang, C.C. and Fierke, C.A., 2000. Function and mechanism of zinc

metalloenzymes. The Journal of nutrition, 130(5), pp.1437S-1446S.

Meredith, W., Kelland, S.J. and Jones, D.M., 2000. Influence of biodegradation on crude oil

acidity and carboxylic acid composition. Organic Geochemistry, 31(11), pp.1059-1073.

Perkins, W.G. and Bell, T.H., 1998. Stratiform replacement lead-zinc deposits; a comparison
between Mount Isa, Hilton, and McArthur River. Economic Geology, 93(8), pp.1190-

1212.

Peter, J.M., and Scott, S.D., 1988, Mineralogy, composition, and fluid-inclusion
microthermometry of seafloor hydrothermal deposits in the Southern Trough of Guaymas

Basin, Gulf of California: Canadian Mineralogist, v. 26, p. 567-587.

Peters, K.E., Walters, C.C., and Moldowan, J.M., 2004, The Biomarker Guide: Volume 1,
Biomarker and Isotopes in the Environment and Human History: Cambridge University

Press.

23

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy 0ok W

O OO OO U UG DD DD DDDDWWWWWWWWwWwwdhdhNNdNDNDNdNdDNDNNNNRERRRRERRRERR
O WNHFOWO-JOHUE WNEFOWOM-JIJOHUEWNEFEFOWOWJOU S WNEFOOVWW-JOUdWNEFE OWOWwJOoOUdWwWwhDEFE O

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

Price, L.C., and Wenger, L.M., 1992, The influence of pressure on petroleum generation and

maturation as suggested by aqueous pyrolysis: Organic Geochemistry, v. 19, p. 141-159.

Roedder, E., 1979. Fluid inclusion evidence on the environments of sedimentary diagenesis, a

review. SPEM special publication No. 26, p. 89-107

Saintilan, N.J., Spangenberg, J.E., Samankassou, E., Kouzmanov, K., Chiaradia, M., Stephens,
M.B. and Fontboté, L., 2016. A refined genetic model for the Laisvall and Vassbo
Mississippi Valley-type sandstone-hosted deposits, Sweden: constraints from paragenetic
studies, organic geochemistry, and S, C, N, and Sr isotope data. Mineralium

Deposita, 51(5), pp.639-664.

Sanz-Robinson, J., Sugiyama 1., Williams-Jones, A.E., (in review). The Solubility of Palladium
(Pd) in Crude Oil at 150, 200 and 250°C and its Application to Ore Genesis

ms. Chemical Geology

Seifert, W.K., 1975. Carboxylic acids in petroleum and sediments. In Fortschritte der Chemie
Organischer Naturstoffe/Progress in the Chemistry of Organic Natural Products (pp. 1-

49). Springer, Vienna.

Shuman, L.M., 1999. Effect of organic waste amendments on zinc adsorption by two soils. Soil

Science, 164(3), pp.197-205.

24

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy bk W

O OO OO U U OO DD DD DDDDWWWWWWWWwwdhhNdNdNDNdNdDNdDNDNNNNRERRRRERRRERR
GO WNhRPFPODWOJOHUPd WNEFEFOWO-JITOHUPd WNEOWO-TOHUDWNEFEFOWOWTITOHUOUDdWNEOWOWJIO U WD O

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

Spangenberg, J.E., Fontbote, L. and Macko, S.A., 1999. An evaluation of the inorganic and
organic geochemistry of the San Vicente mississippi valley-type zinc-lead district, central
Peru; implications for ore fluid composition, mixing processes, and sulfate

reduction. Economic Geology, 94(7), pp.1067-1092.

Speight, J.G., 2001, Handbook of Petroleum Analysis (J. G. Speight, Ed.): John Wiley & Sons,

Inc.

Stoffell, B., Appold, M.S., Wilkinson, J.J., McClean, N.A. and Jefftries, T.E., 2008.
Geochemistry and evolution of Mississippi Valley-type mineralizing brines from the Tri-
State and northern Arkansas districts determined by LA-ICP-MS microanalysis of fluid

inclusions. Economic Geology, 103(7), pp.1411-1435.

Sugiyama, I. and Williams-Jones, A.E., 2018. An approach to determining nickel, vanadium and

other metal concentrations in crude oil. Analytica chimica acta, 1002, pp.18-25.

Surdam, R.C., Jiao, Z.S. and MacGowan, D.B., 1993. Redox reactions involving hydrocarbons
and mineral oxidants: A mechanism for significant porosity enhancement in

sandstones. AAPG Bulletin, 77(9), pp.1509-1518.

Sverjensky, D.A., 1986. Genesis of Mississippi Valley-type lead-zinc desposits. Annual Review

of Earth and Planetary Sciences, 14(1), pp.177-199.

25

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy bk W

O OO OO U UG ds D DDDDDD_DDDDWWWWWWWWwwhhNdNdNNdNdNdNDNNNNRERRRRERRRERRE
O WNhRPFPODWOJOHUDd WNEFEFOWO-JITOHUPEd WNEOWOW-TOHUD WNEFEFOWOWTITOHUdWNEOWOW-TJO U WD O

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

Thom, J. and Anderson, G.M., 2008. The role of thermochemical sulfate reduction in the origin

of Mississippi Valley-type deposits. I. Experimental results. Geofluids, 8(1), pp.16-26.

