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ARTICLE INFO ABSTRACT
Keywords: The Truchas Syncline contains orogenic gold deposits (OGDs), hosted mainly by the Armorican Quartzite Fm. In
Llamas de Cabrera gold district order to look for the source of gold in these deposits, pre-kinematic sulphides from black shales from the

Bacterial sulphate reduction
Framboidal pyrite
NanoSIMS maps

Sulphur isotopes

Variscan Orogen

overlying Luarca Fm. were studied using both optical and scanning electron (SEM) microscopy, as well as
nanoscale secondary ion mass spectrometry (NanoSIMS). NanoSIMS images allowed the observation of relevant
structures (pyrite with high As content nodules) hidden to SEM.

Microscopy and 365, 75A5328, 75As, 7°As®4S, and 1%7Au mappings, as well as 5343 analysis (%o Vienna-Canyon
Diablo Troilite) allowed 4 types of pyrite to be characterized. According to their sequence of deposition, the
pyrite types identified are the following: (1) framboid nuclei (FmPy), with §°*S between +4.1%o and +57.5%o; (2)
overgrowths (OgPy), with presence of Au, As and 5>*S of approximately +20.5%q; (3) pyrite with high As content
(AsPy), replacing previous pyrites, with 5%4S of approximately +23%o, nodular shapes and non-detected Au; (4)
subhedral pyrite (ShPy), with 534S of approximately +19.7%o and Au and As distribution showing (a) nuclei, (b)
rims with Au and As and (c) structures interpreted as replacements of previous pyrite. Luarca Fm. pyrite
framboids reach 75 pm in size, larger than framboids described in most previous NanoSIMS work, with micro-
crystals sufficiently large to be analyzed without contamination from edge effects. The FmPy formed in early
diagenetic conditions by dissimilatory reduction of marine sulphate plus Rayleigh distillation or anaerobic
oxidation of methane processes. The first FmPy nuclei formed in the periphery of framboids, and then started to
form in the central region until completion of the framboidal structure. Growth of OgPy, AsPy and ShPy cor-
responded to more advanced diagenetic conditions, although the last stage of ShPy growth followed an aggre-
gation model, in which ShPy metamorphic pyrites grew over ShPy diagenetic pyrites.

The sulphur isotopic signature of the four types of pyrite is in good agreement with a source from Ordovician
marine sulphate. A hypothesis stating that the source of Au in OGDs in the district could be in Luarca Fm. is
supported by the results of the present research. Firstly, a source of Au in the district could have been the
replacement of previous pyrites by AsPy and the release of Au to the system, instead of the framboidal to
euhedral pyrite recrystallization process observed in other gold deposits. Secondly, by the correspondence be-
tween 5*S isotopic signature of the pyrites from Luarca Fm. and those from sulphides in OGDs. However, these
results do not rule out other possible sources.

1. Introduction carbon, in which the inorganic fraction may be of almost any compo-
sition (e.g., Huyck, 1990; Wignall, 1994; Ketris and Yudovich, 2009).
Black shales are fine-grained sedimentary rocks enriched in organic They contain high metal contents (e.g., Shpirt et al., 2007; Parviainen
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and Loukola-Ruskeeniemi, 2019). Their genetic relationship with metal
ore deposits has been subject to debate in numerous mining districts (e.
g., Coveney and Chen, 1991; Saez et al., 2011; Polgari et al., 2012;
Loukola-Ruskeeniemi and Lahtinen, 2013), including orogenic gold
deposits (OGDs) and Carlin-type deposits (e.g., Shepherd and Bottrell,
1993; Bierlein et al., 2001; Mason et al., 2002; Large et al., 2011; Wu
etal., 2020; Cunningham et al., 2019). Many trace metals in black shales
are hosted by sedimentary/diagenetic framboidal to euhedral pyrite (e.
g., Large et al., 2011, 2012; Gregory et al., 2015; Zhao et al., 2018; Wu
et al., 2020) deposited in oxygen deficient conditions in different envi-
ronments, from marine water columns to diagenetic conditions (e.g.,
Lyons, 1997; Raiswell and Canfield, 1998; Lin et al., 2016b, 2017).

In sedimentary marine/diagenetic environments, the formation of
framboidal pyrite is related mainly to the activity of sulphate-reducing
bacteria and also with the activity of archaea (e.g., Brunner and Ber-
nasconi, 2005; Lin et al., 2016b; Jgrgensen et al., 2019) in the sulpha-
te-methane transition zone. The size of framboids has been related to
redox conditions in the sedimentary environment in which they grow
(Wilkin et al., 1996; Wei et al., 2016). However, Lin et al. (2016b) and
Rickard (2019) argued the size of framboids may be conditioned by
many other factors.

Dissimilatory sulphate reduction, linked to the activity of bacteria in
presence of electron-accepting organic substrata, releases HyS, which is
highly depleted isotopically compared to the precursor sulphate, to the
extracellular medium (e.g., Donald and Southam, 1999; Rudnicki et al.,
2001; Brunner and Bernasconi, 2005; Sim et al., 2011). Depletions
(634Ssulphate_sulphide) are usually between 2%o and 46%., and can be as
much as 75%o (Wortmann et al., 2001; Canfield et al., 2010; Sim et al.,
2017), and even 135%o in high temperature conditions (Rudnicki et al.,
2001). Large 63485ulphate_sulphide values have been attributed to a com-
bination of reduction, oxidation and microbial sulphur disproportion-
ation cycles (Canfield and Thamdrup, 1994; Habicht et al., 1998;
Bottcher and Thamdrup, 2001). Later formation of iron monosulphides
from H,S generates fractionations usually lower than 1.5%o; and the
transformation of these monosulphides into pyrite also shows very low
fractionations (Price and Shieh, 1979; Bottcher et al., 1998).

