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Abstract

Hydrocarbon gases with unconventional carbon isotopic signatures were observed in the
Solimdes sedimentary basin in north-west Brazil. Siderite contents measured with a new
Rock-Eval methodology in the drill-cuttings samples of the Famenian source rock were found
to decrease with the increase of gas maturity and with the occurrence of the gas isotopic

anomalies. Triassic diabase intrusions induced heating of the source rock, which likely
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resulted in the gradual oxidative dissolution of siderite as suggested by the observation of etch
pits on the siderite surfaces. It is proposed that ferrous iron from the carbonate was involved
in a redox reaction with water producing ferric iron and H,, then reducing CO, and yielding
an inverse correlation between siderite content and gas maturity. Alternatively, hydrogenation
of highly mature kerogen by H, derived from siderite could explain the production of **C-rich
CH4. Mass balance considerations suggest that these mechanisms may account for a
significant fraction of the hydrocarbon gases generated from the Famenian source rock in the

Solimoes basin.

1. INTRODUCTION

Natural hydrocarbons are most often formed either by microbial processes (Whiticar et
al., 1986), or by thermal decomposition of organic matter following a kinetic law dependent
on both time and temperature (Tissot et al., 1987). Both processes lead to an isotopic
fractionation of the produced hydrocarbons with respect to their source, due to the preferential
breaking of bounds containing **C (Des Marais et al., 1981). Thereby, thermal generation of
hydrocarbons results in an enrichment of the products in *2C, i.e., a decrease of the §**C with
a decrease in carbon number (Chung et al., 1988; Prinzhofer and Huc, 1995). This implies
that there is a so-called “normal isotopic trend” for hydrocarbon gas compounds, with §°C; <
813C2 < 613C3 <... where C1, C, and Cs... stand for the number of carbon atoms in the

molecule.

Increasing demand for natural gas has led petroleum exploration toward
unconventional gas accumulations such as tight gas sands, fractured reservoirs, coalbed
methane and shale gas. Reversal from the normal sequence of isotopic compositions (5°C; >

83C, > §'3C3) has been reported in few conventional gas accumulations, but becomes more
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common in unconventional accumulations (e.g., Jenden et al.,, 1993; Laughrey and
Baldassare, 1998; Burruss and Ryder, 2003; Dai et al., 2004, 2005). In shale gas
accumulations, isotopic inversion has been proposed to be a fair indicator of the quality of the

resource (Tang and Xia, 2010; Zumberge et al. 2012).

Reversals in isotopic compositions can result from different processes such as the
oxidative destruction of hydrocarbon gases by either thermochemical sulfate reduction
(Krouse et al., 1988) or microbial activity (James and Burns, 1984; Hunkeler et al., 1998;
Katz et al., 2011), or the mixing between gases from sources at different levels of maturity
and different origins including abiotic sources (Jenden et al., 1993; Dai et al., 2004, 2008;
Huang et al., 2004; Xia et al., 2013). Prinzhofer and Huc (1995) showed that isotopic
reversals can also be explained by partial diffusive leakage from gas reservoir involving the
most diffusive molecules, i.e., the **C-depleted compounds. Rayleigh fractionation of ethane
and propane driven by redox reactions with transition metals and water at high temperatures
(> 250°C) were proposed by Buruss and Laughrey (2010) to explain the isotopic inversions

reported in hydrocarbons from the northern Appalachian basin.

During the study of mineral exploration boreholes in crystalline Precambrian rocks,
Sherwood Lollar et al. (2002, 2006) reported alkanes presumably generated from abiotic
processes showing 8*°C; > §'°C,.4. Such patterns could result from kinetically controlled
synthesis of high-molecular-mass alkanes from smaller ones (polymerization) in which the
lighter 2CHy, reacts faster than the heavier **CH, to be incorporated into larger hydrocarbon
chains (Des Marais et al., 1981; Yuen et al., 1984). To explain abiogenic gas production,
Sherwood Lollar et al. (2002, 2006) suggested either heating or metamorphism of graphite-
carbonate-bearing rocks (Giardini et al., 1968; Holloway, 1984), or a Fischer-Tropsch-Type
process, consisting of surface catalyzed reduction and polymerization of CO or CO, into CH,

and larger hydrocarbon gases. Abiotic generation of hydrocarbons through the Fischer-
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Tropsch-Type process is commonly evoked in geothermal systems associated with ultramafic
rocks at mid-oceanic ridges (e.g., Holm and Charlou, 2001; Kelley et al., 2001; Charlou et al.,
2002) or in ophiolites (e.g., Abrajano et al., 1988; Hosgormez et al. 2008; Etiope et al., 2011).
In this context, the serpentinization of olivine induces the production of H-rich fluids from

redox reactions between ferrous iron and water:
Fe®* (olivine) + H20 — Fe** (magnetitey + OH™ + 0.5 H, )

The produced H; subsequently reduces the CO, transported in the hydrothermal fluids to
produce hydrocarbons including CH,. In fluids from the Lost City hydrothermal vents,
Proskurowski et al. (2008) report the formation of alkanes from C, to C, depleted in *C
relative to CH,. Polymerization of light *2CH, into longer alkanes during a Fischer-Tropsch-

Type process was proposed to explain the inverse isotopic trend.

The generation of H,- and CO,-rich fluids enabling the Fischer-Tropsch-Type process
can also be achieved through reaction between water and siderite (FeCO3). Experimental
decomposition of siderite in the presence of vapor at 300°C by McCollom (2003) produced
mainly magnetite along with CO; and H; in the gas phase. Small amounts of organic

compounds including CH, also formed suggesting an overall reaction written as

Fes0, organic

3 FeCOs3
magnetite XCOx9 + YyCOg + ZHyg compounds

siderite w H.0(l)

@)

(McCollom, 2003), where w, X, y and z are stoichiometric coefficients. Milesi et al., 2015
conducted laboratory experiments between siderite and water in gold containers at 200-300°C
and 50 MPa, which yielded mostly magnetite, condensed carbonaceous material, CO,, H, and
CH,. Thermodynamic calculations indicate that CO, and H, are close to equilibrium with the
siderite — magnetite — graphite mineral assemblage and that CH,; can be produced by

reduction of CO,. In nature, siderite has been invoked to explain the occurrence of reduced
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carbon in metamorphic rocks (e.g., Perry and Ahmad, 1977; Ueno et al., 2002). van Zuilen et
al. (2003) suggested that, in the carbonate-rich metasomatic rocks of the 3.8 Ga Isua
Supracrustal Belt (Greenland), the presence of graphite was due to thermal decomposition of
siderite. Zolotov and Shock (2000), McCollom (2003) and Steele et al. (2012) also proposed
the decomposition of Fe-bearing carbonate as a source of reduced carbon in Martian

meteorites.

In the present work, hydrothermal dissolution of siderite is proposed to generate
hydrocarbon gases with unconventional carbon isotopic signature in the Solimdes
sedimentary basin in north-west Brazil. Hydrocarbon gases show inverse isotopic trends in the
western part of the study area, which experienced high paleo-temperatures (see discussion
below) related to magmatic activities. The Solimdes basin was studied in terms of redox
conditions in the source-rocks through the characterization and quantification of the iron-rich
mineral phases. In this framework, the Rock-Eval instrument was used with a new
methodology (Pillot et al., 2014) to characterize and quantify the different carbonates in rock

samples.

