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Abstract: The Douro Carboniferous Basin (DCB), aged from Gzhelian, is an important coal-bearing
basin occurring in Northern Portugal. While the coals and the sedimentary sequence of the DCB
have been deeply studied, the inorganic geochemical data are scarce. This study intends to provide
major and trace element contents and discuss their modes of occurrence and origins using a set of
twenty-four coal samples from the Sao Pedro da Cova Coalfield taken from different sectors/outcrops.
Thus, an integrated approach using petrographic, geochemical, both organic and inorganic, and
mineralogical data was used to achieve these purposes. The main results demonstrated that these
coals are anthracite A and vitrinite is the main organic component. Most of the elements have
inorganic affinities and are associated with aluminosilicates, while the other elements have affinities
with sulfides. Illite and muscovite are the main phyllosilicates occurring in these coals and pyrite
is the most common sulfide. However, cinnabar, together with phosphates (fluorapatite, monazite,
xenotime and gorceixite), were also identified. The enrichment of most elements as well as a
heterogenous rare earth elements (REE) distribution pattern in the tectono-sedimentary unit (TSU)
samples are related to magmatic fluids. On the other hand, on the Eastern Outcrop (EO), a tectonic
slice, the subparallel trend of the REE distribution patterns, and a depletion of all the elements
are related to the sedimentary contribution. The occurrence of cinnabar and gorceixite epigenetic
mineralizations is interpreted as the action of a porphyry intrusion identified in this area of the DCB,
between the TSU B1 and TSU D1.

Keywords: Sao Pedro da Cova Coalfield; organic petrology; trace elements; geochemical affinities;
cinnabar; phosphates

1. Introduction

The Sao Pedro da Cova Coalfield is part of the Douro Carboniferous Basin (DCB), the
most important coal-bearing basin in Portugal, and has been, since the early 1990s, the
focus of several geological studies with emphasis on tectono-stratigraphic development,
e.g., [1-5], paleobotany, e.g., [6-12], paleozoology, e.g., [6,7,13-16], organic petrology and
physical parameters of the coals, e.g., [17-25], and coal exploration and its environmental
impacts (e.g., [26-36]).

The coals of the DCB are anthracite A [22,25] and the coalification processes have been
interpretated as due to the geothermal gradient increase promoted by granitic magmatism
on the area as well as the regional geotectonic context [3,4,22]. The first geochemical data,
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including only the content of some minor elements, was published by Lemos de Sousa [24],
but the modes of occurrence of these elements were not identified being interpreted as
corresponding to the inorganics associated with the organic matter. Furthermore, the
influence of magmatic fluids in these coals was firstly reported by Moura et al. [37] and
then by Costa et al. [38] based on geochemical data.

The minerals, as well as the elements occurring in the coals, are derived from the
paleoenvironmental context where the organic matter was accumulated and from the
modifications associated with the increasing rank as well as epigenetic processes, providing
information on the depositional conditions and their post-depositional record. In general,
the occurrence of igneous intrusions into coal-bearing sedimentary sequences is described in
many basins of the world, e.g., [39-47], and is one of the events that can affect the properties
of the organic and inorganic components of the coals. Thus, these magmatic events may be
responsible for the coalification of coals, producing changes to its petrography, mineralogy
and inorganic and organic geochemical composition.

The enrichment of elements, namely Hg [41,48-52] and REE, can also be due to the
circulation of fluids of magmatic origin [53,54] and therefore associated to epigenetic
mineralization. Although Hg occurs in coals in low abundance, it has been the focus of
many studies due to its environmental concerns. According to Yudovich and Ketris [55],
the Hg in coals is associated to clays, organic matter and sulfides. Normally, pyrite is
the main carrier of Hg [56], but in coals extremely enriched in this element a Hg-sulfide,
cinnabar, can occur [55].

In coals the P is mainly associated with phosphorus minerals occurring mainly as
REE-phosphates (monazite, xenotime and crandallite group) and/or apatite [56]. Apatite
and fluorapatite are the most common phosphorus-bearing minerals identified in coals;
however, alumino-phosphates, namely minerals of the goyazite-gorceixite-crandallite-
florencite group, can also be present ([57-59] and references therein). The source of P to
promote the occurrence of these minerals can be the original peat biomass [57] but other
origins can be pointed out as the occurrence of the goyazite-gorceixite minerals in coal
seams can be an indicator of volcanic input ([59] and references therein). The occurrence
of the goyazite-gorceixite minerals in coal seams as an indicator of volcanic input was
initially reported by Goodarzi et al. [60], in tonsteins associated with bituminous coal of
the East Kootenay Coalfields of British Columbia and also in coal-bearing strata in British
Columbia [60,61].