High 534S in framboidal pyrites has been traditionally interpreted as
a result of Rayleigh distillation processes, produced in closed-system
conditions, in which the remaining sulphate-sulphur in the fluid be-
comes heavier and heavier as the sulphides precipitate (Canfield and
Teske, 1996; Rudnicki et al., 2001; Gregory et al., 2019; Jgrgensen et al.,
2019). Prevalence of these conditions through time will generate a wide
range of isotopic values in the new sulphides (Ohmoto and Goldhaber,
1997), with 534S increases of up to 100%o and variations of up to 60%o
over 50 ym in a single pyrite crystal (Drake et al., 2015).

Anaerobic oxidation of methane in ascending methane flows coupled
to dissimilative sulphate-reducing bacteria processes have been
described (hereafter S-AOM) involving strong sulphur isotope fraction-
ation (Borowski et al., 2013; Deusner et al., 2014; Magnall et al., 2016;
Lin et al., 2016b, 2017; Jgrgensen et al., 2019). All these papers report
the presence of pyrite very enriched in §3*S, related to S-AOM, with &3S
range from —41.6 to +114.8%o (Lin et al., 2016b). Presumably, S-AOM is
catalyzed by associations of methanotrophic archaea and sulphate-
reducing bacteria (Hinrichs et al., 1999; Pancost et al., 2000; Knittel
and Boetius, 2009). In columns of recent marine sediments dissimilatory
sulphate reduction dominates within the first meters, and S-AOM
dominates with depth (Lin et al., 2016b). Most of the methane that is
diffused upwards is consumed coupled with sulphate reduction in the
sulphate-methane transition zone, where pore water sulphate and
methane concentrations are reduced almost to zero (e.g., Yoshinaga
et al., 2014; Lin et al., 2016b; Jgrgensen et al., 2019) as the dissolved
hydrogen sulphide reaches its highest concentration (Boetius et al.,
2000; Reeburgh, 2007). Accordingly, deeper into the sediments from the
seabed, sulphate §°S gets increasingly heavier (sulphate-reduction
zone), until it reaches its maximum values when reaching the sulpha-
te-methane transition zone, and then decreases below it (Lin et al.,
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2016b).

Regarding pyrite behaviour during diagenesis and metamorphism,
the literature reports the evolution of pyrite from framboidal to euhedral
shapes and, ultimately, to pyrrhotite (e.g., Pitcairn et al., 2006; Large
etal., 2007, 2012; Tomkins, 2010; Zhao et al., 2018). According to Large
etal. (2011), in each of these transformations, gold and other metals are
released to pore waters, which forms the basis of the genesis of Carlin
deposits and OGDs where sedimentary rocks host the mineralisation and
particularly where carbonaceous mudstones form a significant compo-
nent of basin sediments.

OGDs, extensively mined during the Roman Empire (Herail, 1984;
Matias and Gomez-Fernandez, 2003), are found in the Truchas Syncline
(Fig. 1). According to Gomez-Fernandez et al. (2012), gold and other
metals in OGDs were deposited in extensional quartz veins with three
hydrothermal stages: As—Fe (I), As-Fe (II), and Au-Zn-Cu-Pb, to which a
later supergene alteration stage was superimposed.

534S values of the two As-Fe stages are similar, +8.0%o to +19.5%o,
whereas sin-kinematic pyrites from siliciclastic Luarca Fm. show higher
variability, from +7.4%o to +26.3%o. Calculated 580 data for the fluids,
as well as fluid inclusion data, suggest that mineralizing fluids were
equilibrated with metamorphic lithologies at mezozonal temperatures
(Groves et al., 1998). The source of gold, according to the metamorphic
model for OGDs, is in chlorite devolatilization in the transition zone
between greenschist/amphibolite facies (Goldfarb and Groves, 2015;
Zhong et al., 2015). However, Gomez-Fernandez et al. (2019) propose
the pre-kinematic pyrite of the Luarca Fm. as a gold source. The meta-
morphic grade of this formation is greenschist, with chlorite present in
the silicate assemblages, clearly a shallower source at a lower meta-
morphic grade than the metamorphic model (op.cit).

In black shales from Luarca Fm. in the Truchas Syncline (Fig. 1)
graphite and several generations of pyrite are present, from framboidal
to euhedral (Gomez-Fernandez et al., 2009a; Cardenes et al., 2016).
According to Gomez-Fernandez et al. (2019), the source of gold in the
Truchas Syncline OGDs is, at least partly, from the pyrites of this for-
mation. In that study, metal contents in both graphite and pyrite from
Luarca Fm. have been determined by electron microprobe, with average
Au and As levels of 217 and 1999 ppm respectively for framboids.
Moreover, 5°*S was determined in pyrites with grain size large enough
to enable the application of traditional methodologies (Robinson and
Kusakabe, 1975). However, these techniques cannot be applied to the
grain sizes of the microcrystals which make up the pre-kinematic
framboidal pyrite (usually between 3 and 5 pm) and its subhedral
derivatives.

The present work aims to broaden the research started by Gomez-
Fernandez et al. (2019) at a more detailed scale. For this purpose,
nanoscale secondary ion mass spectrometry (NanoSIMS) was applied,
which allowed: a) geochemical mapping on pre-kinematic pyrites from
the Luarca Fm. and, b) determination of the isotopic signatures (6%*s) of
framboidal to subhedral pyrites.

The present contribution provides information on: (1) the applica-
tion of NanoSIMS to auriferous framboidal pyrite, (2) the genesis and
evolution of the pyrites from the Luarca Fm. and (3) the origin of gold in
the Truchas Syncline OGDs.

