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petroleum as source and carrier 
of metals in epigenetic sediment-
hosted mineralization
Nicolas J. saintilan  1,5, Jorge E. spangenberg2, Massimo Chiaradia1, Cyril Chelle-Michou1,5, 
Michael B. stephens3,4 & Lluís Fontboté1

Sediment-hosted ore deposits contribute a significant amount (up to 65%) of the global resources of 
lead and zinc. Among them, the Mississippi-Valley type deposits and related oil fields often comprise 
large-scale hydrothermal systems where regional host rocks are stained with disseminated liquid 
petroleum (crude oil) and other organic compounds. Current models for the formation of those 
epigenetic Pb-Zn sulphide deposits consider that metals are mostly leached from basement rocks 
and their detrital erosional products, and transported by oxidized basinal hydrothermal fluids as 
chloride complexes. Sulphide precipitation mainly occurs when these basinal brines interact with 
fluids rich in reduced sulphur species produced mostly by thermochemical sulphate reduction (TSR) 
mediated by hydrocarbons. Here, using organic geochemistry and Pb isotopes, we provide evidence 
that petroleum and associated water were key for the formation of sulphide mineralization in the 
world-class sandstone-hosted ore deposit at Laisvall, not only by supplying reduced sulphur but also 
by contributing metals in significant amounts. The lead originally found in bitumen of the Alum Shale 
Formation was transported —during an arc-continent collisional event— by liquid petroleum and 
associated water to the site of sulphide mineralization. The alteration of petroleum by TSR made lead 
available for precipitation as sulphide. The petroleum-associated lead represents 40 to 60% of the metal 
budget in the deposit, the remainder being sourced by leaching of basement rocks.

Metals contained in epigenetic sediment-hosted Zn-Pb sulphide deposits, which are referred as or related to 
Mississippi Valley-type (MVT) deposits, are thought to be mostly leached from local basement rocks and their 
detrital erosional rocks, and transported as chloride-metal complexes in oxidized basinal brines1–4. Base metal 
sulphide mineralization mainly takes place when the metal-bearing fluids mix with reduced fluids rich in sul-
phur species3,4. Organic compounds are commonly involved in the processes concurring to the accumulation of 
reduced sulphur species3,4. Several MVT ores are associated with rests of pre- to syn-ore altered organic matter 
(e.g., solid bitumen), which was involved in the production of reduced sulphur by thermochemical sulphate 
reduction (TSR)4–10.

The role of organic acids as transport agents of Pb and Zn in basinal fluids has been evaluated through analysis 
of metal concentrations in oil field brines and thermodynamic modelling2,3. Inverse correlation between concen-
tration of organic acid anions (e.g., acetate) and metal content was noticed in basinal chloride-dominated and 
metal-bearing fluids2. Thus, in such brines, the minor complexation capability of organic acid anions (e.g., car-
boxylates) for Pb and Zn dismissed the possibility that organic acids play a role in the transport of Pb and Zn3. In 
the present study, we do not focus on the metal-bearing basinal brines but on the other mixing end-member(s) for 
which petroleum and the associated aqueous phases are involved4–10. Besides the established role of such organic 
compounds in the production of reduced sulphur for mineralization, their possible contribution to the metal pool 
for sulphide mineralization has only been conceptualized and tested experimentally11,12. Indeed, several metals 
(e.g., Ni, V, Mo, Zn, Cu, and Pb) are present in liquid petroleum at concentrations up to several hundreds of parts 
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per million, similar to those related to metal-chloride complexes in basinal brines12–14. Therefore, potentially, 
petroleum compounds involved in precipitation of sulphide minerals may have also supplied metals.

Connection between Sandstone-Hosted Pb-Zn Mineralization, Hydrocarbons and 
Alum shale
The world-class Laisvall MVT deposit (Fig. 1a; 64 Mt at 4% Pb, 0.6% Zn, 9 g/t Ag) in northern Sweden was 
mined for 40 years and was the largest Pb producer in Europe. Mineralization is found in two discrete ore hori-
zons within a sedimentary sequence deposited on the stable, platformal margin to the continent Baltica during 
the Ediacaran to Early Ordovician15,16 (Fig. 2): (1) the Pb ± Zn Lower Sandstone, and (2) the Zn ± Pb Upper 
Sandstone. Sphalerite and galena appear in three forms: (1) interstitially between partly dissolved quartz grains 
(mainly in the Upper Sandstone Orebody), (2) replacing barite cement (mainly in the Lower Sandstone Orebody), 
or (3) replacing ore-stage pyrite in both orebodies16.