In this study a multi-element geochemical study of the coal-bearing units of the DCB
in the Sao Pedro da Cova Coalfield is presented and multi-proxy approach is taken: (i) to
assess the affinities and mode of occurrence of the trace elements and the geological factors
that may have controlled their origin and enrichment/depletion; and (ii) to identify the
influence of the magmatic fluids on the inorganic fractions of the coal-bearing strata.

2. Geological Setting

In late- to post-orogenic time of the Variscan Orogeny the structured shear bands
acquired a more brittle deformation, generating intermountain depressions which were
filled by terrestrial sedimentation during the Pennsylvanian. One of those basins was the
Douro-Beira Carboniferous Trough (DBCT) where the DCB fills part of a pull-apart basin in
the Central Iberian Zone (CIZ) of the Iberian Massif, that is aligned along a major brittle
shear band, the Douro-Beira Shear Zone (DBSZ). The Sao Pedro da Cova Coalfield is part
of the DCB. The main geological context is depicted in Figure 1. The Douro Carboniferous
Basin was dated from the Gzhelian (lower Stephanian C) based on its flora (herein [8-12])
and fauna, e.g., [6,7,13,14].



Minerals 2022, 12, 275

3 0f24

(a)

Carboniferous

-Gzhelian

Devonian

-Lcwer

Silurian

ELower

Ordovician
Middle and Upper

-Lower

Cambrian

:l Lower(?) |
"Schist-graywacke Complex’|

e Braganca

! Meso-Cenozoic Basins

“  Iberian Massif

~ . +|Orogenic Granitoids

" Thrust Fault

k 0 50 100 km
1 S—

(b)

Figure 1. Simplified geological setting of DCB: (a) location of DCB in the CIZ of the Iberian Massif;
(b) main geological setting of Sao Pedro da Cova Coalfield in the DCB and relation with DBSZ
(modified with permission from ref. [5], Copyright 2019 Springer Nature Switzerland AG).

The coal exploitation in the DCB is reported from the end of XVIII century, beginning
at the Sao Pedro da Cova Coalfield. This exploitation was responsible for intense coal
mining in several underground and open mines of two coalfields (Sao Pedro da Cova and
Pejao Coalfields) especially during periods of world wars.

According to Pinto de Jesus [5], the DBCT was generated as a pull-apart basin related
with left transtensional tectonics that occurred in two major and similar episodes at different
times. The first one took place during the Moscovian (Westphalian) in relation to the third
phase (D3) of the Variscan Orogeny. The second, and stronger episode, occurred during
the lower Gzhelian (lower Stephanian C) in relation to the late phases of the Variscan
Orogeny. The tectonic reactivation of the sinistral transcurrent shear in the DBCT formed
another pull-apart basin with a gradually migrating depocenter from NW to SE to the area
south-eastward of Germunde. In the Sdo Pedro da Cova sector (NW part of the DCB), the
opening by pull-apart promoted the crustal thinning which led to limited volcanism, as
indicated by eruptive materials recognized underground interbedded with coal seams in
the Sdo Pedro da Cova Coalfield [62,63]. Teixeira and Fonseca [62] reported the occurrence
of a vein of an eruptive rock between the TSU B1 and TSU D1. In the same year, Pereira [63]
carried out a petrographic study of these rocks, agreeing with its vein nature and classified
them as granodioritic porphyry, distinguishing two different formations, a leucocratic
granodioritic porphyry, of greenish tonality, and a dark granodioritic porphyry, posterior
to the first.

The base of the DCB rests unconformably over the “Schist-graywacke Complex” (lower
Cambrian?) along most of the basin except at Sete Casais outcrop (NW sector) where the
basal contact is made by angular discordance over the terrestrial Moscovian from the
Bougado-Ervedosa Basin [5,64]. The strip is thrusted by the reverse limb of the Valongo
anticline. Despite the strong tectonic deformation, a lithological succession was erected
together with the composing lithofacies, which constitute the Germunde Formation [5].
The Germunde Formation, after the sequence established by Pinto de Jesus [3,4] (Figure 2),
is composed of four main tectono-sedimentary units (TSU, in sense of Megias [65]) with a
total thickness of circa 350 m.
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Figure 2. Synthetic lithological succession of the Germunde Formation of the DCB [5]. TSU
A—Debris-flow dominated alluvial fan characterized by matrix-supported breccia; TSU B—
Lacustrine/palustrine system marked by fossiliferous shales and coal seams; TSU C—Braided fluvial
complex developing multi-story /multichannel architecture with predominant SE to NW paleocurrent
flow and minor lateral flows from tributaries; TSU D—Lacustrine or palustrine system formed by
fossiliferous shale beds and coal seams with intercalations of sandy-conglomeratic beds of deltaic
lobes whose main flows had its source in the NE margin, the rock clasts being mainly composed by
quartzite, schist, and lyddite (black chert) with provenance from Ordovician and Silurian terranes.
The succession is repeated by a thrust fault, the reason by which the unit’s symbols are marked
by the numbers 1 and 2 (modified with permission from ref. [5], Copyright 2019 Springer Nature
Switzerland AG).