2. Geological setting

The sedimentary sequence in the study area starts, from the bottom
to the top, with Capas de los Montes (schists, Lower Ordovician) and
Armorican Quartzite (Lower to Middle Ordovician). On top of the latter,
the Capas de Transicion have been defined (not shown in the map of
Fig. 1), formed by a sequence of quartzites and shales, over which the
Luarca Fm. lies (black shales with intercalations of volcanic rocks;
Middle Ordovician). The composition of these volcanic rocks is mainly
basaltic, with minor acid intercalations, and occurs as volcanic-
volcanoclastic layers (Gonzalez-Menéndez et al., 2021). Upper Ordovi-
cian is composed of a mainly siliciclastic sequence (Barros Lorenzo,
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Fig. 1. Geological map of the Truchas Syncline (modified after Sudrez et al., 1994; Gonzalez-Menéndez et al., 2021), with location of samples and OGDs.

1989; Voldman and Toyos, 2019), with abundant black shales, whose
mineralogy and petrology, along with those of Luarca Fm, have been
widely studied (Ward and Gomez-Fernandez, 2004; Gomez-Fernandez
etal., 2009a, 2009b, 2017; Cardenes et al., 2014), as they form the most
important roofing slate mining district in the world. The Palaeozoic
sequence ends with shales rich in organic matter (Llagarinos Fm.;
Silurian).

From a structural point of view, the study area is part of the Truchas
Syncline, a geological structure that lies in the Central Iberian Zone,
within the Iberian Variscan Massif (Fig. 1). It was formed as a result of
the coaxial interference of Variscan phases 1 and 3, and was affected by
south-north trending thrusts, developed during the second Variscan
phase (Marcos, 1973; Pérez-Estatin, 1978). The first phase of deforma-
tion gave rise to a widespread penetrative tectonic foliation (S;). In local
areas, a crenulation schistosity is also present, associated with the third
phase of deformation. Variscan regional metamorphism reached
greenschist facies.

Primary OGDs are found in the northern limb of the Truchas Syncline
and in the Teleno Anticline (Fig. 1), hosted in the upper part of the
Armorican Quartzite and occasionally in the overlying shales from
Luarca Fm. (Tornos et al., 1997; Gomez-Fernandez et al., 2012; Cun-
ningham et al., 2019).

3. Sampling and analytical procedures

Thin sections of Luarca Fm. shale samples, collected in quarries and
in outcrops (Ward and Gomez-Fernandez, 2004; Gomez-Fernandez
et al., 2019) were made for study using optical microscopy and scanning
electron microscopy (SEM). A JEOL JSM-6480 scanning electron mi-
croscope (JEOL, Akishima, Tokyo), equipped with an Oxford D6679
Energy-dispersive X-ray spectroscopy (EDS) detector, and an Olympus
BX51 petrographic microscope (Olympus, Shinjuku-ku, Tokyo), equip-
ped with an Olympus Camedia C-5050 Zoom lens double bed, were used
for this purpose. Sample 29 (Fig. 1) containing both framboidal and
subhedral pyrite, was selected for study using NanoSIMS. Portions of
this sample were embedded in an epoxy resin and eight cylindrical
polished mounts were made, with dimensions of 1 in. in diameter and 5
to 7 mm in height.

Selected framboidal pyrites were analysed using the CAMECA
NanoSIMS 50L at the Open University (Planetary and Space Sciences,

Milton Keynes, UK) for high-resolution trace element imaging and in situ
sulphur isotopic spot analyses. Two mounts containing framboidal to
subhedral pyrites were polished using 1/4 um as the end diamond size
and then coated with carbon for conductivity. Sample areas of 30*30
pm? were pre-sputtered using a 100pA primary beam for 5 min to
remove the carbon layer and possible surface contamination. A 10pA
focused Cs* primary beam with a diameter of 300 nm and accelerating
voltage of 16 kV was used to scan over 20*20 um? sample regions within
the pre-sputtered area to carry out the trace element images. Negative
secondary ions of 363 75As, 75As3%S, 7°As®*S and 1°7Au were collected
simultaneously using electron multipliers. Each imaging analysis con-
tained 30-60 frames, and a frame size of 256*256 pixels was used for all
images with an integration time of 1000 ms per pixel, leading to a
measurement time of 20-40 min for each image. All image data were
corrected for detector dead time and aligned for possible stage shift. The
literature reports a lack of appropriate standard materials for the ele-
ments of interest (Au and As) with secondary ion mass spectrometry
(SIMS)-based methods (Wiedenbeck, 2012; Zhang et al., 2017; Gregory
et al., 2019) and therefore the data is given in counts per pixel of the
NanoSIMS map. The colour scale for each image was adjusted to show
the range between maximum and minimum value in the image. There-
fore, direct comparisons of colours between equivalent images from
different regions are possible given that their orders of magnitude are
similar and that the mineral mapped was always pyrite. Count rates for
As were all high compared to any background or dark noise contribu-
tion. Au count rates were sometimes below detection limits, with the
lowest measured Au/>%S ratio reported of 1.5E™ approaching detection
limit.

Subsequent to the trace element imaging analyses, selected single
pyrite grains from three imaging regions were measured using a 5pA
focused Cs* primary beam for in situ sulphur isotopic spot analyses
using a modified protocol based on Zhang et al. (2014). Negative sec-
ondary ions were collected simultaneously using electron multipliers
(335, 34S, 365 and 7°As) and Faraday cup (325) from 2*2 pm2 areas. Each
spot analysis contained 200 measurements, with a total analysis time of
2 min. A mass resolution power of 8000 (CAMECA definition) was used
for both trace element imaging and sulphur isotope spot analyses, which
was enough to resolve possible mass interferences such as 32gH; and
33SH" on 34S". Two pyrites standards at the Open University (OU-Pyrite-D
and OU-Pyrite-E) were used as working references to correct for matrix
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effects and instrumental mass fractionation. The 5>*S of the standards
were measured using the method of Robinson and Kusakabe (1975) at
the Stable Isotope Laboratory of the University of Salamanca and rela-
tive to the Vienna-Canyon Diablo Troilite (V-CDT).