Epigenetic sulphide mineralization formed during the Middle Ordovician (467 ± 5 Ma) as a result of fluid migra-
tion triggered by early Caledonian orogenic activity related to an arc-continent collision15. Geological constraints 
and organic geochemistry of black shale and both mineralized and barren sandstone samples indicate that hydro-
carbons migrated over several tens of kilometres from the middle Cambrian to Lower Ordovician Alum Shale 
Formation source rocks buried in the Caledonian foredeep into permeable Ediacaran to Cambrian sandstone in the 
forebulge setting16,17 (Fig. 2a). These hydrocarbons produced reduced sulphur species by TSR in sandstone traps16–18.

The sulphur isotope composition (δ34S values V-CDT) of galena (+21 to +27‰), sphalerite (+21 to +34‰) 
and ore-stage pyrite (+21 to +30‰) suggests that most H2S in the mineralizing fluid was produced by TSR 
from pore water seawater sulphate (+27 to +33‰) and barite cement (+14 to +33‰). Petrographic evidence 
from the layering of the Zn-Pb ore, sulphur isotope data, and occurrence of oxidized hydrocarbons (e.g., solid-
ified as bitumen intergrown with sphalerite), collectively suggest that TSR was most probably confined to a 
hydrocarbon-water interface16. This interpretation is in line with the necessity of a physical contact between 
hydrocarbon and aqueous sulphate for TSR to occur given the fact that sulphate does not react by TSR in the 
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Figure 1. Lead sources in the epigenetic sandstone-hosted Pb-Zn deposit at Laisvall, Sweden. (a) Simplified 
geological map of Scandinavia showing the location of sandstone-hosted Pb-Zn sulphide deposits in Ediacaran 
to lower Cambrian autochthonous sandstone and calcite-galena vein occurrences in Palaeoproterozoic 
crystalline basement close to the current erosional front of the Caledonian orogen. (b) 207Pb/204Pb vs. 206Pb/204Pb 
plot showing the isotopic composition of (i) Pb-Zn sulphides from the Laisvall deposit (Supplementary Data 
Table SI1) and in basement-hosted calcite-galena vein occurrences (Storuman and Åkerlandet districts in Fig. 
1a; Supplementary Data Table SI2), (ii) residue and leachate fractions from granite basement samples from 
the Laisvall area and their corresponding K-feldspar aliquots (Supplementary Data Table SI3) (ii) extractable 
organic matter (EOM) from shale hydrocarbon source rocks of the Alum Shale Formation and from the two 
mineralized sandstone horizons in the Laisvall deposit (Supplementary Data Table SI4), (c) Model age of lead 
source vs. timing of mineralization between 400 and 600 Ma for the Laisvall deposit and the calcite-galena vein 
occurrences in Palaeoproterozoic basement.
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solid state19. Recent experimental data in the 200° to 250 °C temperature range show that that the rates of in 
situ TSR reactions in ore deposits may be much faster than previously thought, in particular if thermally labile 
organo-sulphur compounds (e.g., thiols) are present and sulphide precipitation has taken place20–22.

The Alum Shale Formation contains hydrocarbon source rocks made of algal and bacterial kerogen23 with 
high contents of total organic carbon (up to 22 wt% TOC), Pb (up to 200 ppm) and other metals (e.g., Ni, V, 
Mo, U, Zn)24. The transport of base metals in petroleum depends on whether a metal preferentially partitions 
into the organic phase (e.g., V, Ni and Co in metalloporphyrins) or into the aqueous one (e.g., Pb and Zn chlo-
rides)13,25. Lead, originally found in petroleum source rocks, might be present in the organic phase, but at much 
lower concentrations than, e.g., V, Ni and Co. However, Pb might be preferentially partitioned as inorganic 
complexes in the petroleum-associated waters (e.g., 2.1 mg/L Pb in petroleum vs. 111 mg/L Pb in the associated 
waters)13,25,26. Therefore, petroleum compounds produced by the Alum Shale rocks could have potentially sup-
plied lead for sulphide mineralization in sandstone, adding to the established source of radiogenic lead derived 
from Palaeoproterozoic basement rocks at Laisvall or their detrital erosional products due to leaching by basinal 
brines27–29. In this study, we provide direct evidence in support of this hypothesis and show the significant contri-
bution of “petroleum-associated lead” to the ore site.