The lithological succession is segmented in tectonic slices controlled by thrust faults
which form a triplex in the Sao Pedro da Cova region (Figure 3). The eastern tectonic slice of
the Gzhelian of the DCB has come to be traditionally designated as the “eastern basin”. As
it is part of the DCB instead of being a different basin, this structure will now be designated
as Eastern Outcrop (EO) and should also be designated as such in the future.
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Figure 3. Synthetic tectonic structure of the DCB at Sao Pedro da Cova Coalfield (after [3]).

Regarding the coalification of the coals of this coal-bearing sedimentary section, con-
sidering the sedimentological record, the structural deformation and evolution, and also
the data obtained by Lemos de Sousa [22] and Pinto de Jesus [3,4], two main episodes
of coalification are suggested, both in good relationship with the later- to post-orogenic
granitic magmatism. The first episode occurred before the tilting and the tectonic slicing of
the basin. The other one, stronger than the first, took place after the tilting of the basin, and
was contemporaneous of the thrust faulting that sliced the DCB.

3. Sampling and Analytical Methodologies

For this study, twenty-four coal representative channel samples were selected, namely:
four samples from TSU B1; and five samples from each of the TSU D1, TSU B2, TSU D2
and EO units for petrographic, geochemical, both organic and inorganic, and mineralogical
studies. In the Table S1 it is included the identification of the samples and their localization
(see also Figure 4) and in the Table S2 the analytical data obtained in the studied samples
are provided.

The petrographic analysis included maceral composition and vitrinite random re-
flectance, which were carried out following standard procedures ([66,67], respectively),
using polished blocks prepared according to ISO 7404-2 [68]. They were analyzed using
a Leica DM4000 microscope fitted with “Discus-Fossil” software. The ICCP 1994 System
nomenclature was used for the identification of organic particles [69,70].

Proximate analysis was carried out under standardized conditions [71-73] and ulti-
mate analysis was performed using a LECO CHN-2000 (LECO Corporation, St. Joseph, M1,
USA) for C, H, N and a LECO 5632 (LECO Corporation, St. Joseph, MI, USA) for total S
(S tot). Results were obtained on a dry basis (%, d) and then volatile matter (VM), C, H, and
N were calculated on a dry and ash-free basis (%, daf) in accordance with ISO 1170 [74].
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Figure 4. Location of the studied samples (see also Figure 1 for more details in the
geographical localization).

Major and trace element composition of the studied samples (including Hg) were de-
termined by inductively coupled plasma-optical emission spectrometry (ICP-OES) and by
inductively coupled plasma-mass spectrometry (ICP-MS) at the Acme Analytical Laborato-
ries (Canada). The major elements, Ba and Sc concentrations were obtained using ICP-OES,
with a Spectro Ciros/Arcos instrument, and following lithium metaborate/tetraborate
fusion dissolved in nitric acid (ACS grade). The same fusion procedure was used for the
following elements Be, V, Co, Ga, Rb, St, Y, Zr, Nb, Sn, Cs, Hf, Ta, W, Th, U and REE, but
their concentration was obtained using ICP-MS (ELAN 9000, PerkinElmer, Inc., Waltham,
MA, USA). The other elements (Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Au, Hg, T1, Pb and Bi)
were analyzed, after an Aqua Regia digestion (1:1:1 HNO3:HCIL:H,0), using ICP-OES/MS.
Internal standard, SO-19, was used for quality check of lithium fusion procedure analysis,
and Certified Reference Materials (DS11 and OREAS262) for Aqua Regia digestion analyses.
Analysis of blanks and duplicates with analytical error <1% were used to calibrate the
analytical results.

Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) anal-
yses were performed using a high-resolution (Schottky) environmental scanning electron
microscope (ESEM) fitted with an X-Ray microanalysis and electron backscattered diffrac-
tion analysis device Quanta 400 FEG ESEM/EDAX Genesis X4M (FEI company, Hillsboro,
OR, USA). The analyses were carried out on polished blocks of selected samples coated with
a thin film of C, by vapor deposition, using JEOL JEE—4X Vacuum Evaporator equipment
(JEOL, Tokyo, Japan) at the Materials Center of the University of Porto (CEMUP).

4. Results and Discussion
4.1. Organic Petrography and Ultimate and Proximate Analyses

The results of the petrographic analysis are reported in Table S2. In these samples it can be
observed that the vitrinite reflectance varies between 4.51% and 5.76%, classifying these coals,
according to ISO 11760 [75], as anthracite A. These results agree with previously published
data [22,25]. Figures 5 and 6 show some relevant petrographic aspects of these coals. The maceral
composition, which is reported in percentage by volume and minerals-free-basis, shows that
vitrinite is the predominant maceral group corresponding to more than 90% of the samples. The
subgroup with the highest expression is that of telovitrinite (38 vol.% to 95 vol.%, Figure 5A-D
and Figure 6B-D), followed by detrovitrinite (2 vol.% to 51 vol.%, Figures 5B and 6A). The
gelovitrinite subgroup is scarce (<1 vol.%). The inertinite group ranges between 1 vol.% and
11 vol.%, with semifusinite (1 vol.% to 10 vol.%, Figure 5B) being the most abundant maceral
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followed by fusinite (<1 vol.% to 2 vol.%, Figure 5C), and inertodetrinite (1 vol.%) and macrinite
(<1 vol.%) were sporadically observed.

Figure 5. Photomicrographs of the studied coals. (A) Collotelinite (Ct) and framboidal pyrite
(Py); (B) collotelinite (Ct), collodetrinite (Cd) and semifusinite (Sf); (C) collotelinite (Ct), fusinite
(F) and epigenetic pyrite filling a fracture in the collotelinite; (D) collotelinite (Ct) mylonitized.
Photomicrographs taken under reflected white light (A-C sample 95 from TSU B1; D sample 77
from EO).

The minerals content ranges from 0 vol.% to 9.8 vol.%, which mostly includes quartz,
pyrite, carbonates and clays (Figure 5A,C and Figure 6A-D). Framboidal pyrite is syn-
genetic (Figure 5A) while the pyrite that is filling fractures in the collotelinite is epigenetic
(Figures 5C and 6B). Regarding the carbonates (Figure 6C,D), the growth within the organic
matter in the form of concretions indicates that they are syngenetic [76].

The proximate and ultimate analysis data are reported in Table S2. The ash yield,
expressed on a dry basis, presents a high range of values corresponding from low to high
ash yield (4.86% to 39.72%). The volatile matter content (dry ash-free basis) is low, ranging
from 3.99% to 14.90%. The ultimate analysis data, reported on a dry ash-free basis, indicate
a high C content (83.62% to 95.61%) and low values in H (1% to 2.24%), N (0.92% to 1.53%)
and O (0.44% to 9.35%). These data (C, H, VM) agree with the rank of these coals. The S tot
contents are low and do not vary much in the studied samples (0.44% to 1.83%). However,
sample 15 is the one that stands out from all the others, with 3.36%.
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Figure 6. Photomicrographs of the studied coals. (A) Collodetrinite (Cd) and clay minerals (clay);
(B) epigenetic pyrite (Py) filling a fracture in the collotelinite (Ct); (C) carbonates in the collotelinite
(Ct); (D) carbonates in the collotelinite (Ct) mylonitized. Photomicrographs taken under reflected
white light (A-C sample 15 from TSU B1; D sample 77 from EO).