In one of the 20%20 pm? mapped regions, 10 of the 2*2 pm? square
areas and in the irregular shaped Au rich areas, 7°As/3S and 1*7Au/%°s
ratios were quantified. As no suitable standard with known Au or As
concentrations was available, the As/S and Au/S ratios are the uncor-
rected measured values and only provide relative concentrations to each
other. As the mineral analysed was always pyrite, there should be little
or no matrix effect and therefore the results from different samples are
directly comparable.

4. Results
4.1. Optical and scanning electron microscopy

The main minerals in black shales from the Luarca formation are
muscovite, quartz, chlorite and albite (details can be seen in Gomez-
Fernandez et al., 2009a, 2009b). Accessory minerals include pyrite,
chalcopyrite, galena, sphalerite, graphite, ankerite, rutile, zircon,
monazite, xenotime and apatite.

Regarding the Variscan deformation that affected the region, two
groups of sulphides have been identified:

- Group I) Pre-kinematic sulphides, appearing as framboids or as part
of porphyroidal aggregates (Pk, in Fig. 2A-B) together with quartz and
phyllosilicates. Pyrite is the most common sulphide, and appears with
minor galena and chalcopyrite. Research presented in this paper focused
on pyrites of this first group of sulphides.

The sulphides show polyphasic pyrite growth, from framboidal to
subhedral habits (Fig. 3A). The following types of pyrite were identified:
a) framboidal microcrystals of pyrite (FmPy), which constitute the
nuclei of the framboids, with oval to polyhedral sections (Fig. 3B),
mainly equidimensional, equimorphic and following regular spatial
ordering patterns (Ohfuji et al., 2005), b) pyrite overgrowths (OgPy)
surrounding FmPy (Fig. 3C) and, c) subhedral to euhedral pyrite (ShPy)
(Fig. 3D). Galena and chalcopyrite are found as well, in very scarce small
crystals (Fig. 2C-F, 3D-F), more frequently in association with ShPy. In
framboids, galena may appear associated with FmPy (Fig. 2C-D), with
OgPy (Fig. 3E) or crosscutting framboid inner structure (Fig. 3F). None
of the shales studied, frequently used as commercial roofing slate, shows
signs of hydrothermal activity.

The framboids size usually ranges from 35 and 50 um (Fig. 2C-F, 3A
and F) and can reach up to 75 um (framboid from the S4_1 and 2 regions,
Fig. 5). They appear to be surrounded by S; tectonic foliation (Fig. 2C-
D), marked by chlorite and muscovite orientation. Associated with these
framboids, pressure shadows (Ps) are observed, elongated parallel to
foliation, in which quartz dominates over chlorite and muscovite. As a
general rule, ShPy appears within the porphyroidal aggregates around
which S; flows. Nevertheless, occasionally (Fig. 2E-F) foliation is cut by
outer parts of ShPy crystals (yellow arrows in Fig. 2F).

All of the above reveals the pre-kinematic character of polyphasic
pyrite overgrowths, although the last phase of ShPy growth is very likely
to be sin-kinematic.

- Group II) Sin-kinematic sulphides (Sk, in Fig. 2G-H) are the domi-
nant pyrite type. They usually crosscut the S; foliation and have asso-
ciated pressure shadows, which indicates that they formed prior to the
final stages of the Variscan deformation. They are almost entirely pyrite,
with some minor and very scarce galena and chalcopyrite. Pyrite forms
euhedral to subhedral individual crystals, very often in cubic shapes,
and may reach sizes of up to several centimetres long on each side.

4.2. NanoSIMS studies

NanoSIMS studies were undertaken on pre-kinematic pyrites in
sample 29, from framboidal to subhedral. 365, 75A532S, 75As, 75As34S,
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and 1%’ Au mappings were performed on 7 different 2020 pm? regions
(e.g., Fig. 4).

Furthermore, 27 634S(V,CDT) isotopic determinations in three of the
seven analysed regions were conducted, which generated square de-
pressions of 2*2 pmz (regions S4_1, S4_2 and S8_9_1; Fig. 5). In 10 of
these square areas (region S4_2; Fig. 6), 75As/%05 and %7 Au/%S ratios
were quantified. These same ratios were also determined as bulk
composition of most of the Au rich areas with irregular shapes (Analysis
11 in Fig. 6; Table 1).

NanoSIMS maps show structures that were unable to be seen on the
backscattered electron (BSE) images previously acquired with SEM
(Figs. 4 and 5). 368 distribution NanoSIMS maps appear very saturated in
all the regions analysed (Fig. 4B), showing diffuse structures that are
maximized in the Au and As distribution maps.

In addition, in each of the analysed regions, the three different maps
involving As distribution (">As®2S, 7°As, 7°As®*S) are very much alike
(Fig. 4), thus permitting a joint interpretation. Therefore, in Fig. 5 only
the 7°As®2S mappings are presented.

The Au and As contents which we refer to in the following para-
graphs are relative contents of 365 75A5325, 75As, 75As®*S and 1¥7Au,
graphically expressed on the images or numerically through the
75As/%6S and 1°7 Au/3S ratios (Table 1). In the 7>As>2S mappings a range
of 4 colours with metallogenetic significance were distinguished. From
lower to higher As content they are: a) dark blue, b) light blue, c¢) green-
yellow and d) orange. This observation, along with the crystal shape, the
Au contents (1°” Au mapping) and the isotopic ratios of sulphur (Table 1
and Fig. 5A-C), allowed us to differentiate, in addition to the three types
of pyrite previously identified through SEM, a fourth type, characterized
by its high As content. These four types are the following:

a) FmPy. It forms the nuclei of the framboids (Fig. 5D-F). It is charac-
terized by low As content (dark blue), by the absence of observable
Au (Fig. 5G-I) and, especially, by a strong diversity in the sulphur
isotopic distribution, with 534S from +4.1%o to +57.5%0 (Table 2).

b) OgPy. It covers the FmPy and it is characterized by slightly higher As

contents (green-yellow colours; Fig. 5D-F) and presence of Au

(Figs. 4, 5G-I and 6). The sulphur isotopic signature is quite constant,

with §%S values of approximately -+20.5%o (Table 2).