Lead Isotopic Composition of Pb-Zn Sulphides, Pb Model Ages and Sources of Lead
Calcite-galena veins, which occur in neighbouring districts to Laisvall and are hosted in the same Palaeoproterozoic 
Baltica basement province as that underlying the Laisvall district (Fig. 1a), illustrate the classical example of a met-
allogenic process involving leaching of metals solely from basement rocks1,30. In a conventional 207Pb/204Pb vs. 
206Pb/204Pb diagram (Fig. 1b), the analysed Pb-Zn sulphides at Laisvall define a trend (“Laisvall line”) that is dis-
tinct from the isotopic composition of the Pb-Zn sulphides from the basement-hosted veins (“vein line”). Indeed, 
the slope of 0.112 ± 0.002 (2σ) for the “Laisvall line” is distinct within uncertainties from the slope (0.136 ± 0.010, 
2σ) of the “vein line” (inset in Fig. 1b). These results suggest that the discrete Laisvall trend, which is different from 
the vein trend, is not compatible with leaching of metals solely from basement rocks and their erosional products.

We calculated lead source model ages (T) for a range of possible mineralization ages (t) between 400 and 
600 Ma, consistent with the published Rb-Sr sphalerite isochron ages for the Laisvall deposit (467 ± 5 Ma)15 and 
the broadly coeval vein occurrences (548 to 463 Ma)15,31. The equation of the slope (m) of a palaeoisochron is:
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genic fraction.

Since galena (PbS) and sphalerite (ZnS) contain virtually no uranium and thorium, their lead isotopic compo-
sition approximates the common lead composition at the time of their precipitation. For vein mineralization ages 
between 400 and 600 Ma, the source of lead in the vein occurrences (m = 0.136) has a model age between 1.8 and 
2.1 Ga (Fig. 1c), which is consistent with the geological age of the crystalline rocks in the basement province32. 
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Figure 2. Geodynamic setting for mineralization at Laisvall bearing “petroleum-associated lead” and 
“basement-derived lead”. (a) Genetic model and palaeotectonic setting during mineralization in the Middle 
Ordovician at Laisvall. (b) Mineralizing processes and details of the two lead sources with emphasis on the low-
radiogenic lead source supplied by petroleum and petroleum-associated brines. Petroleum also contributed 
H2S for mineralization via thermochemical sulphate reduction (modified after ref.16). Figure 2 is modified after 
a published figure with permission from “Springer Nature: Mineralium Deposita, vol. 51, 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, Saintilan, N.J., Spangenberg, J.E., 
Samankassou, E., Kouzmanov, K., Chiaradia, M., Stephens, M.B., and Fontboté, L., p. 639–664, Copyright, 2016”.
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In contrast, considering the Laisvall mineralization age of 467 ± 5 Ma, the Laisvall trend would require a lead 
source with a significantly younger model age between ~1.52 and ~1.61 Ga (Fig. 1c), which is inconsistent with 
any known rock unit in the part of the Baltica basement province around the deposit. This result indicates that the 
Laisvall line is not a palaeoisochron but a mixing line between two discrete lead sources (“Laisvall mixing line”), 
a high-radiogenic lead end-member and a low-radiogenic lead end-member (Fig. 1b). The high-radiogenic lead 
end-member of the “Laisvall mixing line” is reasonably represented by a Pb isotopic composition similar to that of 
Pb-Zn sulphides in the basement-hosted vein-type mineralization (“end-member 1” in Fig. 1b). We suggest that 
this lead end-member corresponds to the isotopic composition of Pb leached from basement rocks at the time of 
vein formation (broadly coeval with the formation of the Laisvall deposit).