Thomas C.L. (2018). Mineral Commodity Summaries 2018: Zinc. United States Geological

Survey. Retreived May 17, 2018.

Tompkins, L.A., Rayner, M.J., Groves, D.I. and Roche, M.T., 1994. Evaporites; in situ sulfur
source for rhythmically banded ore in the Cadjebut mississippi valley-type Zn-Pb deposit,

Western Australia. Economic Geology, 89(3), pp.467-492.

Tompkins, L.A., Eisenlohr, B., Groves, D.I. and Raetz, M., 1997. Temporal changes in
mineralization style at the Cadjebut mississippi valley-type deposit, Lennard Shelf,

WA. Economic Geology, 92(7-8), pp.843-862.

Wallace, M.W., Middleton, H.A., Johns, B. and Marshallsea, S., 2002, October. Hydrocarbons
and Mississippi Valley-type sulfides in the Devonian reef complexes of the eastern
Lennard Shelf, Canning Basin, Western Australia. In The sedimentary basins of Western
Australia 3. Proceedings of the West Australian basins Symposium: Perth, Petroleum

Exploration Society of Australia (pp. 795-815).

26

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy bk W

O OO OO U U OO DD DD DDDDDWWWWWWWWwwdhdhNdNdNNdNdNdDNDNNNNRERRRRERRRERR
GO WNhRPFRPODWOJOOUPd WNEFEFOWO-JITOHUPdWNEOWO-TOOUP WNDEFEFOWOWTITOHUDdWNEOWOWJIO U WD O

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

Warren, J.K. and Kempton, R.H., 1997. Evaporite Sedimentology and the Origin of Evaporite-
Associated Mississippi Valley-Type Sulfides in the Cadjebut Mine Area Lennard Shelf,

Canning Basin, Western Australia.

Williams-Jones, A.E. and Migdisov, A.A., 2014. Experimental constraints on the transport and
deposition of metals in ore-forming hydrothermal systems. Society of Economic

Geologists, 18, pp.77-96.

27

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



O Joy bk W

O OO OO U UG DD DD DDDDWWWWWWWWwwhhNdNdNDNdNdDNdDNDNNNNRERPRRRERRRERR
O WNHFOWO-JOHUE WNEFOWOM-JIJOHUEWNEFEFOWOWJOU S WNEFOOVWW-JOUdWNEFE OWOWwJOoOUdWwWwhDEFE O

531

532

533

534

535

536

537

538

539

540

541

542

543
544

545

Sanz-Robinson, J., Williams-Jones, A.E., 2019. Zinc solubility,
speciation and deposition: A role for liquid hydrocarbons as ore fluids for
Mississippi Valley Type Zn-Pb deposits. Chemical Geology, 520: 60-68.

Appendix

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 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 A1).

Table A1l. The composition and properties of the Hibernia Crude oil used in the Conostan® Zn
oil standard.

Parameters

Specific gravity 0.84-0.86
Carbon (wt%) 86
Hydrogen (wt%) 13
Nitrogen (wt%) 0
Saturates (Wt%) 79
Aromatics (Wt%) 15
Resins (wt%) 4
Asphaltenes (wt%) 3
Waxes (wt%) 8
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B. Experimental setup for the precipitation of sphalerite from a Zn-rich oil

38% HCI
HzS out HzS5in
Zn-tich oil | Haak
15wi% NaCl,
CaCOsz buffered \—Y—/ \—T—}
brine
Reaction Veszel H:S generation flask

Figure A1. The experimental setup for the precipitation of sphalerite from a zinc-rich oil

Calculating the experimental yield

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

Total Zinc = ((%) x20g oil> X

1000mg 20mg Zn

Our experiment precipitated 13.11 mg of Sphalerite (ZnS)

. ) 13.11x10"3g ZnS 1000m, . .
Zinc in sphalerite = ((M—g) xM Zn) X p g where My,s is the molecular weight
ZnS

of ZnS and My, is the atomic mass of Zn.
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)x65.38i 1000M3 _ 8794 mg Zn
mol
)x100% - (%) x100% = 44%

44% of Zn contained in the oil was precipitated as sphalerite

C. Estimating the carboxylic acid content of crude oil from TAN values

10000
2000
=
=
3,
= EO00
[nk}
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)
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- 4000
[}
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= 2000
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Figure A2. Oil TAN versus carboxylic acid content (modified from Meredith et al., 2000)

. (ug mg KOH
Carboxylic acids (?) = 32004 x TAN(T) — 656.98
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Empirical equation derived from the data of Meredith et al., 2000.
Our most metalliferous oil has a TAN of 2.9 mg KOH/g.

This corresponds to a carboxylic acid content of 8620 pg/g

D. Mass balance calculation to determine the amount of Zn-rich oil required to form a 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'>gx 0.17 =5.95 x 10" g Pb + Zn.

Calculation of the amount of oil required to form a Cadjebut-size 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
106kg oik 106kg/ m3oil
850kg m—3

Concentration of Zn in oil = 1000ppm Zn =

0.7 km3

. Mass of Zn deposit 5.95x10%kg Zn 1 km?3
Amount of oil = : —— = | —535% 277 ) x =
Concentration of Zn in oil . g/ 3 109m3
m

Calculation of the oil reserves (in cubic kilometers) of the Goldwyer Shale in the Canning Basin

0.159m3  1km3
barrel 10°m3

Oil reserves = 244 x 10%barrels x =38.8 km’ (EIA, 2015)
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