2. REGIONAL GEOLOGIC SETTING

The Solimdes basin is a large, east-west trending, Paleozoic cratonic depression
covering an area of approximately 450,000 km? of the Amazonas State, northern Brazil (Fig.
1a, modified from Elias et al., 2004). It is limited to the south and north by the Brazilian and
Guiana shields, respectively. It is surrounded by the Iquitos Arch of the Acre basin to the west
and by the Purus Arch of the Amazon basin to the east. The Solimdes basin is divided by the

north-south Carauari Arch into two sub-basins: the Jandiatuba sub-basin, in the western area,
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and the Jurud sub-basin, in the eastern area. Our study focused on the Jurua sub-basin (Fig.

1a).

The tectonic origin of the Solim@es basin is under debate. One of the most recent
hypotheses suggests that the origin and regional subsidence of the basin occurred in a flexural
regime, progressing towards the east, and that it was related to rifting parallel to the western
margin of Gondwana during the Ordovician. Basin formation would have become effective
during thermo-mechanical subsidence after that rifting stage, synchronous with the formation

of other interior sag and marginal basins (Campos et al., 1991).

The Proterozoic basement of the Solimdes basin consists of igneous and metamorphic
rocks. The Jurué sub-basin is filled with almost 4,000 m of sediments ranging from an Upper
Proterozoic, siliciclastic sequence deposited in a rift system, to a Quaternary sequence of
siliciclastics (Fig. 1b; modified from Eiras et al., 1994). The most important sedimentary
sequence is represented by Paleozoic sediments that host a petroleum system, i.e., the
Jandiatuba-Jurua formations (Eiras, 1998a). The source rocks are represented by the Upper
Devonian marine black shale (Jandiatuba Formation) that can reach a thickness of 40 m with
total organic carbon reaching 4 wt.% and vitrinite reflectance (Ro) more than 1% in the
northern part of the study area (Eiras, 1998a). Recently, a series of 10 exploratory wells
drilled by the HRT Oil and Gas Company (Fig. 1a) showed that the Devonian source rock had
three producing intervals of Givetian, Frasnian and Famenian ages. In the study area, the
Givetian source rock is not much present, whereas the Frasnian and Famenian source rocks
are much more expanded and reach thicknesses of up to 50 and 60 m, respectively (Fig. 2a).
Because of magmatic intrusions peculiarly close to the source rock in the study area, all the
organic matter shows extremely high maturity, at the end of the gas window, rendering any
source characterization quite difficult. However, paleogeographic reconstruction and

comparison with the source rocks from the Amazonas basin (Gonzaga et al., 2000) suggest
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that the Famenian source rocks correspond to a regressive phase representing shallow water
and periglacial formations (diamictite). This results for the Famenian in a more gas-prone
source-rock whereas the Frasnian black shale contains oil-prone marine type-11 kerogen. The
gas-prone character of the Famenian source rock suggests a depositional environment less
reduced than that of the Frasnian shale, which is supported by a lower total organic carbon
(TOC) in the Famenian formation than in the Frasnian shale (Fig. 2b). Indeed, the maximum
TOC of the Famenian source rocks is of ~2 wt.% located to the north of the study area
whereas the Frasnian formation shows a maximum TOC of ~3 wt.% further east (Fig. 2b). In
exploratory wells A, B, C and D, the TOC in the Famenian formation is relatively constant ~1
wt.%, whereas it ranges from 1 to 3 wt.% in the Frasnian shale (Fig. 2b). During exploration,
the temperature in the source rock was measured at ~100°C and the pressure was estimated to

be ~30 MPa.

The best reservoir rock of the petroleum system is represented by sandstones of the
Juruad Formation that can reach up to 50 m, and were deposited during the Late Carboniferous
under eolian, tidal plain and shallow marine conditions (Caputo and Silva, 1990). Sealing is
provided by evaporites (anhydrite and halite) found at the base of the Pennsylvanian Carauari
Formation. The classical trapping style in the Solimbes basin is fault propagating folds
formed by dextral wrenching during the Late Jurassic to Early Cretaceous period (Figueiredo

and Milani, 2000).

The Jandiatuba-Jurua petroleum system is unusual because thermal maturation of the
source rocks was significantly enhanced by Late Triassic to Early Jurassic igneous intrusions
(Mosmann et al., 1987; Rodrigues et al., 1991). Such diabase sills are clustered in at least
three groups of intrusive bodies concordant with the lithostratigraphic horizons for large areas
(Fig. 1b). In the study area, three dolerite sills are present in the west, whereas two are present

in the central area and are more distant from the petroleum system (Fig. 1b). According to the
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location of Well A, B, C and D (Fig. 1b), thermal effects induced by the magmatic intrusion
increased from Well A to Well D. Going South, the dolerite sills disappear, either due to

erosion, or that magmatic activity did not reach this area.

A possible scenario of petroleum generation is that traps were formed in the Paleozoic
and petroleum began to be produced during the Carboniferous as a result of deep burial with a
transformation ratio of 50% (Eiras, 1998a). Heating induced by the Triassic diabase intrusions
led to the decrease in the petroleum potential of the source rocks to zero, and to severe
secondary cracking where the lower dolerite sill is close to the source rocks (Eiras, 1998a).
The gas accumulations are concentrated in the overmature areas in the western part of the
basin (vitrinite reflectance Ro > 1.35%), whereas light oil and condensate have been found in
areas with relatively lower thermal effects in the eastern part (Mello et al., 1994). More recent
studies based on the relationship between the abundance of diamondoids and steranes in oils
and 3D-modeling have shown that the heat from igneous intrusions contributed significantly
to the secondary hydrocarbon cracking within reservoirs (Freitas et al., 2000; Bender et al.,
2001). Post-magmatic tectonism may have caused remobilization of the former hydrocarbon
accumulations and caused significant losses during hydrocarbon remigration (Murakami et

al., 1993).

3. MATERIALS AND METHODS

Formation water and gas samples are from 10 exploratory wells drilled by the HRT
Oil and Gas Company. They were collected during drill tests, which were designed to sample
the formation fluids (gas, oil and water) and to prevent contaminations by the drilling mud.
Water samples were kept away from ambient atmosphere and light to minimize oxidation.

Centrifugation was used to remove impurities before analysis. For gas samples, the
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headspaces of the drill tests were directly injected to the gas chromatograph. Gas samples

were analyzed less than 48 hours after sampling.

Rock samples are from the exploratory wells A, B, C and D (Fig. 1). The rock samples
are recovered from the drill-cuttings samples, which are made of crushed formation rock
mixed with drilling mud. The drill-cuttings samples were washed three times with soap, then
rinsed and sieved to 200 um under a water flow, before being dried at 50°C during 24 h. The

sample collection ranges from the Carboniferous reservoir to the Devonian source rock.

Gas analyses were performed at the IPEXCo laboratories with a gas chromatograph
connected to two thermal conductivity detectors and a flame ionization detector, allowing
quantification of CO,, O, N, He, H, and all hydrocarbons from methane to iso- and normal-
butane. Individual hydrocarbons were separated by on-line gas chromatography and their
isotope-ratios were measured by mass spectrometry. Isotopic compositions are reported
relative to the Peedee belemnite (PDB) standard for carbon. Precisions for individual

components concentrations in the molecular analysis are + 5% and + 0.5%o for §*3C.