In order to test this hypothesis, we carried out experimental leaching of samples from granitic basement 
rocks at Laisvall (protocol from ref.33). We analysed separately leachate and residue fractions of whole rocks and 
K-feldspars. The results show that residues, which represent the common Pb isotope composition, fall on the 
low-radiogenic continuation of the “vein line” whereas leachates scatter at variably more radiogenic values around 
the “vein line” (Fig. 1b). This supports the contention that the Pb isotope spread of the “vein line” results from 
leaching of basement rocks at the time of the vein formation (i.e., 400–600 Ma ago) by basinal brines, as recognized 
in the widely accepted genetic model for MVT and related deposit types4,16. The fact that not all leachates fall on 
the regression line including vein Pb may be due to two reasons: (i) leachates are not corrected for time-integrated 
decay since the formation of the vein mineralization (this would variably shift isotopic compositions of leachates 
to the left along isochrons corresponding to 400–600 Ma ages, depending on their U/Pb ratios); Fig. 1b); (ii) the 
leaching procedure used is probably not fully representative (e.g., in terms of acidity, temperature, salinity of the 
experimental acid solution used) of the leaching of basement rocks by basinal brines 400 to 600 million years ago.

“Petroleum-Associated Pb” in Epigenetic Pb-Zn Sulphide Mineralization
In order to test whether the low radiogenic end-member (“end-member 2” in Fig. 1b) could correspond to Pb ini-
tially associated with petroleum, a protocol was developed to obtain the lead isotopic composition of the organic 
solvent-extractable organic matter (bitumen) in Alum Shale rocks (n = 5) and mineralized sandstone samples 
(n = 4). In addition, four other mineralized sandstone samples and three subaliquots of the Alum Shale sample, 
which had the highest bitumen content, were utilized to determine the metal concentrations (i.e., U, Th, Pb, Zn) 
of the bitumen fractions (Supplementary Data Table SI5).

The Alum Shale samples have high bitumen contents (0.3 to 1.0 mg/g rock), compared to the mineralized sand-
stone samples (0.03 to 0.09 mg/g rock). The bitumen fractions in the shale samples were rich in asphaltenes and resins 
(NSO compounds). The hydrocarbon fraction mainly consisted of n-alkane, methyl-alkanes, and acyclic isoprenoids16. 
In the mineralized sandstone samples, the bitumen fractions contain neither U nor Th but significant Zn and Pb 
concentrations, in particular in the Lower Sandstone (LS) samples (Zn from 41 to 24,125 ppm, Pb between 3 and 400 
ppm; Supplementary Data Table SI5). The bitumen fractions of the Alum Shale samples contain between 370 and 455 
ppm U, ca. 200 ppm Zn, but are almost devoid of Th (2 ppm). We could thus safely conclude that the bitumen fraction 
in mineralized sandstone samples, which was derived from petroleum produced by the Alum Shale Formation16–18 
(Fig. 2), had neither U nor Th that could contribute radiogenic Pb. The low Pb contents in the bitumen fraction of the 
Alum Shale samples would be compatible with the release of Pb from Alum Shale source rock to the petroleum and its 
associated aqueous phase before their migration. In light of this evidence, we can investigate if lead originally found in 
the bitumen of Alum Shale Formation was brought to the mineralization site at Laisvall as “petroleum-associated Pb”.

The five Alum Shale bitumen fractions have a lead isotopic composition that falls on the Laisvall mixing line 
on the low-radiogenic side (“end-member 2” in Fig. 1b). The lead isotopic composition of the bitumen fractions 
from three mineralized sandstone samples falls in the field of end-member 2 defined by the Alum Shale bitumen 
fractions. The bitumen fraction of the fourth mineralized sandstone sample has a Pb isotopic composition that is 
similar to the isotopic composition of Pb-Zn sulphides at Laisvall and therefore falls on the Laisvall mixing line. 
Our results imply that lead originally found in the bitumen of the Alum Shale rocks was transported eastwards 
during the arc-continent collisional event by liquid petroleum and its associated aqueous phase to the minerali-
zation site in sandstone at Laisvall15,16 (Fig. 2b). This petroleum-associated lead was subsequently made available 
for precipitation as sulphides when the organic phase was altered by thermochemical sulphate reduction causing 
a change of the pH and Eh conditions.

Implications for the Role of Petroleum as Ore Fluids and the Fate of Petroleum Reservoirs
Based on the above discussion, simple mixing equations (Table 1) using the average isotopic compositions 
of “end-member 1” (basement-derived Pb) and “end-member 2” (“petroleum-associated Pb”) suggest that 
low-radiogenic lead released by Alum Shale may have contributed between 40 and 60% of the total Pb budget 
of the Laisvall deposit. This “petroleum-associated Pb” accumulated originally in the organic-matter-rich and 
metal-rich Alum Shale during sedimentation and early diagenesis. This lead was subsequently incorporated into 
petroleum and associated aqueous phase during organic matter maturation. The remainder “basement-derived 
Pb” was provided by crystalline basement rocks or detrital erosional products leached by basinal brines16,27,34. 
At 467 Ma, in coincidence with orogenic activity, metal-rich petroleum and associated fluids migrated to a trap 
site at Laisvall, where they mixed with oxidized basinal brines containing basement-derived Pb. In presence of 
TSR-derived reduced sulphur species, lead and zinc sulphides precipitated to form the Laisvall deposit with Pb 
of bimodal origin.