4.2. Major Elements and Mineralogy

The major and trace element compositions of the studied samples are shown in
Table S2. The contents of major elements agree with the mineralogy identified in these
samples. Thus, the Al contents are higher than those of Si, evidencing the presence
of clay minerals (Figures 6A, 7 and 8), but quartz is also present. The clay minerals
present in these samples are detrital (Figures 6A and 7), but in some cases an authigenic
origin can be pointed out as they are filling cellular vacuoles (Figure 8). Potassium is
associated with phyllosilicates, namely illite, but epigenetic muscovite was also identified
(Figure 9). The Fe content is due to the presence of pyrite which, as mentioned before,
occurs either as syngenetic framboids (Figure 5A) or filling fractures in the organic matter
(Figures 5C and 6B) and are therefore epigenetic. Other sulfides were identified in the
studied samples (Figure 10), such as: galena (Pb), sphalerite (Zn) and chalcopyrite (Cu and
Fe). Calcium is associated with carbonates, as ankerite was identified in some samples as
well as fluorapatite (Figures 9 and 11). The P occurs associated with phosphates that in the
samples of this sector of the basin occur with a diversified composition and, in some cases,
with the presence of REE. The most common phosphate is fluorapatite (Figures 9 and 11)
which sometimes has an epigenetic origin (Figure 9), but xenotime (Y phosphate, which
frequently contains Dy and Gd, Figure 7), monazite (Ce phosphate with La and Nd, Figure 8)
and gorceixite (Ba alumino-phosphate, Figure 12) were also identified. Titanium oxides,
such as rutile or anatase, and zircon are present and associated with both quartz and clays.
Barite, a Ca sulfate (Figure 11), was also observed.
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Figure 7. SEM (BSE images) and EDS spectrum of the mineral phases in the coals: illite and xenotime
(sample 215/218 from TSU D2).
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Figure 8. SEM (BSE images) and EDS spectrum of the mineral phases in the coals: illite and monazite
(sample 42/48 from TSU B2).
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Figure 9. SEM (BSE images) and EDS spectrum of the mineral phases in the coals: muscovite and
fluorapatite (sample 215/218 from TSU D2).

S
Pb

Galena (PbS,)

Se_ pb Pb
c O se, pb Pb A se

Sphalerite (ZnS)

Chalcopyrite (CuFeS,)

Cu
Cu

CFe ‘FA& (il o

1 100 . - o e e - v

Fe

Figure 10. SEM (BSE images) and EDS spectrum of the mineral phases in the coals: galena, sphalerite
and chalcopyrite (sample 204/211 from TSU B1).
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Figure 11. SEM (BSE images) and EDS spectrum of the fluorapatite in the coals. Barite and quartz
were also identified (sample 204/211 from TSU B1).
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Figure 12. SEM (BSE images) and EDS spectrum of the mineral phases in the coals: gorceixite and
illite. Fluorapatite was also identified (sample 42/48 from TSU B2).

4.3. Trace Elements and Concentration Coefficients

The concentration coefficients (CC) were calculated through the ratio between the
concentration of the element in each of the studied samples and the respective reference
average values of trace element concentrations in the world’s hard coals proposed by Ketris
and Yudovich [77], and then classified according to Dai et al. [78,79] as follows: depleted
(CC < 0.5), normal (0.5 < CC < 2), slightly enriched (2 < CC < 5), enriched (5 < CC < 10),
significantly enriched (10 < CC < 100) and extremely enriched (CC > 100). The CCs of all
studied samples are plotted in Figures 13 and 14.
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Figure 13. Concentration coefficients (CC) of trace elements for the studied samples from TSU and
EO, normalized by average trace element concentrations in the world hard coals [77].
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Figure 14. Concentration coefficients (CC) of REE for the studied samples from TSU and EO, normal-
ized by average trace element concentrations in the world hard coals [77].

The CCs of the TSU Bl samples show that Hg is extremely enriched, and cinnabar, a
Hg sulfide, was identified (Figure 15); Cs enrichment is quite evident in all samples (CC > 10).
Arsenic and W are considered enriched; however, it is observed that sample 97/99 is the one
that presents a rather significant enrichment on this last element. Elements such as Cd, Co, Cr
and Zn are slightly enriched, except for sample 17 that has a normal content of these elements.
Cu, Ni, Rb, Sc, Th, V and the LREE also present a slight enrichment in all samples. The elements
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with normal CC are Ag, Ba, Be, Ga, Hf, Mo, Nb, Pb, Sn, Sr, Ta, U, Y, Zr and the HREE. However,
Be stands out from this group as it shows a general depletion in all samples, especially in
sample 15, while sample 17 shows a small enrichment. The elements P, Ti, Bi, Sb, Se and Tl
present a clear depletion in all samples of this unit.

Cinnabar (HgS)

Figure 15. SEM (BSE images) and EDS spectrum of the cinnabar identified in the studied coals
(sample 15 from TSU B1).

In the TSU D1 enrichments in As, Cs and Hg are evident in all samples, although only
slightly. Elements such as Rb, V and W are also classified as slightly enriched; however,
sample 50 is slightly depleted in Rb and W, and sample 51 in Rb and V. The elements with
a normal CC value are Ag, Ba, Be, Co, Cr, Cu, Ga, Hf, Mo, Nb, Ni, Pb, Sc, Ta, Th, U, Y, Zn,
Zr and the REE. It should be noted that samples 83/84 and 75/76 show an enrichment in
all REE except Tm, while all other samples show depletion in these elements. Phosphorus,
Ti, Bi, Sb, Se and Tl are elements quite depleted in all samples.