The water samples were analyzed with ion chromatography and inductively-coupled
plasma associated with a mass-spectrometer (ICP-MS) to measure major anions, cations and
dissolved metals at the laboratory of Geochemistry of UERJ. Before analysis, the water
samples were diluted with 2% HNO3 solution. The measurements of the cation and anion
concentrations in the water samples show contamination by drilling mud. The end-member
compositions of the formation waters and of the drilling mud were characterized using mixing
diagrams. The water samples showed sulfate concentrations one to two orders of magnitude
lower than drilling mud. Thus, the sulfate concentrations in the formation water were
approximated to be null relative to those in drilling mud. Concentrations of major cations

were plotted as function of SO4* concentrations (figure not shown), and end-member
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concentrations of Solimdes waters were calculated by linear regression of drilling mud and
samples compositions to zero sulfate. Error bars for end-member concentrations are +20%.
The extent of drilling mud contamination was roughly quantified to values ranging from ~0 to

40%.

Rock samples from the exploratory wells A, B, C and D were crushed at < 80 um
before analysis with X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy dispersive X-ray spectroscopy (EDX).
Magnetic separations were performed on some samples and the magnetic fractions were
analyzed with the techniques aforementioned. XRD was performed with a Bruker D5000 or
D8 diffractometer using CuKa radiation. The instruments were operated with a step size of
0.026° 26 and a counting time of 8 s. The divergence slit, anti-scatter slit, and detector slit
were 0.6, 0.6, and 0.2 mm, respectively. SEM was performed on a Zeiss Ultra 55 FEG
microscope operated at 10 kV and a working distance of 7.5 mm using mostly a backscatter
detector for imaging. This SEM is equipped with an energy dispersive X-ray system from
Bruker. TEM was performed on a Jeol FEG 2100F operated at 200 kV equipped with an

energy dispersive X-ray system from Jeol.

The amount of magnetite in rock samples was estimated from the measurement of the
saturation magnetization Js (Malvoisin et al., 2012), which is directly proportional to the
guantity of magnetite. Rock samples were firmly packed in non-magnetic capsules which
were placed in a Princeton Micromag Vibrating Sample Magnetometer 3900 for
magnetization measurements. A proportionality factor of 92 Am?-kg™ was used to convert the

Js values (saturation magnetization) into a quantity of magnetite (Malvoisin et al., 2012).

The total iron content and the Fe®* content of rock samples were determined at the

CNRS Service d’Analyse des Minéraux et des Roches in Nancy, France. The analytical
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procedure for total iron was described by Carignan et al. (2001) for trace elements. The rock
samples are decomposed using alkali fusion and analyses are done by flow injection ICP OES
Icap 6500 from Thermo with a radial flame. For analysis of the Fe?* content, the rock sample
is dissolved by hot acid etching with hydrofluoric and sulfuric acid for ~10 min. The sample
is then cooled at ambient temperature and the Fe?* is quantified by volumetric analysis using

potassium dichromate in the presence of boric and phosphoric acid.

Gas chromatography attached to a mass spectrometer was used to measure carbon
isotopic composition of the carbonate fraction in the rock samples from the Famenian
diamictite of Well A, B and C. The protocol used was the one described by Lebeau et al.
(2014). Combined in the same sample, siderite and calcite were able to be measured
separately because of their different responses to acidification. In a tube under helium
atmosphere, the rock samples, as powders < 80 um, were first acidified with pure HzPO, for 4
h at ambient temperature: the calcite CaCO3; was wholly destabilized. The headspace of the
tube, made of helium and CO; from calcite, was then analyzed. The tube was flushed a second
time with helium, and heated at 120°C for 2 h: the siderite FeCO3; was destabilized and the
headspace was analyzed. Lebeau et al. (2014) showed that the organic matter does not
destabilize during this protocol, and thereby does not disturb the CO; signal from the

carbonates. The uncertainty in 8*3C of carbonate is + 0.1%o.
The Rock-Eval methodology

The methodology described by Pillot et al. (2014) to characterize and quantify the
carbonates in rock samples using the Rock-Eval instrument has been adapted for our samples,
which contain small amounts of siderite together with highly mature organic matter. This
analytical work represents one of the first applications of the method developed by Pillot et al.

on natural rock samples.
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The Rock-Eval instrument has been mainly designed to study the quality of organic
matter and the petroleum potential of source rocks. Pillot et al. (2014) showed that it allows
also for the characterization and quantification of the different types of carbonates. Because
each carbonate has its own temperature of decomposition (Tmax), and because only CO, is
released from decomposition of carbonates, it is possible to identify and quantify the
carbonates present in a sample using the Rock-Eval oxidation cycle. For siderite which is
destabilized at a temperature of ~500°C, the CO, signal can be disturbed by the
destabilization of organic matter (Fig. 3a). Unlike carbonates, organic matter emits CO in
addition to CO, and the CO/CO; ratio of the organic matter was found relatively constant
along the temperature ramp (Fig. 3a). Using the CO signal, the CO, linked to the
decomposition of organic matter could be estimated and removed from the total CO, signal,

allowing the calculation of the CO, released from carbonates (Fig. 3a).

When carbonates are the dominant source of CO, or when destabilization temperatures
between carbonates and organic matter are substantially different, as is the case for calcite or
dolomite, the CO, signal of the carbonates can be easily corrected for organic matter. In our
study, the aim was to quantify amounts of siderite, with a Tnax lower than that of calcite and
dolomite and close to the T« Of organic matter oxidation. Also, the siderite proportion could
be in some samples smaller than the amount of organic matter. Under such conditions, we
used the pyrolysis cycle rather than the oxidation cycle. The maximum temperature of 650°C
reached by the pyrolysis oven is sufficient to destabilize the siderite, although not enough for
calcite and dolomite. Due to the high maturity of the source rock of the Solimdes basin, the
CO; released by the organic matter during pyrolysis was negligible, which was indicated by
the low amount of released CO (Fig. 3b). Thus, the CO, signal from the siderite was no longer

disturbed by the destabilization of the organic matter.
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In reducing conditions, the destabilization of the iron carbonate produced some CO

associated with CO, according to the reaction:

2Fe0 + CO, = Fe,03 + CO (3)

The produced CO represents less than 2% of the released CO,. The error, therefore, associated
with the siderite quantification during pyrolysis due to the emission of CO is much lower than
the error due to the siderite-organic matter interference when using an oxidation cycle.
Quantification of other carbonates (mainly calcite) was obtained by a post-pyrolysis oxidation
cycle. Tests were performed to validate the efficiency of the Rock-Eval methodology for the
quantification of carbonates regarding the Solimdes samples (see Appendix A).Based on the
calibration curve for pure siderite, the uncertainty on the siderite quantification is of £5% and

the detection limit of siderite in the Solimdes samples was of ~0.02wt.%.

4. RESULTS

4.1 Gas and water samples

The gas accumulations in the Solim@es basin are largely made of hydrocarbons,
especially methane, which can represent up to 95 mol.% of the gas (Table 1). N, is also
present, ranging from 1 to 25 mol.% and the CO, content is ~0.2 mol.%. H, was mostly
detected in traces but it reaches occasionally high concentrations up to 6 mol.% (Table 1). The
maturity of the hydrocarbon gases increases from the east to the west, with values of the C,/C;
ratio ranging from 2 to 16 (Table 1, Fig. 4a), which corresponds to maturities from the end of
the oil window to extreme secondary cracking (e.g., Prinzhofer and Huc, 1995). The
distribution of wells A, B, C and D follows basically an east-west trend, with an increase of

the gas maturity from Well A to D.
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The isotopic composition of the Solimdes gases is given in Table 1 and plotted as a
function of the carbon numbers in the hydrocarbons (Fig. 4b). Carbon isotopic patterns (5"°C)
of alkanes containing from one to four carbon atoms (C; to C4) show basically two main
isotopic trends. In the eastern part of the basin where gas maturity is relatively low (i.e., Well
A, B, H and I) (Fig. 4a), gas samples show &'°C decreasing with the number of carbon atoms
and values of 8"°C; ranging from ~-35%. to -41%.. This corresponds to a usual isotopic
signature, typical of a thermal generation (Des Marais et al., 1981). In hydrocarbon gases of
high maturity in the west of the basin (i.e., Well C, G and F) (Fig. 4a), the §"*C of methane is
heavier with values reaching ~-30%., and complete reversals of the normal trends of carbon

isotopic composition are observed, i.e., 813C1 > 813C2 > 813C3 > 813C4.