Our work provides direct evidence that petroleum is not only the main source of sulphate reductants for TSR, 
but can also transport significant amounts of metals that may end up as sulphides in base metal sediment-hosted 
ore deposits. The high proportion of lead contributed to the Laisvall deposit by petroleum and associated 
waters opens the possibility to evaluate in a new way the role of hydrocarbons in genetic models for epigenetic 
sediment-hosted base metal (e.g., Cu, Pb, Zn) ore deposits.
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Methods
Samples, weighing 1 to 4 kg each, were collected from drill cores at the core archive of Boliden Mineral AB, 
Sweden or from outcrops in a 5-km radius around the Laisvall mine: (i) shale hydrocarbon source rocks from 
the Alum Shale Formation (n = 5), (ii) mineralized sandstone samples (n = 47), (iii) basement granite samples 
(n = 6). Each drill core piece was cleaned in acetone and deionized water prior to processing. K-feldspar aliquots 
(n = 7) from the granite samples were prepared using a microdrill device.

The five shale hydrocarbon source rock samples and four mineralized sandstone samples were crushed, pul-
verized (>125 µm) and c. 200 g aliquots were taken for organic geochemistry studies. The extractable organic 
matter (EOM) was isolated from these aliquots by reflux in a mixture of dichloromethane-methanol and using 
petroleum geochemical procedures9,35 carried out at the Stable Isotope and Organic Geochemistry Laboratories 
at the University of Lausanne, Switzerland. EOM did not contain any non-organic material (e.g., clays, other 
silicates, carbonates, oxides, phosphates).

The EOM from the shale hydrocarbon source rocks (15-ASF-1 to 15-ASF-5) and mineralized sandstone sam-
ples (15-US-01 & -02, 15-LS-01 & -02) was processed in the following way. A new protocol was designed to 
extract the organo-metallic fractions of the EOM with the aim to obtain lead isotopic compositions. Following 
filtration, all dichloromethane solutions containing EOM were transferred to 5 mL glass vials in which solvent 
evaporation proceeded for two weeks. Depending on the amount of EOM present in the vials after solvent evapo-
ration, between 1 and 1.5 mL of ultrapure 96% sulphuric acid (Pb content < 100 ppt) was added to each glass vial. 
This step produced (i) an ionic and aqueous leachate by oxidation of organo-metallic compounds in the EOM and 
(ii) a solid residue. Leachates were collected and converted to bromide form to perform standard Pb ion-exchange 
chromatography. In addition, four other mineralized sandstone samples and an aliquot of the EOM of alum shale 
sample 15-ASF-3, which was itself split in three subaliquots were utilized to determine the metal contents (i.e., U, 
Th, Pb, Zn) of their bitumen fractions by XRF. The metal contents (e.g., U, Th, Pb, Zn) of EOM in these aliquots 
were analysed at Weatherford Laboratories in Shenandoah, Texas, USA.

Whole rock samples of basement granite and corresponding K-feldspar aliquots were processed following the 
protocol of total extraction proposed by ref.33; the Pb isotopic compositions of HCl-HNO3 leachate and residue 
from HF-HNO3 bulk dissolution were obtained from these granite samples and K-feldspar aliquots.

Pure galena aliquots from mineralized sandstone samples (n = 42) were dissolved in 14 N HNO3 and dried 
down. Additional lead aliquots were obtained from sphalerite samples at the Laisvall deposit (n = 6) during 
Rb-Sr-Pb column chemistry15. This dataset was complemented with published Pb isotope data of galena and 
sphalerite aliquots from vein occurrences in the Palaeoproterozoic basement31.