The CCs relating to the TSU B2 samples show a high enrichment in Cs and in Hg in
all samples, except for sample 74, which shows a slight depletion in Hg. The elements Ag,
As, Ba, Be, Co, Cr, Cu, Hf, Mo, Pb, Rb, Sc, Sn, Th, U, V, W, Y, Zn, Zr and the LREE show a
normal CC, but with an apparent tendency to depletion, exhibiting in some cases slight
enrichment to counteract this tendency. On the other hand, P, Ti, Bi, Cd, Ga, Nb, Ni, Sb, Se,
Sr, Ta, T1 and the HREE present a clear depletion in all samples.

As in the TSU B2, in the TSU D2 the most significant enrichments in all samples are
in Cs and Hg. Cobalt shows slight enrichments as well as As and Zn except for sample
108/116. Beryllium, Pb and Rb also present slight enrichments. The elements Ag, Ba, Cd,
Cr, Cu, Ga, Hf, Mo, Nb, Ni, Sb, Sc, Sn, Sr, Ta, Th, U, V, W, Y, Zr and all REE, except Tm, show
normal CC, whereas P, Ti, Bi, Se, Tl, Tm are elements with clear depletion in all samples.

The CC of the EO show a general depletion in all elements, except for As, Hg, Nb, Be,
Co, Cr, Cs, Cu, Sn, Ta, V, W that show a normal to slightly enrichment in some samples.

4.4. Geochemical Affinities of the Trace Elements

Pearson correlation coefficients were calculated and used to determine the geochemical
affinities of the elements. The correlations between the elements and the ash yield were
used to identify the organic and/or inorganic affinities of the elements, as follows: organic
affinities (r,g < —0.5), intermediate affinities (—0.5 < 1,4 < +0.5) and inorganic affinities
(rash > +0.5). Affinities with aluminosilicates (raj_s; > 0.50) and with sulfur (rg 1ot > 0.50) were
also identified. To complement this statistical analysis, a hierarchical cluster classification
analysis was also performed for all TSU as well as for the EO.

In the TSU B1 the elements S, As, Hg, Ni and Se present an organic affinity; Fe, Ag,
Be, Cd, Co, Cu, Mo, Pb, Sb and Sn, Tl intermediate affinities; and, Al, Si, Ca, Mg, K,
Na, P, Ti, Ag, Co, Cr, Cs, Cu, Ga, Hf, Hg, Nb, Ni, Rb, Sc, Sr, Ta, Th, U, Y, Zr, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, inorganic affinities. The elements
with an affinity for aluminosilicates also have inorganic affinities, except for Tl, which
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has an intermediate affinity. The elements with affinities for sulfur are Ag, Hg, Ni, Pb, Sb
and Se. The dendrogram of this unit (Figure 16) shows two main groups, one associated
with aluminosilicates, where REE are included. The other association includes sulfur and
elements associated with the sulfides identified in these samples, such as Fe, Hg, Cu, Zn
and Pb. Phosphorous is also in this group associated with Ca which coincides with the
presence of fluorapatite. Note also that the Cs, Rb and K association is clear in the group of
the aluminosilicates, which may be responsible for the enrichment of Cs, and also Rb, in
both the illite (Figures 7, 8 and 12) and muscovite (Figure 9) identified in these samples.
The geochemical association of Cs with K and Rb is suggested by Finkelman et al. [80].
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Figure 16. Dendrograms showing hierarchical cluster analysis of studied coals from TSUs (A-D) and
EO (E).

In the TSU D1 the elements Bi, Cd, Mo and Sn are elements with organic affinities,
while the elements Fe, S, As, Au, Ba, Be, Pb, Sb, Se, Tl, V, W and Zn already have an
intermediate affinity. The elements Al, Si, Ca, Mg, K, Na, P, Ti, Ag, Co, Cr, Cs, Cu,
Ga, Hf, Hg, Nb, Ni, Rb, Sc, Sr, Ta, Th, U, Y, Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
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Ho, Er, Tm, Yb and Lu have inorganic affinities, which, such in TSU B1, include all the
elements with aluminosilicate affinities, except Ba, which is included in the elements with
intermediate affinities.