Pyrite with high As content (AsPy), forms nodules, apparently more

varied in size and with a more heterogeneous distribution than FmPy

nuclei (Fig. 4C-E, 5D-F). It often cuts the contacts between FmPy and

OgPy pyrites which can be interpreted as evidence of replacement

(see section 5.1). It is characterized by the highest As content among

all those analysed, reflected by the orange colours in the figures. The

images did not register significant counts of Au in the AsPy (Fig. 5G-I
and 6). The sulphur isotopic signature in AsPy is quite constant with

534S values around +23.0%o0 (Table 2).

d) ShPy. The sulphur isotopic signature for ShPy is quite constant, with
534S values around +19.7% (Table 2). The mapping and distribution
of the As contents reveals 3 different structures (Fig. 5): (1) nuclei
(n), less rich in As (light blue colours) and Au, (2) rims (rm), slightly
higher in As (green-yellow and occasionally orange colours) and Au,
equivalent to those in OgPy (Fig. 5G-I) and, (3) closed structures (rp),
with low As content nuclei (light blue colours) and rims with slightly
higher As contents (yellow colours; Fig. 5D-E) which are interpreted
as a result of the replacement of previous pyrites (see Discussion in
section 5.1). On the other hand, in some localized areas (white arrow
in Fig. 5D), of irregular limits, As contents are equivalent to those in
FmPy.

C

~

There is a noticeable difference between &3S in the FmPy and the
other types of pyrite (Figs. 5 and 7C, Tables 1 and 2). In FmPy, §°*S data
are very heterogeneous, and in some cases very heavy. Nevertheless, in
each of the other three types of pyrite the values are very homogeneous
and, in the three as a whole, rather similar. Highest, lowest and mean
values, as well as the standard deviation for every type are shown on
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Qtz + Ab

Fig. 2. Microphotographs and backscattered electron (BSE) images showing different types of pyrites and their relationship with the tectonic foliation (S;). A and B)
Pre-kinematic porphyroidal aggregates formed by sulphides (Pk) and quartz, outlined by S;. C and D) Framboidal pyrite outlined by S;. E and F) Porphyroidal
aggregate with FmPy to ShPy, in which S, is locally cut through by ShPy (areas with yellow arrows). G and H) Euhedral to subhedral sin-kinematic pyrites (Sk),
crosscutting S; and showing pressure shadows. A and G) microphotographs: plane polarized light; scale bar = 0.5 mm. B to F, and H) BSE images. Chl = chlorite; Ms
= muscovite; Qtz = quartz; Ab = albite; Py = pyrite; Ccp = chalcopyrite; Gn = galena; Ps = pressure shadows. Samples: 29 (A, and C to F), 11 (B), 44 (G and H).
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18 km

TE

Fig. 3. BSE microphotographs showing pre-kinematic pyrites, in different stages of growth, evolving from framboidal pyrite (FmPy), overgrowths (OgPy) into
subhedral shapes (ShPy), and relation between Galena (Gn) and these types of pyrite.

Table 2.
5. Discussion
5.1. Paragenetic sequence

The first type of pyrite to form was FmPy (Fig. 3B), over which OgPy
overgrowths developed (Fig. 3C). An alternative interpretation,
considering AsPy as the first type of pyrite to form, fails to explain the
following facts: (1) AsPy often cuts the contacts between FmPy and OgPy
(Fig. 5D to F), therefore it must be after these two and (2) the first
crystals to form in framboids (Fig. 3B) are basically equidimensional,
equimorphic and following regular spatial ordering patterns (Ohfuji and
Rickard, 2005), properties more commonly found in FmPy than in AsPy
(Fig. 3B-C and 5F).

Regarding ShPy, As contents allowed differentiation of nuclei (n) and
rims (rm) (section 4.2) and interpretation that closed structures, nearly
circular (rp), occasionally appearing in the outer part of the framboids
(rp in Fig. 5D and E) correspond to replacements of FmPy and OgPy by
ShPy. As a consequence of this replacement, the contacts between what
was FmPy and OgPy were blurred (e.g., Fig. 5B).

AsPy replaces FmPy and OgPy, implying it formed later. However,
AsPy has not been observed superimposed on ShPy, thus it is very likely
to have formed earlier than ShPy. For AsPy to be younger than ShPy
requires AsPy to have selectively replaced FmPy and OgPy, and not
ShPy. The images did not register significant counts of Au in the AsPy
(Fig. 5G-I), not even in those areas where replaced pyrite presumably
contained Au (e.g., AsPy nodules subjected to analysis: number 1 in
Fig. 5H and numbers 7 and 8 in Fig. 5I). Therefore, we interpret that
replacement of previous pyrites by AsPy could have released Au to the
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Fig. 4. BSE image (A) and NanoSIMS maps of distribution of 365 (B), 7°As2S (C), 7°As (D), 7°As®*S (E) and °”Au (F) in the region S8_4b_1. A) BSE image indicates the

area mapped in the rest of the images.

mineralising processes.
Fig. 7 outlines the growth phases for each type of pyrite, and also the
paragenetic sequence and the 54 isotopic signature.