The iron and calcium concentrations of the formation waters of the Solimdes basin,
after correction from the contamination by drilling mud, are given in Table 2 and compared to
the values of brines from the Central Mississippi Salt Dome basin (Kharaka et al., 1987),
which are considered as good representatives of metal-rich brines that formed ore deposits in
sedimentary rocks worldwide (Fig. 5). The iron concentrations of the Solimdes waters reach
values up to 1000 mg-L™, in the same range of concentration as the highest values measured
by Kharaka et al. (1987). These iron concentrations likely represent a minimum as oxidation
during the sampling process may have led to partial precipitation of dissolved iron. The Ca**

concentrations are also comparable to those of the Mississippi basin.

The temperature measured in the source rock of the basin is ~100°C (temperature
logging) and the lithostatic pressure is estimated to be ~30 MPa. Under these conditions, the
CO; content of 0.2 mol.% measured in the Solimdes gases corresponds to a CO, activity in
water of ~5 mmolal. The Fe?* and Ca* concentrations at equilibrium with siderite and calcite,

respectively, are calculated at 100°C and 30 MPa according to the reaction
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MCO3 + 2H" = M** + CO,4q + H20 (4)

where M?* is a divalent cation, iron or calcium in this case. For pH values between 4.5 and
5.5, i.e., the range of pH values measured by Kharaka et al. (1987) in the Mississippi basin,
the Fe”* and Ca?* concentrations range from 10 to 1000 mg-L™ and 2000 to 200 000 mg-L™,
respectively. The Fe?* and Ca** concentrations measured in the Solimdes brines are consistent
with these ranges of concentrations (Table 2, Fig. 5). Assuming a pH similar to that of the

Mississippi brines, the analyzed fluids might be close to equilibrium with siderite and calcite.

4.2 Rock samples
4.2.1 Siderite, calcite and magnetite content

No siderite was detected in the reservoir rocks of the Solimdes basin (Fig. 6a). The
siderite content increases in the Famenian diamictite reaching up to 7 wt.% of the rock in
Well A, and then decreases in the same well in the Frasnian shale. The siderite content in the
Famenian diamictite is not homogenous. Samples containing > 4 wt.% of siderite are
frequently observed in Well A, whereas in Well B and C, the siderite contents reach maximal
amounts of ~2.5 and ~0.5 wt.%, respectively. In the Famenian diamictite of Well D, no
siderite was detected. The iron carbonate content evolves according to an east-west trend,
with a decrease of the siderite content as the maturity of the hydrocarbon gases increases (Fig.

4a).

The calcite content decreases basically from the Carboniferous reservoir rocks to the
Devonian source rocks to reach values mostly lower than 3 wt.% (Fig. 6b). In addition to this

global tendency, Well D, free of siderite, shows a local increase in the amount of calcite in the
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Famenian diamictite, whereas in Well A, B and C in which siderite was detected, the calcite

content remains low (Fig. 6b).

SEM observations of rock samples from the Famenian diamictite of exploratory wells
A, C and D are shown in Fig. 7. In Well A, the surface of siderite is clean without observable
etch pits nor irregularities. The EDX pattern indicates low amounts of Mg and Ca (Fig. 7), but
the chemical composition is close to the iron end-member. In contrast to Well A, siderite from
Well C exhibits an altered surface with dissolution pits. In Well D, consistent with the Rock-
Eval analyses, no siderite was detected; instead, a fibrous mineral phase was observed
together with small and light grains. The EDX pattern of these grains indicated a composition
of primarily iron and oxygen (Fig. 7), consistent with iron oxide. This was confirmed by the

x-ray diffraction patterns which indicated the presence of Fe-rich silicate and magnetite.

Relatively low amounts of magnetite were detected in the Famenian diamictite
compared to the amounts of siderite (Fig. 8a). In Well A and B, the magnetite content is of 0.1
wt.% whereas up to 7 wt.% of the rock is made of siderite. The magnetite content increases to
0.2 wt.% in Well D in which no siderite was observed. No magnetite was detected in the
Famenian diamictite of Well C; however, SEM and EDX analysis indicated the presence of
pyrite (FeS;), which was not observed in the other wells (Fig. 8b). The occurrence of pyrite
rather than magnetite suggests that different processes occurred, likely related to more

reducing conditions.

4.2.2 Total iron content

The total iron content from the Carboniferous reservoir to the Frasnian shale in Well A
to D follows basically the same trend as the siderite content (Fig. 9a). Apart from Well D, the

iron content is relatively low in the Carboniferous reservoir and increases in the Famenian
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diamictite to reach up to 4 wt.% of the rock in Well A. As for siderite, the iron content
decreases from Well A to D, suggesting that the siderite content governed iron content. In
Well D in which no siderite is present, the iron content still represents 2 wt.% of the rock,
supporting the presence of Fe-bearing minerals other than siderite. In the Frasnian shale, apart
from Well C, the evolution of iron content from Well A to D is reversed compared to the
Famenian diamictite. The iron content is the highest in samples of Well D and decreases
toward the east of the basin, i.e., in Well B and A. The especially low amounts of iron in the
Frasnian shale of Well C confirmed that different processes occurred in this well, which was
already evidenced by the occurrence of pyrite in the Famenian diamictite (Fig. 8b). The
evolution of total iron content is associated with a change of iron speciation (Fig. 9b). The
percentage of ferric iron increases from the Famenian diamictite to the Frasnian shale to reach
up to 35% of the total iron. Such evolution of the iron speciation was relatively unexpected
considering the marine origin of the Frasnian shale, which suggests a more reducing

depositional environment than that of the Famenian diamictite periglacial formations.

The total iron and siderite content in the Famenian shale allows the calculation of the
distribution of iron between siderite and other mineral phases (Fig. 10a). The decrease of the
total iron content from Well A to D is due only to the decrease of siderite. Concurrently, the
amount of iron carried by mineral phases other than siderite remained constant from Well A
to Well D, in which all the iron is carried by other mineral phases. TEM observations and
electron diffraction patterns of samples of the Famenian diamictite of Well D indicate the
occurrence of olivine (Fig. 10b). The XRD patterns confirmed the occurrence of olivine and
pyroxene, which likely account for the background of iron (Fig. 10a). In addition, minerals

showing tubular structures typical of serpentines were observed (Fig. 10c).
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4.3 Carbon isotopic composition of siderite and calcite

The carbon isotopic compositions of siderite and calcite from samples of the Famenian
diamictite of Well A, B and C are given in Table 3. The §'°C of siderite is plotted against that
of calcite (Fig. 11). The carbon isotopic composition of the iron carbonates range from -5%o to
-13%o, while the 8*3C of the calcite is heavier with values between -6%o to 3%o. The isotopic
composition of the siderite is consistent with a diagenetic origin, i.e., a source mixing carbon
from organic matter with 5"°C lower than -20%o and dissolved inorganic carbon with 8"°C

value of ~0%o (e.g., Schidlowski, 2001). The heavier 8*3C of calcite suggests a marine origin.