The elements with affinities to sulfur are Fe, As and Sb, which may result from the
presence of pyrite and chalcopyrite, whereas Sb may be due to the presence of antimony
mineralization recognized in this area and described as pre-concentrated in the breccia from
TSU Al (see Figure 2) as referred by Couto [81]. Therefore, and observing the dendrogram
corresponding to this unit (Figure 16), it is once again distinguishable two main groups,
one corresponding to the organic affinities, which also coincide with the affinities for
sulfur, while the other corresponds to the elements of inorganic affinities, coinciding with
the affinities of aluminosilicates, where the REE are included. In this unit P is in the
aluminosilicates group, occurring in the form of phosphates dispersed in the clay minerals.

In the TSU B2, the elements with organic affinities are Fe, As and Sb, while the elements
Si, Mg, Fe, Mn, Ti, As, Ba, Be, Bi, Cd, Cs, Hg, Mo, Pb, Rb, Sc, Se, Sn, Ta, W and Zn have
intermediate affinities. The elements with inorganic affinities are Al, Ca, K, Na, P, Co, Cr,
Cu, Ga, Hf, Nb, Ni, Sr, Th, U, V, Y, Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb and Lu. The elements with affinities for aluminosilicates correspond only to K, Ti, Cr,
Ga, Hf, Nb, Ni, Sc, Sr, Th, Zr, Tm, Yb and Lu, which correspond mostly to the elements
with inorganic affinities, Ti and Sc being the exceptions as they have intermediate affinities.
Concerning the affinities with sulfur, only the elements Ag, Mo, Pb, Sb and TI evidence
this association, which is slightly different in comparison with the previous described units.
In the dendrogram of this unit (Figure 16), two groups are again distinguished, now one
that corresponds to the group essentially of the REE, which includes P, coinciding with the
presence of phosphates with REE being the group of inorganic affinities. The other group
comprises the elements with organic and intermediate affinities, where the elements with
sulfur affinities are also included.

The TSU D2, the one on the top of the sequence (see Figure 2), only has S and Mo as
elements with organic affinities, and the elements Mg, Ag, Au, Bi, Co, Cu, Hg, Pb, Se and W
with intermedjiate affinities. The remaining elements (Ca, Mg, K, Na, P, Ti, As, Ba, Be, Cd, Cr,
Cs, Ga, Hf, Nb, Pb, Rb, Sc, Sn, St, Ta, Th, U, V, Y, Zn, Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu) have inorganic affinities, being similar to the first two units. As in TSU
B1 and TSU D1, the elements with affinities to aluminosilicates have inorganic affinities,
except for Pb, which has an intermediate affinity. The elements with affinity to sulfur are
Ag, Co, Cu, Mo and Se. Once again, the dendrogram obtained for the TSU D2 (Figure 16) is
divided into two main groups, the first one corresponding to the elements with organic
and intermediate affinities, and a second one corresponding to the aluminosilicates where
the REE present in the phosphates are dispersed in the clay minerals.

The EO stands out from the other units, as the elements Mn, S, As, Sb and Se have
organic affinities and the elements Ca, Fe, Na, Au, Ba, Bi, Co, Cu, Hg, Mo, Nb, Pb, V and Gd
intermediate affinities. The elements with inorganic affinities are Al, 5i, K, P, Be, Cr, Cs, Ga,
Hf, Ni, Sc, Sn, Sr, Ta, Th, T1, U, W, Y, Zn, Zr, La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb
and Lu, and are also associated with aluminosilicates. The elements with sulfur affinities
are As, Hg, Sb and Se. The dendrogram obtained for EO (Figure 15) is clearly divided
between the elements with organic and intermediate affinities on one side, including the
elements with sulfur affinities, and the elements with inorganic affinities belong to the
other group, comprising the elements with aluminosilicate affinities and all REE.

4.5. The REE as Proxies of Geochemical Processes

The REE concentrations and their distribution pattern are important indicators of geo-
chemical processes and allow to assess the contribution of depositional and/or epigenetic
processes in REE enrichment and/or anomalies (among others, [47,78,82,83]).

Thus, the REE concentrations of the studied samples were normalized to the geo-
chemical composition of the Upper Continental Crust (UCC), using data from Taylor and
McLennan [84], dividing the content obtained in the REE elements of the studied sam-
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ples by the value reported for the same element in the UCC. The projection of these data,
separating them by unit, is presented in Figure 17.
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Figure 17. Distribution patterns of REE in the coal samples from TSU and EO. REE are normalized to
the Upper Continental Crust (UCC; [84]).