All dried down Pb elutions (EOMs, HCl-HNO3 leachates, HF-HNO3 residues, galena aliquots) were 
re-dissolved using 5 mL 2% HNO3. Measurements of Pb isotopic composition were carried out on a Neptune 
Plus MC-ICPMS at the Section of Earth Sciences, University of Geneva, Switzerland, by adding Tl to the sample 
solution and using the 203Tl/205Tl ratio (0.418922) to correct for internal mass fractionation. 204Hg interference on 
204Pb was corrected by monitoring 202Hg. The Pb isotope ratios were also corrected for external fractionation to 
the values of the SRM981 standard36. The long-term reproducibility of Pb isotope ratios is 0.0048% for 206Pb/204Pb, 
0.0049% 207Pb/204Pb, and 0.0062% 208Pb/204Pb.

The slopes with positive and negative uncertainties (2σ) of the respective lines in a conventional 207Pb/204Pb 
vs. 206Pb/204Pb diagram for sulphides from Laisvall on the one hand, and, from the combined vein occurrences 
on the other hand were determined using a robust, nonparametric regression that makes no assumptions about 
the cause(s) of the observed scatter of the data from a straight line, and that requires no arbitrary decisions about 
what data should or should not be included in the regression37.

Data Availability
The authors declare that the data supporting the findings of this study are available within the paper and its Sup-
plementary Information files.

References
 1. Goldhaber, M. B. et al. Lead and sulphur isotope investigation of Palaeozoic sedimentary rocks from the Southern Midcontinent of the 

United States: Implications for palaeohydrology and ore genesis of the Southeast Missouri lead belts. Econ. Geol. 90, 1875–1910 (1995).
 2. Hanor, J. S. Controls on the solubilisation of lead and zinc in basinal brines. Soc. Econ. Geol. Sp. Pub. 4, 483–500 (1996).
 3. Giordano, T. H. Transport of Pb and Zn by carboxylate complexes in basinal ore fluids and related petroleum-field brines at 100 °C: 

the influence of pH and oxygen fugacity. Geochem. Transac. 3, 56–72 (2002).

Average isotopic composition 206Pb/204Pb 2σ 207Pb/204Pb 2σ

End-member Pb source 1 (n = 25) 24.1513 0.0023 16.3337 0.0016

End-member Pb source 2 (n = 5) 18.9976 0.0018 15.7135 0.0015

“Extreme” ore samples on the 
“Laisvall line” (n = 47)

206Pb/204Pb 2σ 207Pb/204Pb 2σ
%Pb contributed by 
end-member Pb source 
2 (“organic lead”)

%Pb contributed by 
end-member Pb source 
1 (“basement lead”)

Aliquot in bottom left-hand corner 21.0369 0.0020 15.9777 0.0015 60% 40%

Aliquot in top right-hand corner 21.8592 0.0021 16.0710 0.0015 44% 56%

Table 1. Estimation of the contribution in lead from the two end-members identified in the present study: (1) 
basement-derived lead and (2) “organic lead”. The estimation is based on the average lead isotopic composition 
(206Pb/204Pb and 207Pb/204Pb ratios) of each source, and the isotopic composition of the two extreme sulphide ore 
samples from the Laisvall mixing line.

https://doi.org/10.1038/s41598-019-44770-7


6Scientific RepoRts |          (2019) 9:8283  | https://doi.org/10.1038/s41598-019-44770-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 4. Leach, D. L., et al In Economic Geology: One Hundredth Anniversary Volume: 19052005 (eds Hedenquist, J. W., Thompson, J. F. H., 
Goldfarb, R. J. & Richards, J. D.) 561–607 (Society of Economic Geologists, 2005).

 5. Anderson, G. M. Precipitation of Mississippi Valley-type ores. Econ. Geol. 70, 937–942 (1975).
 6. Saxby, J.D. In Handbook of stratabound and stratiform ore deposits. Vol. 2: Geochemical studies (ed. Wolf, K. H.) 111–133 (Elsevier, 

1976).
 7. Kesler, S. E. et al. Role of crude oil in the genesis of Mississippi Valley-Type deposits: Evidence from the Cincinnati arch. Geology 22, 

609–612 (1994).
 8. Spangenberg, J. E., Fontboté, L., Sharp, Z. D. & Hunziker, J. C. Carbon and oxygen isotope study of hydrothermal carbonates in the 

zinc-lead deposits of San Vicente district, central Peru: a quantitative modelling on mixing processes and CO2 degassing. Chem. 
Geol. 133, 289–315 (1996).