5. DISCUSSION
5.1 Thermodynamic calculations

Equilibrium constants were calculated with the SUPCRT92 package (Johnson et al.,
1992) which incorporates thermodynamic data from Helgeson et al. (1978) for minerals, and
Shock and Helgeson (1988) and Shock et al. (1989, 1997) for dissolved inorganic agueous
species. The stability domain of a poorly ordered carbonaceous material used as a proxy for
kerogen (referred in Fig. 12b as Carbo. mat.) was calculated by assuming that this phase has
thermodynamic properties similar to those of graphite at temperature of ~200°C, which is
consistent with the experimental results of Milesi et al. (2015). The equilibrium constants Ks
from the dissolution reactions of calcite, magnesite and siderite (Reaction 4) are calculated as
a function of temperature (Fig. 12a). The three carbonates have a retrograde solubility
meaning that the constants K decrease with increasing temperature. Thus, for a fluid
composition at equilibrium with calcite or magnesite, an increase in temperature promotes the
precipitation of the two carbonates. In the case of siderite, the fluid composition must also

satisfy appropriate redox conditions. If the temperature increases from 100 to 200°C, a fluid
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composition at hypothetical equilibrium with siderite, magnetite and carbonaceous material at
100°C becomes oversaturated relative to Fe**-bearing iron oxide, and undersaturated relative
to siderite (Fig. 12b). Consequently, siderite dissolves and releases CO,. Part of the released
ferrous iron oxidizes and produces Fe**-bearing minerals such as magnetite and some H,

through H,0 reduction according to Reaction (2) (McCollom, 2003).

Milesi et al. (2015) have shown experimentally that the dissolution of siderite at 200 -
300°C and 50 MPa in a closed system produces magnetite and carbonaceous material along
with residual siderite. In addition, the H, and CO, compositions of the fluid were measured
close to equilibrium with the siderite — magnetite — graphite mineral assemblage. Considering
a closed system, the evolution of the fluid composition after a rapid increase in temperature
from 100 to 200°C is calculated taking into consideration an initial and final fluid
composition equal to the H,—CO, composition at hypothetical equilibrium with siderite,
magnetite and carbonaceous material at 100 and 200°C, respectively (Fig. 12b). Firstly,
siderite dissolves until the attainment of equilibrium with the siderite — magnetite mineral

assemblage according to the reaction
3 FeCO3; + H,O =Fe304 +3COs + H,y (5)

Then, the fluid composition evolves toward equilibrium with carbonaceous material according

to:
CO, +2H, =C + 2H,0 (6)

This two-steps reaction path is supported by the laboratory hydrothermal dissolution
experiments of siderite by Milesi et al. (2015), in which it is shown that the fluid composition
equilibrates relatively rapidly with siderite and magnetite through Reaction (5) whereas
Reaction (6) is more sluggish. Considering a porosity of ~15% saturated with water, and a

thickness of ~30 m for the Famenian diamictite, the amount of siderite consumed along the
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compositional path described in Fig. 12b is ~78 kg-m™. The average content of siderite in the
eastern part of the basin is ~4 wt.% (Fig. 6a), i.e. ~3400 kg-m, meaning that only ~2 wt.% of
siderite would dissolve in response to a temperature increase from 100 to 200°C in the
Famenian formation. This calculation is performed for a closed system, where all the
generated and solubilized compounds continue to interact in the system. Any opening of the
system associated with the release of fluids would result in an increase in the proportion of the
solubilized siderite. From Well A to Well D, the measured decrease of the siderite content is
of ~100% (Fig. 6a), i.e., two orders of magnitude higher than the extent of dissolution

calculated considering a closed system.

5.2 Unconventional generation of CH, from siderite

The detection of siderite in the Famenian diamictite of the Solimdes basin (Fig. 6 and
7) is consistent with the especially high concentrations of iron measured in the formation
waters (Table 2, Fig. 5). The siderite content was found to decrease from up to 7 wt.% in the
eastern part of the basin (Well A) to less than 0.02 wt.% in western part (Well D) (Fig. 6).
Changes in the depositional conditions of the Famenian formation could explain the decrease
of siderite. Indeed, an increase of the oxidative conditions toward west during deposition of
the Famenian formation would render the siderite unstable; however, it is not consistent with
the relatively constant content of organic matter from Well A to D (Fig. 2b). The decrease of
the total iron content which occurs concurrently with the decrease of siderite rather suggests a
gradual alteration of the iron carbonate in an open system. During the Triassic, a magmatic
event led to the development of two dolerite sills in the eastern part of the basin and three
dolerite sills in the western part, with the third lower sill being located very close to the

Devonian source rock (Fig. 1b). Elias et al. (2007) measured the 20 values of dolomite from
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the Carboniferous reservoir rocks and calculated the precipitation temperatures of the
carbonate. Their study area was located to the east of Well A where the diabase intrusions are
relatively distant from the petroleum system (Fig. 1b). The authors reported a precipitation
temperature up to 155°C; higher precipitation-temperatures can be expected toward west. The
increase of thermal stress from Well A to Well D likely led to hydrothermal activities
associated with the Devonian source rock, resulting in the dissolution of siderite. The SEM
observation of etch pits on the surface of siderite from Well C in the area affected by the three
dolerite sills is consistent with this scenario (Fig. 7). The same kind of dissolution images
were observed by Milesi et al. (2015) on the surface of siderite reacted in hydrothermal

experiments.

Following the increase in temperature, the fluid becomes undersaturated relative to
siderite which undergoes an oxidative dissolution releasing CO, and producing H; through a
redox reaction between H,O and Fe?* (Fig. 12b) (McCollom, 2003; Milesi et al., 2015). That
is, iron oxide and especially magnetite could have formed through the partial oxidation of
Fe?* into Fe**. In the Famenian diamictite, the amount of magnetite increases by a factor ~2
from the east to the west of the basin; however, this magnetite content cannot account for all
of the oxidation of the iron from the siderite in the western part of the basin because the
magnetite content in Well D is ~one order of magnitude lower than the siderite content in
Well A (Fig. 8). Apart from Well C, the total amount of iron in the Frasnian shale increases as
it decreases in the Famenian diamictite (Fig. 9a). In addition, the percentage of Fe** increases
from the top to the bottom of the Devonian source rocks (Fig. 9b), which is inconsistent with
the marine and terrestrial origin of the Frasnian and Famenian formation, respectively. One
explanation is that iron, released from siderite in the Famenian diamictite, migrated in the
Frasnian shale. The migration of iron is supported by the calculations which show that,

considering a closed system, only ~2 wt.% of siderite would have been consumed to
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reequilibrate the fluid with the siderite — magnetite — carbonaceous material assemblage in
response to an increase of temperature from 100 to 200°C (Fig. 12b). Instead, from Well A to
D, the siderite content decreases from ~7 to 0 wt.%, meaning complete dissolution of siderite,
which can only be achieved in an open system. This scenario is also consistent with the
location of the diabase intrusions that likely induced fluid circulation from the top to the

bottom of the Devonian source rocks.