5.2. Pyrite precipitation: geological environments

Geometric relationships between the tectonic foliation and the
pressure shadows with the pyrite framboids (Fig. 2D) indicates the pre-
kinematic character of the latter. Therefore framboids must have formed
prior to the first phase of Variscan deformation, which places their
formation in a diagenetic/sedimentary environment. Sequences of
framboidal to overgrowths and subhedral pyrites, as described in this
work, have been reported in sedimentary/diagenetic conditions on
multiple occasions (e.g. Sawlowicz, 1993; Wei et al., 2012; Ding et al.,
2014; Lin et al., 2016Db).

In FmPy, §3*S values range between +4.1%o and +32.4% in the outer
nuclei of one of the analysed framboids (S4_1 and S4_2 regions, Fig. 5).
In the second framboid (S8_9_1 region), in which several nuclei from the
edge to the centre of the framboid were analysed, 53S values offer the
following succession: +35.8%o, +44.1%0, +42.4%0, +57.5%0 and
+46.3%o (Fig. 5, Table 1). We do not know the potential influence of the
taxonomy of the bacterial strains or archaea involved in the genesis of
framboids (Briichert et al., 2001; Knittel and Boetius, 2009). Neverthe-
less, images in which framboids in different growth stages can be seen
(Fig. 3A and 7A) show a tendency for the first nuclei to form groupings
on the periphery of the framboid and then start to form in the central
region until completion of the framboidal structure. Similar growth
schemes were already identified by Sawlowicz (1993) and Lin et al
(2016b), among others.

Mean 84S values in the analysed FmPy nuclei (634Smean = +28.4%;
Table 2), are similar to the isotopic signature of the Ordovician marine
sulphate §3*S ~ +28 to +30%o; (Claypool et al., 1980). Data from some
nuclei, with §°*S as light as +4.1%o and therefore with depletions

634Ssulphate.sulphide = 16.9%o, can be explained by the marine sulphate
reduction in the dissimilatory sulphate reduction zone (e.g., Brunner
and Bernasconi, 2005; Canfield et al., 2010; Sim et al., 2017). Heavier
values (5°*S up to +57.5%0) and their high variability (up to 28.3%o in
FmPy at framboid scale; region S4_2, Fig. 5B, Table 1) might be
explained either by Rayleigh distillation processes (Canfield and Teske,
1996; Ohmoto and Goldhaber, 1997; Drake et al., 2015; Jgrgensen et al.,
2019) in confined environments or by sulphate-driven anaerobic
oxidation of methane in sulphate-methane transition zones, according
to the model developed by, among others, Jorgensen et al. (2004),
Borowski et al. (2013), Deusner et al. (2014), and especially by Lin et al.
(2016b), Lin et al. (2017) from the analysis of sedimentary columns in
regions with upward methane fluxes.

In our work, the three regions in which mapping and isotopic anal-
ysis were conducted (Fig. 5) correspond to two framboids from the same
hand sample. They are, indeed, results from a single Luarca Fm. sample.
The lack of data from strata above and below the level of the studied
sample does not allow an unequivocal decision on a dissimilatory sul-
phate reduction + Rayleigh distillation model or on a S-AOM model. As
far as we know, 5°*S variability at the framboid scale such as those
presented in our work, attributed to Rayleigh distillation processes, have
not been reported in natural environments. However, 5>4S variability
which is even greater in a single pyrite crystal was reported in a borehole
core (Drake et al., 2015). As for the S-AOM model, although the suc-
cession of phases of pyrite precipitation substantially agrees with that
proposed by Lin et al. (2016b), adopting that model assumes that the
framboidal nuclei with heavier 5**S form in the sulphate-methane
transition zone. On the other hand, in our samples, we have not found
the pyrite tubes and bars related to the upward methane fluxes described
by Lin et al. (2016b), Lin et al. (2016a) and Zhang et al. (2014).

Mean &%*S values in the OgPy and ShPy types are +20.5%0 and
+19.7%o, with standard deviations of 2.3 and 1.5, respectively (Table 2).
These 5°*S values are slightly lighter than those of Ordovician marine
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Fig. 5. BSE and NanoSIMS images of the areas that were mapped and subjected to isotopic analysis. 1 and 2) BSE images showing the spatial position of the three
regions represented in the rest of the images. A, B and C) BSE images of the 3 mapped regions. D, E and F) NanoSIMS maps of "As>2S distribution. G, H and I)
NanoSIMS maps of *°”Au distribution. In BSE images (A to C), 8>S, v.cpr) results have been placed over the depressions generated by the analytical process. The
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Fig. 6. Location of the 11 areas in which As, Au and S isotopic ratios were quantified by NanoSIMS.

Table 1
534S data and As, Au and S isotopic ratios analysed by NanoSIMS.
Region  Analysis  Pyrite Type  "°As/**S  '7Au/%%S  §%'S o, v. 26
cpT)
S891 1 Framboidal +46.3 0.6
2 Framboidal +57.5 0.6
3 Framboidal +42.4 0.6
4 Framboidal +44.1 0.6
5 Framboidal +35.8 0.6
6 Overgrowth +18.9 0.6
7 Arsenic- +25.9 0.6
rich
8 Arsenic- +24.7 0.6
rich
9 Overgrowth +20.0 0.6
S4.1 1 Arsenic- +20.8 0.6
rich
2 Arsenic- +21.0 0.6
rich
3 Overgrowth +19.2 0.6
4 Framboidal +21.3 0.6
5 Framboidal +17.5 0.6
6 Subhedral +17.8 0.6
7 Overgrowth +19.3 0.6
S4.2 1 Arsenic- 0.356 1.45E-05 +22.8 0.6
rich
2 Framboidal 0.006 0.00E+00 +6.3 0.6
3 Framboidal 0.005 5.38E-05 +4.1 0.6
4 Overgrowth ~ 0.070 5.97E-04 +24.9 0.6
5 Subhedral 0.013 0.00E+00 +21.4 0.6
6 Overgrowth ~ 0.099 9.49E-05 +20.6 0.6
7 Subhedral 0.013 0.00E+00 +19.6 0.6
8 Subhedral 0.010 9.08E-05 +20.1 0.6
9 Framboidal 0.005 9.28E-05 +4.4 0.6
10 Framboidal 0.005 1.88E-04 +32.4 0.6
11 0.052 3.85E-03

o = standard deviation.