 9. Spangenberg, J. E. & Macko, S. A. Organic geochemistry of the San Vicente zinc-lead district, eastern Pucará Basin, Peru. Chem. 
Geol. 146, 1–23 (1998).

 10. Seewald, J. S. Organic-inorganic interactions in petroleum-producing sedimentary basins. Nature 426, 327–333 (2003).
 11. Banks, D. A. Transport of metals by hydrocarbons in MVT deposits. Acta Geol. Sin. 88, 145–146 (2014).
 12. Migdisov, A. A. et al. Hydrocarbon as ore fluids. Geochem. Persp. Let. 5, 47–52 (2017).
 13. Manning, D. A. C. & Giże, A. In Organic geochemistry, Topics in Geobiology (eds Engel, M. H. & Macko, S. A.) 547–563 (New York, 

Plenum Press, 1993).
 14. Parnell, J. Metal enrichment in solid bitumens: a review. Mineral. Deposita 23, 191–199 (1988).
 15. Saintilan, N. J. et al. A Middle Ordovician age for the Laisvall sandstone-hosted Pb-Zn deposit, Sweden: A response to early 

Caledonian orogenic activity. Econ. Geol. 110, (1779–1801 (2015a).
 16. Saintilan, N. J. et al. 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. Miner. Deposita 51, 639–664 (2016).
 17. Rickard, D. T., Willdén, M., Mårde, Y. & Ryhage, R. Hydrocarbons associated with Pb–Zn ores at Laisvall, Sweden. Nature 255, 

131–133 (1975).
 18. Rickard, D. T., Willdén, M. Y., Marinder, N. E. & Donnelly, T. H. Studies on the genesis of the Laisvall sandstone lead–zinc deposit, 

Sweden. Econ. Geol. 74, 1255–1285 (1979).
 19. Machel, H. G. Bacterial and thermochemical sulfate reduction in diagenetic settings – old and new insights. Sediment. Geol. 140, 

143–175 (2001).
 20. Zhang, T. et al. Geochemical signatures of thermochemical sulfate reduction in controlled hydrous pyrolysis experiments. Org. 

Geochem. 38, 897–910 (2008).
 21. Amrani, A., Zhang, T., Ma, Q., Ellis, G. S. & Tang, Y. The role of labile sulfur compounds in thermal sulfate reduction. Geochim. 

Cosmochim. Acta 72, 2960–2972 (2008).
 22. Yuan, S., Ellis, G. S., Chou, I.-M. & Burruss, R. C. Experimental investigation on thermochemical sulfate reduction in the presence 

of 1-pentanethiol at 200 and 250 °C: Implications for in situ TSR processes occurring in some MVT deposits. Ore Geol. Rev. 91, 
57–65 (2017).

 23. Bharati, S., Patience, R. L., Larter, S. R., Standen, G. & Poplett, I. J. F. Elucidation of the Alum Shale kerogen structure using a 
multi–disciplinary approach. Org. Geochem. 23, 1043–1058 (1991).

 24. Thickpenny, A. In Fine-grained sediments (eds Stow, D. A. V. & Piper, D. J. W.) 511–525 (London, Geological Society Special 
Publication, 1984).

 25. Manning, D. A. C. Assessment of the role of organic matter in ore transport processes in low-temperature base-metal systems. Trans. 
Inst. Min. Metall. 95, B195–B200 (1986).

 26. Filby, R. H. & Van Berkel, G. J. In Metal complexes in Fossil Fuels, Geochemistry, Characterization and Processing (eds Filby, R. H. & 
Branthaver, J. F.) 2–39 (ACS Symposium Series No. 344, American Chemical Society, Washington, D.C., 1987).

 27. Rickard, D. T., Coleman, M. & Swainbank, I. Lead and sulfur isotopic compositions of galena from the Laisvall sandstone lead-zinc 
deposit, Sweden. Econ. Geol. 76, 2042–2046 (1981).

 28. Romer, R. Sandstone-hosted Pb-Zn mineral deposits and their relation to the tectonic mobilization of the Baltic Shield during the 
Caledonian orogeny, a reinterpretation. Mineral. Petrol. 47, 67–85 (1992).

 29. Kendrick, M. A., Burgess, R., Harrison, D. & Bjørlykke, A. Noble gas and halogen evidence for the origin of Scandinavian sandstone-
hosted Pb-Zn deposits. Geochim. Cosmochim. Acta 69, 109–129 (2005).