The significant amounts of H, in some samples are consistent with the oxidative
dissolution of siderite; however, in most samples, H; is present as traces (Table 1). The east-
west decrease of the siderite content is correlated with an increase of the gas maturity and an
increase of the 8*3C of methane (Fig. 4). Experiments of siderite decomposition at 200 to
300°C produced CH4 and other reduced carbon compounds such as polycyclic aromatic
hydrocarbons from reaction between CO, released from siderite and H, (McCollom, 2003;

Milesi et al,. 2015). The reaction of production of CH, from CO; reduction can be written as
CO; + 4H, = CH4 + 2H,0 (7)

With values of its equilibrium constant at 50 MPa, 200 and 300°C of 10*"° and 10,
respectively, Reaction (7) is highly favored in the direction of CH,4 generation. In addition,
Milesi et al. (2015) have shown experimentally that the fluid generated by the siderite
dissolution tends to equilibrate with the siderite — magnetite — graphite mineral assemblage,
which corresponds to relatively high CO, and H, concentrations favorable for CH, generation.
Such generation of CH, in the Solimdes basin is consistent with the inverse correlation
observed between the siderite content and the gas maturity. Moreover, CH, produced from
siderite can be expected to be enriched in heavy **C vs '2C because of the heavy §'°C of the
carbon source. Indeed, the carbon isotopic composition of siderite from the Famenian

diamictite was measured between -5 and -13%. (Fig. 11). Thus, in addition to the increase in
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gas maturity, formation of CH, from siderite is consistent with the high 8*3C; measured in the
western part of the basin (Fig. 4). On the other hand, hydrogenation of the residual kerogen
hosted in the Famenian diamictite may also offer another source of carbon for the formation

of **C-rich methane according to:
Ci) +2H2 =CH, (8)

It is known that thermogenic hydrocarbons of high maturity can also produce methane
with heavy 5'°C (e.g., Clayton, 1990). This might have occurred in the western part of the
Solimdes basin but all the evidence previously shown of siderite reactivity and of its
correlation with gas maturity suggests that reactions (7) and/or (8) contributed to the gas
budget in the basin. It can be noted that, according to reactions (7) and (8), the building up of
high H, concentrations is feasible in case of low CO, activities or of low reactivity of the
kerogen; otherwise, the equilibria suggest the production of large amounts of CH,4. This seems
consistent with the observations of H,-rich fluids in carbon-depleted environments such as
siliceous shields (e.g., Newell et al., 2007; Larin et al., 2014), ophiolitic contexts (e.g.,
Abrajano et al., 1988; Hosgormez et al., 2008) or old sediments with low amounts of organic
matter and carbonates; while sedimentary basins rich in organic matter and carbonates such as

the Solimdes basin host large amounts of hydrocarbon gases but are mostly free of H,.

In the western part of the basin, the hydrocarbon gases showed partial or complete
reversals of the “normal” carbon isotopic trends (Fig. 4). Dai et al. (2004, 2008) proposed that
mixing between thermogenic and abiotic hydrocarbon gases could account for reversals of the
carbon isotopic compositions. The isotopic inversion observed between the C; and C,.
compounds (Fig. 4b) associated with the high maturity gas and the heavy §*3C of methane in
the western part of the Solimdes basin could support the occurrence of Fischer-Tropsch-Type

reactions. lron oxides produced from siderite dissolution could act as surface catalyst for



©CO~NOOOTA~AWNPE

abiotic CO; reduction and polymerization (e.g., Foustoukos and Seyfried, 2004; Fu et al.,
2007; Milesi et al., 2015). The complete isotopic reversal from C; to Cs observed in the
western part of the basin suggests a low content of thermogenic ethane and propane, which is
consistent with the high maturity of the gases (> 90 mol.% of methane, Table 1) resulting

from a severe secondary cracking induced by the diabase intrusions (Eiras, 1998a).

As mentioned in the introductory part of this work, other processes can lead to isotopic
anomalies and some of them may have occurred concurrently to the production of CH,
derived from the decomposition of siderite. Burruss and Laughrey (2010) proposed that, at
temperatures higher than 200°C, ethane and propane can react with water and redox active
transition metals to produce CH,4 and reversals in the isotopic composition of alkanes. This
process was proposed, in addition to mixing, to explain complete reversal from methane to
propane in the gas reservoir of the northern Appalachian basin. Mixing between gases of
different maturities was proposed to explain reversals of the carbon isotopic composition in
natural gas (e.g., Jenden et al., 1993). In the Solim@es basin, a mixing between a low-maturity
gas in the eastern part of the basin and a gas of higher maturity in the western part could
explain the occurrence of the observed isotopic anomalies together with the production of
CH, related to siderite decomposition. But this mixing mechanism, which might well have
occurred to some extent, fails to explain the correlation observed between gas maturity and
the mineralogical evolution of siderite. Two other mechanisms are known for their ability to
build up such geochemical anomalies: thermochemical sulfate reduction (Krouse et al., 1988)
and microbial oxidation of methane (James and Burns, 1984). However, they also fail to
explain the siderite-maturity observed correlation and they cannot produce the full pattern
observed. Indeed, Krouse et al. (1988) suggested that ethane and propane are preferentially
affected by thermochemical sulfate reduction which thus induces an increase of the §*C, and

8'3C3 as the sulfate reduction increases, and microbial activity was proposed to affect
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preferentially propane, n-butane and n-pentane, resulting in partial reversals of the carbon

isotopic composition of natural gases (e.g., Katz, 2011).

5.3 Qualitative approach of H,, CH, and CO; generation
5.3.1 Siderite mass balance

Consistent with the experimental study by Milesi et al. (2015) and with the
mineralogical evolution of siderite observed in the Solimdes basin (Fig. 7), Reaction (5) is
used to estimate the yield of CO, and H, resulting from the dissolution of siderite in the
Solimdes basin. The relatively constant amounts of organic matter from Well A to Well D
suggests relatively constant depositional conditions of the Famenian formation (Fig. 2). Thus,
the siderite content on the east of the basin is considered representative of the initial content
of siderite in the whole basin before the magmatic intrusions. Considering an initial average
content of siderite in the Famenian diamictite of ~4 wt.% (Fig. 6), ~220 and 650 m*-m™ of H,
and CO,, respectively, would be produced from the complete dissolution of siderite. The H,
generation could even be about 50% higher if ferrous iron from the siderite was entirely
oxidized by reaction with water rather than being partly preserved into magnetite. The entire
consumption of H, to produce CH, is consistent with molecular hydrogen being present
mostly as traces in the gas accumulation of the Solimdes basin. Considering reactions (7) and
(8), the maximal amounts of methane deriving from the decomposition of siderite range

between 50 and 110 m3-m™.

Considering Reaction (7), a maximal amount of ~8% of CO, released from siderite
would convert into CH,4, which is not consistent with the low CO; content of ~0.2 mol.%
observed in the gas accumulations of the Solimdes basin. Other processes such as carbonate

precipitation may explain the depletion of CO,. Unlike siderite, precipitation of calcite or
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magnesite is favored by an increase in the thermal stress (Fig. 12a). In the Famenian
diamictite of Well D in which siderite dissolved completely, the calcite content increases up
to ~10 wt.% while it remains at lower values in the eastern wells less affected by siderite
dissolution (Fig. 6). The precipitation of calcite is also consistent with the high concentrations
of Ca®* measured in the formation water (Table 2, Fig. 5). Additionally, in terms of CO, mass
balance, the amount of siderite measured in the eastern part of the Famenian diamictite (Well

A) is consistent with the calcite content in the western part (Well D).

The magnitude of unconventional methane generation of ~110 m*-m? is compared to
the yield of CH,4 from the usual thermal cracking of organic matter. The total organic carbon
content in the Famenian diamictite is of ~1 wt.% (Fig. 2), and the yield of hydrocarbon
generation from the TOC was estimated at 50%. Considering that 60% of this hydrocarbon
generation affect only methane generation (including primary and secondary cracking), the
production of thermogenic CH, from the Famenian diamictite is estimated around 470 m*-m™.
As a result, siderite-derived CH,4 could represent up to ~ 20% of the total CH, produced by
the Famenian diamictite. If an uncertainty of 1 wt.% is considered on the initial average
content of siderite, the maximal contribution of the siderite-derived CH4 would range from 15

to 22% of the total CHa,.