sulphate, which present low variability, especially when compared to
the 8%4S data from FmPy (Fig. 7C). Geological literature indicates that
when H,S concentration decreases, the growth of framboids stops, and
pyrite overgrowths may form over the framboids (e.g., Sawlowicz, 1993;
Ohfuji and Rickard, 2005; Wei et al., 2012; Ding et al., 2014; Lin et al.,
2016b; Gregory et al., 2019). On the other hand, euhedral pyrite pre-
cipitates directly in a less saturated pore water environment (e.g., Ohfuji
and Rickard, 2005; Taylor and Macquaker, 2011; Lin et al., 2016b),
usually at the end of the early diagenesis (Coleman and Raiswell, 1995;

Taylor and Macquaker, 2000; Roychoudhury et al., 2003). In the case
where the paradigm is the model of Lin et al. (2016b), this data from
OgPy and ShPy is compatible with deposition under the sulphate—-
methane transition zone.

AsPy is the type of pyrite with highest As content among those
described in this work. Its §3#S values are slightly heavier than in OgPy
and ShPy and, like these, show little variability (Table 2). The succession
of framboidal pyrites, overgrowths and subhedral pyrites has been
frequently described in diagenetic environments (e.g., Sawlowicz, 1993,;
Weietal., 2012; Ding et al., 2014; Lin et al., 2016b). On the contrary, the
replacement of diagenetic pyrites by As-rich pyrite nodules (AsPy), and
with no detectable Au in NanoSIMS analyses, has not been described in
the literature as far as we know. The proximity of AsPy to the other
members of the observed transition from framboidal to subhedral sug-
gests the AsPy precipitation took place during diagenesis.

Regarding ShPy, its As content (Fig. 5) and its relationship with the
tectonic foliation (Fig. 2E-F) evidence the existence of different growth
phases. Even though ShPy usually appears within S;, occasionally S; is
cut by outer areas of ShPy crystals (yellow arrows in Fig. 2F). Conse-
quently, although ShPy formed mainly in a diagenetic environment, the
last phase of ShPy growth would most likely have occurred in a meta-
morphic environment, on an aggregation model, with overgrowth of
metamorphic pyrites over diagenetic pyrites (Scott et al., 2009).

5.3. Au, As and S source, release and its relation with OGDs

The 534S isotopic signature in all the types of pyrite analysed in this
study (Table 2) is coherent with a source of Ordovician marine sulphate,
in which the involvement of lighter magmatic sulphur is not required,
despite the presence of volcanic rocks interstratified among Luarca Fm.
shale layers (Gonzdlez-Menéndez et al., 2021). According to the model
by Large et al. (2011), the gold, arsenic and other trace elements are
introduced into the sedimentary basin by stream water. Bacteria might
have played a significant role in Au extraction from seawater (Zhang
et al., 1997), linking metals to organic compounds in the black muds (e.
g., Calvert and Pedersen, 1993; Zhang et al., 1995; Helz et al., 1996;
Nekrasov, 1996; Wood, 1996; Tribovillard et al., 2006; Shpirt et al.,
2007). These studies of the geochemistry of trace elements associated
with Au complexed in organic material in recent oxic/anoxic marine
sediments combine with the framboidal pyrite growth model observed
in cores from the sulphate-methane transition zone (Lin et al., 2016a,
2016b; Zhang et al., 2014) to provide insight into current processes.
During diagenesis As and Au are transferred from the organic matter to
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Table 2

534S data in different types of pyrite from Luarca Fm. and sulphides from OGDs.
Luarca Fm.
Shales

NanoSIMS Data

OGDs
Volcanic rocks

Sulphide FmPy OgPy AsPy ShPy Sin-kinematic Py (*) Py () Apy,Py,Sph (**)
n= 11 6 5 4 9 2 17

Maximum +57.5 +24.9 +25.9 +21.4 +28.4 +7.8 +23.1
Minimum +4.1 +18.9 +20.8 +17.8 +2.1 +7.6 +8.0

Mean +28.4 +20.5 +23.0 +19.7 +14.4 +7.7 +12.4

c 18.7 2.3 2.2 1.5 9.6 0.1 3.8

n = number of analyses; ¢ = standard deviation; Apy = arsenopyrite, Py = pyrite, Sph = sphalerite; (*) Gomez-Fernandez et al. (2019), (**) Gomez-Fernandez et al.

(2012).

=1 R

Pyrite Paragenesis

Later Py Subhedral Py HH
Arsenic rich Py 01
Py Overgrowths H—
Initial Py Framboidal Py [ O |
6 36 40 60

8*'S (%o, V-CDT) range and mean values

Fig. 7. Representation of the polyphasic growth of pyrite. A) BSE image showing pyrites in different growth stages: I to III) progressive development of framboids; IV)
overgrowths; V) subhedral. B) Diagram of growth process: 1) nucleation of FmPy crystals, preferentially in the outer part of the framboid (dark blue); 2) FmPy
nucleation continues, preferentially inside the framboid, with heavier sulphur (blue); 3) OgPy development (yellow); 4) growth of As-rich (orange) pyrite nodules
(AsPy); (5) ShPy development, with nuclei (light blue), rims (yellow) and FmPy replacements (light blue). C) Paragenetic diagram and 5%4s range and mean values of

the different phases of pyrite.

the growing pyrite (Large et al., 2011), which would explain their
presence in OgPy.