 30. Johansson, Å. & Rickard, D. T. Isotope composition of Phanerozoic ore leads from the Swedish Segment of the Fennoscandian 
Shield. Miner. Deposita 19, 249–255 (1984).

 31. Billström, K., Broman, C., Schneider, J., Pratt, W. & Skogsmo, G. Zn-Pb ore of Mississippi-Valley Type in the Lycksele–Storuman 
District, Northern Sweden: A possible rift–related Cambrian mineralisation event. Minerals 1, 169–207 (2012).

 32. Billström, K. & Weihed, P. Age and provenance of host rocks and ores in the Paleoproterozoic Skellefte district, Northern Sweden. 
Econ. Geol. 91, 1054–1072 (1996).

 33. Chiaradia, M. & Fontboté, L. Separate lead isotope analyses of leachate and residue fractions: implications for metal source tracing 
in ore deposit studies. Miner. Deposita 38, 185–195 (2003).

 34. Saintilan, N. J., Stephens, M. B., Lundstam, E. & Fontboté, L. Control of reactivated basement structures on sandstone–hosted 
Pb–Zn deposits along the Caledonian Front, Sweden: Evidence from airborne magnetic field data, structural analysis and ore grade 
modelling. Econ. Geol. 110, 91–117 (2015b).

 35. Spangenberg, J. E. & Herlec, U. Hydrocarbon biomarkers in the Topla-Mežica Zn-Pb deposits, Northern Karavanke/Drau Range, 
Slovenia: Paleoenvironment at the site of ore formation: Economic Geology, v. 101, p. 997–1021 (2006).

 36. Todt, W., Cliff, W. A., Hanser, A. & Hofmann, A. W. Evaluation of a 202Pb‒205Pb double spike for high-precision lead isotope analysis: 
American Geophysica Union Monograph, p. 429–437 (1996).

 37. Ludwig, K. R. User’s manual for Isoplot 3.00: a geochronological toolkit for Microsoft Excel 4 (2003).

Acknowledgements
This research was financially supported by the Swiss National Science Foundation (SNSF, Switzerland, FN 146 
353), Boliden AB (Sweden), and the Geological Survey of Sweden.

Author Contributions
Nicolas J. Saintilan (N.J.S.), Jorge E. Spangenberg (J.E.S.), Michael B. Stephens and Lluís Fontboté designed the 
study. J.E.S. and Massimo Chiaradia (M.C.) advised N.J.S. and all three conceived and designed the new protocol 
and experiments combining organic and radiogenic lead isotope geochemistry. N.J.S. prepared all sulphide mineral 
separates and whole-rock samples. J.E.S. and N.J.S. performed the organic geochemistry procedures, and N.J.S. carried 
out lead isotope geochemistry procedures prior to M.C. performing all lead isotope analyses. N.J.S. and Cyril Chelle-
Michou (C.C.M.) interpreted the lead isotopic composition of sulphides to constrain the mixing line in conventional 
lead isotope diagram whereas C.C.M. carried out the computational analysis required to constrain the lead source 
model ages. N.J.S. wrote the manuscript and all authors contributed comments and improvements to the manuscript.

https://doi.org/10.1038/s41598-019-44770-7


7Scientific RepoRts |          (2019) 9:8283  | https://doi.org/10.1038/s41598-019-44770-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44770-7.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-44770-7
https://doi.org/10.1038/s41598-019-44770-7
http://creativecommons.org/licenses/by/4.0/

	Petroleum as source and carrier of metals in epigenetic sediment-hosted mineralization
	Connection between Sandstone-Hosted Pb-Zn Mineralization, Hydrocarbons and Alum Shale
	Lead Isotopic Composition of Pb-Zn Sulphides, Pb Model Ages and Sources of Lead
	“Petroleum-Associated Pb” in Epigenetic Pb-Zn Sulphide Mineralization
	Implications for the Role of Petroleum as Ore Fluids and the Fate of Petroleum Reservoirs
	Methods
	Acknowledgements
	Figure 1 Lead sources in the epigenetic sandstone-hosted Pb-Zn deposit at Laisvall, Sweden.
	Figure 2 Geodynamic setting for mineralization at Laisvall bearing “petroleum-associated lead” and “basement-derived lead”.
	Table 1 Estimation of the contribution in lead from the two end-members identified in the present study: (1) basement-derived lead and (2) “organic lead”.