5.3.2 Isotopic approach

An estimation of the amounts of unconventional CH, produced from siderite could
also be achieved based on the isotopic data. However, although widely discussed in the
literature, the isotopic fractionations resulting from the reduction of CO, or CO into CH,4
remain poorly constrained (McCollom, 2013), such that only a broad estimation of the CH,4

deriving from the siderite decomposition can be obtained from the isotopic data.
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In the western part of the Solimdes basin, the absence of siderite indicates that iron
carbonate likely decomposed entirely into CO,, resulting in no isotopic fractionation between
CO; and siderite because of the total reaction yield. In hydrothermal experiments of Fischer-
Tropsch-Type synthesis with CO,-H, rich fluids in the presence of mineral catalysts, Horita
and Berndt (1999), McCollom and Seewald (2006) and McCollom et al. (2010) reported
production of CH,4 showing isotopic fractionation of ~-30%. with the carbon source (Ecpa-
source)- Slmilar isotopic fractionation between CO, and CH,4 were proposed by Proskurowski et
al. (2008) in fluids venting from the hydrothermal systems of Lost City. As the highest §°C
for siderite in the Solimdes basin is ~-5%o (Table 3, Fig. 11), an isotopic fractionation of ~-
30%o between CO, and CH, would result in §*C; values of ~-35%., which cannot account for

the values up to ~-30%0 measured in the western part of the study area (Fig. 4).

In experiments involving CO,-H, bearing fluids and magnetite at 400°C, Fu et al.,
(2007) determined CH4-CO, isotopic fractionation of ~-15 to -20%., which is consistent with
the values of €cpha-source reported by Hu et al. (1998) and Taran et al. (2007) in Fischer-
Tropsch-Type experiments. Considering this CH4-CO, isotopic fractionation and a §*3C value
for siderite of ~-5%o (Table 3, Fig. 11), the siderite-derived CH, would have a §*C of ~-20%o.
Due to the high thermal maturity of hydrocarbon gases in the western part of the basin, the
thermogenic methane can be expected to be relatively enriched in *C relative to **C (e.g.,
Clayton 1990). For the calculation, we considered a 8*3C value of thermogenic methane to the
west of -34%o, i.e., the highest value of 8"3C; measured in the eastern part of the basin (Fig.
4). Therefore, the value of 8*3C; of up to ~-30%. measured in the western part of the basin
(Fig. 4) could be explained by a gas mixing between 80 mol.%. of thermogenic CH, with a
§'°C of ~-34%o and 20 mol.% of siderite-derived CH4 with a §*°C of ~-20%,. This calculation
is subject to significant uncertainties as both the values of €cns-co. and of the thermogenic

endmember of §'°C; in the west part of the basin are poorly constrained. As an example, if a
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value of Ecpa-coz Of -25%o is considered, i.c., close to the values measured in the laboratory
experiments of McCollom and Seewald (2006), the siderite-derived CH, would have a '*C of
~-30%o. In that case, the isotopic signature of the methane in the west part of the basin would
be fully explained by the siderite-derived CH,, which is not consistent with the siderite mass
balance. Similarly, considering a thermogenic endmember of §'°C; in the west part of the
basin of ~-40%o instead of -34%. and a &'°C of siderite-derived CH; of ~-20%o, the
contribution of the siderite-derived CH, would be of 50%. Thus, based on the isotopic data,
the contribution of the hydrothermal decomposition of siderite to the gas budget is poorly
constrained; however, a contribution of 20% is calculated when conservative input parameters
are considered, which is consistent with the calculations based on the siderite mass balance

(see section 5.3.1).

5.4 The origin of siderite

The detection of primary silicates such as olivine and pyroxene in the source rock of
the Solimdes basin was unexpected as these minerals are the least stable under the present
temperature and pressure conditions (Bowen’s reaction series) (Fig. 10b). One possible
explanation for the occurrence of olivine and pyroxene in the Famenian formation is the
physical alteration of basic to ultrabasic crystalline basement producing detrital particles
incorporated in the periglacial formation during the early stage of diagenesis. Electron
microscopy of tubular microstructures typical of serpentinites (Fig. 10c) indicates that olivine
and pyroxene started to undergo aqueous alteration. During early diagenesis prior to the
magmatic events, the release of CO, from the thermal maturation of organic matter combined
with the alteration of the Fe-rich primary silicates may have produced conditions favorable for

siderite precipitation. Alteration experiments of basic and ultrabasic rocks with fluids rich in
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dissolved inorganic carbon (DIC) showed the precipitation of siderite or Fe-rich magnesite
(Jones et al., 2010; Saldi et al., 2013). These experimental results together with the observed
coexistence of olivine and siderite in the Solimbes basin suggest that siderite may have
resulted from aqueous alteration of primary silicates during diagenesis prior to the magmatic

events.

The persistence of primary silicates in the source rocks indicates that they resisted the
alteration potentially induced by the diabase intrusions. Studies of olivine carbonation at
relatively low temperatures down to ~90°C with CO,-saturated water showed the formation of
silica layers at the surface of olivine (e.g., Daval et al., 2011; Sissmann et al., 2013). The
authors proposed that such silica coating constitutes a barrier for the transport of aqueous
species and inhibits the dissolution of olivine. In the Solimes basin a similar mechanism may
have preserved basic and ultrabasic minerals from complete alteration. This is consistent with
the observation of a constant content of Fe-bearing minerals other than siderite, regardless of
the proximity to the diabase intrusions (Fig. 10a). The persistence of the primary silicates
regardless of the increase of the thermal effect also disproves them as being the main source
of H,. To the contrary, siderite did not resist the increase of the thermal stress and dissolved to
produce ferric iron and H, (McCollom, 2003; Milesi et al., 2015). In the Solimdes basin,
siderite could represent an intermediate in the production of reducing conditions from the

alteration of ultrabasic and basic minerals.

Alternatively, it cannot be ruled out that the observed olivine and pyroxene can be
contaminants from the upper diabase intrusions mixed into cutting samples from the source
rocks during the drilling. Other sources of iron would then be necessary for siderite to form
during diagenesis, which is consistent with the elevated iron concentrations measured in the
brines (Fig. 5). Finally, siderite could have been inherited from the deposits of the periglacial

formation, i.e., the Famenian diamictite.
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In these three cases, a diagenetic origin of siderite is supported by the carbon isotopic
values between -5 and -13%. (Table 3, Fig. 11), which suggest that the carbon source of the
siderite likely results from a mixing between DIC from sea water with a 8"°C of ~0%o and

CO; from organic matter with a 5'°C of less than ~-20%o (e.g., Schidlowski, 2001).