Given that the sin-kinematic pyrite is dominant in the Luarca Fm.,
the %S isotopic signature of the set of pyrites from this formation will
be similar to that of sulphur from sulphides in OGDs (Table 2). In
addition, the replacement of previous pyrites by AsPy could release Au
to the system, which will later deposit in ShPy rims and even in OGDs in
the district (Gémez-Fernandez et al., 2012; Cunningham et al., 2019).
Therefore, the hypothesis of Gomez-Fernandez et al. (2019), proposing
that the source of Au in OGDs was in the Luarca Fm. black shales, while
not excluding other possible sources, merits further consideration.

5.4. Comparison with previous NanoSIMS studies on pyrites

NanoSIMS has been applied to various forms of pyrites in genetic
studies on gold deposits (e.g., Barker et al., 2009; Yan et al., 2018; Li
et al., 2019; Liang et al., 2019, 2020; Zhao et al., 2020). Application of
NanoSIMS to the characterization of framboidal pyrites is still uncom-
mon, and only a few researchers have employed this technique to obtain:
(1) metals, S and As isotopic mappings in pyrites, most of the time
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related to Carlin-style and orogenic gold deposits (Zhao et al., 2018;
Liang et al., 2019; Gregory et al., 2019; Wu et al., 2020), (2) C and N
mappings (Wacey et al., 2015; Gregory et al., 2019; Wu et al., 2020),
related to distribution of organic matter in sedimentary/diagenetic en-
vironments, (3) C, S, Fe and Al mappings (Peng et al., 2017), related to
the formation of carbonate pipes in sedimentary environments with
anaerobic oxidation of methane and (4) analysis of §>*S of pyrite types
displayed in maps (Wacey et al., 2015; Peng et al., 2017; Zhao et al.,
2018; Liang et al., 2019; Zuo et al., 2021), which contribute genetical
data about sediments and ore deposits.

None of the referenced works shows mapping with geochemical
contrasts significant enough to allow discrimination between what we
refer to as FmPy and OgPy, although they often report granulated
structures within framboids, which suggests the presence of nuclei and
overgrowths. On the other hand, in Zhao et al. (2018), Gregory et al.
(2019) and Wu et al. (2020) overgrowths of pyrite over the outer surface
of the whole framboid are shown. None of these works deals with similar
phases to AsPy described in this paper. However, they do show sub to
euhedral pyrite, formed by growth over previous pyrites (Wacey et al.,
2015; Gregory et al., 2019) or by recrystallization of the latter (Zhao
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et al., 2018).

Regarding 5%%S, a key factor to be considered in studies at nanoscale
is the size of the framboids and of their inner structures. Luarca Fm.
framboids, studied in the present paper, reach 75 pm in size (framboid of
the S4_1 and _2 regions, Fig. 5), significantly larger than those from
framboids described in Wacey et al. (2015), Peng et al. (2017), Zhao
et al. (2018), Liang et al. (2019) and Zuo et al. (2021). FmPy nuclei
described in the present work frequently reach 5 um in size, with the
implication that areas for §°*S analyses did not exceed the perimeter of
the nuclei, allowing isotopic characterization of single nuclei, which to
our knowledge has not been done before. The same applies for OgPy,
AsPy and ShPy, which are also large enough to be analyzed without
contamination from other surrounding pyrite types.

In Zuo et al. (2021), a model showing growth from the center out-
wards is proposed for framboids. Gregory et al. (2019), however, pro-
posed two growth models for pyrite in nodules; pervasive growth and
concentric growth. None of these three models fits the processes
observed in our research. In this paper, the first FmPy nuclei to form
group in the periphery of framboids (Fig. 3A and 7A) and then start to
form in the central region until completion of the framboidal structure.

For our study, NanoSIMS images allowed the observation of AsPy
nodules, hidden to SEM. They are evidence of a succession of phases of
pyrite precipitation (Figs. 4 and 5), rather than recrystallizations, two of
which imply replacement of previous pyrites. To a great extent, the
sequence of pyrite precipitation could be determined, as well as the
processes and the diagenetic/metamorphic environments in which py-
rite precipitation took place.

6. Conclusions

Four types of pyrites (framboidal -FmPy-, overgrowth -OgPy-, sub-
hedral -ShPy- and As-rich -AsPy-) were identified by NanoSIMS map-
ping. They correspond to different phases of pyrite precipitation/
replacement in a diagenetic environment. However, the growth of ShPy
would have followed an aggregation model, in which the last phase of
growth takes place in a metamorphic environment. The first three types
of pyrite have been frequently described in the geological literature as
formed in pore water in black muds (e.g., Lin et al., 2016b). However,
the existence of nodular As-rich pyrites (AsPy) replacing previous py-
rites, has not been described from geological contexts similar to the
context studied in this work, as far as we know.

Framboids studied in the present work reach 75 pm in size, signifi-
cantly larger than those described in most previous NanoSIMS studies.
They are large enough to permit analysis of 5>*S without contamination
from edge effects with different surrounding pyrite types. This allowed
isotopic characterization to be performed on single framboid
microcrystals.

The isotopic signature of the sulphur involved in the precipitation of
the analysed pyrites is in good agreement with the hypothesis of an
Ordovician marine source of sulphur.

Two distinct phases of Au precipitation were observed, associated
with OgPy and ShPy respectively. Replacement of OgPy by AsPy would
have resulted in the release of Au to the system from Luarca Fm. pyrites,
unlike the framboidal to euhedral recrystallization process observed in
other gold districts (e.g., Large et al., 2011; Zhao et al., 2018; Wu et al.,
2020). Therefore, the hypothesis proposing that the gold source for
OGDs in our district was in the Luarca Fm. shales (Gomez-Fernandez
et al., 2019) is supported by the results of the present research. However,
other possible sources are not excluded.
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