6. CONCLUSION

Siderite in the Solimdes basin has played a primary role through the setting of highly
reducing conditions at the origin of unconventional generation of CH,. The increased thermal
stress in the western part of the basin induced partial to complete oxidative dissolution of the
siderite hosted in the Famenian diamictite. During the thermal maximum, a redox reaction
between water and siderite-derived Fe?* produced H, consistent with the experimental studies
of McCollom (2003) and Milesi et al. (2015). The correlation between the decrease in siderite
content and the increase in gas maturity and isotopic anomalies is consistent with the reaction
between H, and a carbon source, CO, or kerogen, to produce CH,. Such unconventional
generation of CHy is close to the process forming light hydrocarbons in ultrabasic contexts, in
which Hy is derived from the hydrothermal alteration of olivine and pyroxene. These minerals
were also observed in the source rock of the Solimdes basin; however, the absence of a
correlation between their constant content and the increasing gas maturity leads us to propose
that they were not directly involved in H, generation, but rather acted as a source of iron,
direct or indirect, for siderite precipitation during diagenesis. Whatever the origin of siderite,
independent quantitative approaches based on siderite mass balance and isotopic data indicate
that ~20% of the accumulated CH, in the western part of the Solimdes basin resulted from the
oxidative dissolution of siderite. The generation of hydrocarbon gases deriving from

hydrothermal decomposition of siderite with economic significance may be widespread in
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petroleum basins which underwent high thermal stress. The level of thermal stress required
for this mechanism to have significance on the gas budget in petroleum basins still needs to be

assessed.
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Figure captions

CAPTIONS

Fig. 1 Regional geologic setting of the Solimdes basin; (a) geographic location (modified
from Elias et al., 2004) of the exploratory wells of the HRT Oil and Gas Company. The blue
dots represent Well A, B, C and D, for which the mineral composition of the source rock was
specifically studied. The red line represents the location of the east-west geological section
across the Jurua sub-basin (b) (modified from Eiras et al., 1994). The dashed — dotted black

box is the area shown in Fig. 2.

Fig. 2 Maps of the thickness (a) and the TOC content (b) of the Famenian and Frasnian source

rocks.

Fig. 3 Diagrams illustrating the methodology to quantify the amount of siderite in rock
samples with the Rock-Eval instrument using (a) the oxidation cycle, or (b) the pyrolysis
cycle. In oxidation cycle, the CO, released from the organic matter disturbs the signal from
the iron carbonate. In the case of highly mature organic matter, the use of pyrolysis cycle
yields negligible the CO, from the organic matter so that the measured CO; derives only from

the siderite decarbonation.

Fig. 4 Map of the distribution of the hydrocarbon gas maturity in the Solimbes basin (a) and
natural gas plot representing the carbon isotopic composition of methane to iso- and normal-
butane depending on the number of carbon atoms for hydrocarbon gases of different drilling

wells (b). Precision for 83C is less than or equal to the symbol size. In the map of gas



maturity (a), areas from green to red represent an increase of the gas maturity based on the

C,/Cj3 ratio (brown numbers).

Fig. 5 Iron plotted against calcium concentrations of formation waters from the Solimdes
basin after correction for the contamination by drilling mud (closed diamonds).
Concentrations reported by Kharaka et al., (1987) in the brines of the Central Mississippi Salt
Dome Basin are shown for comparison (open circles). Error bars are less or equal to the

symbol size.

Fig. 6 Cross section analyses from the Carboniferous reservoir rocks to the Devonian source
rocks of siderite (a) and calcite (b) contents quantified with the Rock-Eval instrument in Well

A, B, C and D.

Fig. 7 SEM images in backscattered electron mode and EDX patterns of rock samples from
the Famenian diamictite of Well A, C and D. In Well A, the EDX pattern is consistent with
siderite. In Well D, the presence of iron and oxygen and the absence of carbon in the EDX

pattern of the small and light grains are consistent with iron oxide.

Fig. 8 Magnetite plotted against siderite content in wt.% of selected rock samples of the
Famenian diamictite from Well A, B, C and D (a), and SEM image in backscattered electron
mode of rock sample from the Famenian diamictite of Well C showing pyrite associated with

siderite (b).



Fig. 9 Cross section analyses from the Carboniferous reservoir rock to the Devonian source
rocks of total iron content (a) and percentage of ferric iron among total iron (b) in Well A, B,

C and D.

Fig. 10 Iron mass balance based on selected samples from the Famenian diamictite of Well A,
B, C and D (a) and TEM observation of a sample from the Famenan diamictite of Well D (b
and c¢). The iron mass balance is based on average values of four samples representative of the
Famenian diamictite of each well. The amount of iron contained in siderite is calculated
considering the siderite content from the Rock-Eval analyses and a stochiometric siderite
(FeCOg). The total amount of iron in each well is normalized to the one of the well with the

highest iron content, i.e., Well A.

Fig. 11 Carbon isotopic compositions of siderite plotted against carbon isotopic compositions
of calcite in samples from the Famenian diamictite of Well A, B and C. Error bars are less or

equal to the symbol size.

Fig. 12 Diagram showing the equilibrium constant at 30 MPa of the reaction of dissolution of
calcite, magnesite and siderite depending on the temperature (a), and H, — CO, activity
diagram showing the stability domain of hematite, magnetite, wistite, siderite and graphite at
50 MPa, 100°C (dotted lines) and 200°C (full lines) (b). In addition, a compositional path
represents the evolution of the fluid composition following an increase of temperature from

100 to 200°C (dashed line) (see text for further details).



Table 1

Table 1. Molecular compositions of Solimdes gases and stable carbon isotopic

compositions of hydrocarbon gases

Well Depth(m) He H, CO; N, C; C, Cs; i-Cs nCs CiC; 8°C; 8¥C, 8¥C; 8%i-C, 6"n-C,
3096 - - - - 8732 769 287 045 093 268 -36.6 -315 -296 -28.6 -27.4
A 3157 - - - - 7479 1695 546 124 098 310 -386 -314 -251 -209 -222
3195 - - - - 6993 17.04 815 1.25 230 209 -40.7 -333 -298 -27.0 -27.6
3290 0.11 6.92 13 5755 1691 11.79 1.60 377 143 -395 -343 -310 -31.0 -29.0
3356 - - - - 9715 245 028 0.04 0.04 866 -328 -425 -428 - -
2762 028 001 04 30 949 133 0.10 0.010 0.008 1385 -329 -36.3 -37.8 -438 -43.1
F 2795 028 001 04 39 939 132 0.09 0009 0.008 14.04 -319 -36.3 -376 -43.0 -41.1
2887 0.10 320 14 118 8202 139 0.10 0.010 0.013 13.76 -29.2 -31.8 - - -
2662 0.18 003 01 4.7 9308 173 0.11 0.009 0.005 16.06 -339 -341 -322 -342 -33.0
¢ 2686 021 001 01 83 8960 168 0.11 0.009 0.006 1526 -341 -346 -323 -347 -340
2259 0.81 0.00 0.2 243 7031 3.078 0.910 0.1458 0.1692 3.38 -33.7 -305 -264 -253 -26.3
: 2277 0.82 000 0.2 253 69.40 3.036 0.865 0.1294 0.1439 351 -346 -30.7 -264 -21.2 -24.3
| 2537 040 0.00 133 159 6043 6.28 237 0.32 0.62 265 -371 -319 -294 -285 -281
The molecular composition is expressed in mol.% of the gas and the stable carbon isotopic

composition in %o relative to the PDB standard. “ - ”: not analyzed.



Table 2

Table 2. Iron and calcium end-member concentrations of the Solimdes formation

waters

Well Fe(mg-L") Ca(mg-L")

A 452 25940
D 323 24180
E 1095 15280
F 205 46280
G 26 17380
I

30 16530




Table 3

Table 3. Carbon isotopic composition of siderite and calcite in the Famenian formation

of the Solim@es basin

Well Depth (m) 613Csiderite 613Ccalcite

3162 -8.0 3.0
A 3183 -7.9 -5.3
3201 -12.9 -3.4
3207 -9.6 -3.6
3294 -11.1 -55
B 3315 -8.3 -6.6
3324 -12.8 -2.9
3348 -9.9 -1.2
3198 -1.4 -2.8
c 3207 -5.3 -0.3
3216 -1.5 -1.6
3240 -8.7 -3.5

The carbon isotopic composition is expressed in %o relative to the PDB standard.