The distribution of the REE in the TSU B1, D1, B2, D2 and the EO samples (Figure 17)
shows different patterns. Thus, it is found that some samples are more enriched in REE,
particularly in LREE, and a depletion of the elements from the bottom to the top of the
sequence is remarkable. It is evident that some samples from TSU Bl and TSU D1 exhibit a
slight enrichment in REE and a positive, sometimes quite evident, Eu anomaly [38]. The
samples from the EO show no enrichment in REE and their distribution pattern shows a
subparallel trend [38]. Thus, the occurrence of REE, in particular the slight enrichment in
Eu, appears to be related with different geological processes.

As previously mentioned, in the Sao Pedro da Cova Coalfield, the occurrence of a
granodioritic porphyry [63] between the TSU B1 and TSU D1 was reported [62]. Thus, it is
considered that the pattern observed in the EO is associated to the sedimentary contribution,
being the more heterogeneous patterns of TSU B1 and TSU D1 associated with the contribu-
tion of magmatic fluids [38]. It is also verified that these samples are geographically close
(Figure 4), evidencing the local influence of the granodioritic porphyries identified and
described in this sector of the DCB by Teixeira and Fonseca [62]. This is supported by other
case studies [53,54] which consider that the action of hydrothermal fluids of epigenetic
origin contributes to the enrichment of REE [85].
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4.6. Mineralogical Evidence of Magmatic Fluids

Mercury has high affinities for organic carbon as well as sulfide, namely pyrite,
e.g., [55,56,86,87]. In the Sao Pedro da Cova Coalfield, Hg displays an intermediate affinity
with ash yield (rash-ng = 0.03) and a sulfur affinity (rs tor-Hg = 0.64), considering all studied
samples. The intermediate affinity may indicate both an organic and inorganic association
of Hg in the studied coals. However, considering the samples from TSU B1, where the
samples are extremely enriched, this element has an organic association (rash-pg = —0.90)
and a strong sulfur affinity (rs tot-Hg = 0.71). This positive affinity with S tot points to an
association with sulfide minerals. As mentioned before, SEM-EDS analysis revealed the
occurrence of cinnabar (HgS, Figure 15). This Hg sulfide occurs, frequently, in particles
of about 50 um in size. Pyrite, which is considered as the main carrier of Hg in coals [55],
was observed both in framboidal form and filling cleats, but the occurrence of Hg was not
identified neither in pyrite nor in organic matter. The cinnabar mineralization is clearly of
epigenetic origin as sometimes cinnabar appears filling devolatilization vacuoles in coal.
These devolatilization vacuoles are the result of significant thermal effects and reflect the
high degree of pressure and temperature reached during the coalification process. This min-
eralization is thus clearly subsequent to the coal formation and its thermal alteration. This
is also supported by Brownfield et al. [86], who reported cinnabar in Franklin No. 7-8-9
coal samples and stated that higher Hg content in coals is associated with hydrothermal
mineralization ([86,87] and references therein).

The primary factors of Hg enrichment in coal deposits are intrusion of low-temperature
hydrothermal fluids and magmatic-hydrothermal fluids [54,55,86,87]. As mentioned be-
fore, a porphyry intrusion was observed inside of the Sao Pedro da Cova Coalfield [62],
immediately at the top of TSU B1; therefore, since coal samples from this unit show the
highest Hg contents, this may be associated with the unusual enrichment in Hg observed
in the coal sample from this area. The occurrence of cinnabar was previously reported in
this area of the DCB by Moura et al. [37] and considered to be epigenetic in nature as it fills
devolatilization vacuoles resulting from the action of Hg-enriched hydrothermal fluids that
acted at depth [37].

The occurrence of alumino-phosphates (goyazite-gorceixite minerals) is considered as
an indicator of volcanic input ([59] and references therein). Although the P content of the
studied samples was low, showing a depletion in all studied samples (Figure 13), a barium
alumino-phosphate, gorceixite, was identified (Figure 12). The occurrence of this mineral
is also clearly epigenetic, as it occurs filling devolatilization pores in the organic matter
(Figure 12).

The mode of occurrence of the Ba is, beyond other minerals, gorceixite and barite [56],
both identified in the studied samples. In addition to the gorceixite, as mentioned before,
other phosphates were observed, namely xenotime (Y phosphate, containing Dy and Gd),
monazite (Ce phosphate with La and Nd) and fluorapatite, the most common, that have, in
some cases, also an epigenetic origin. Considering the correlation coefficient between P
and the main elements of the phosphates identified, Ca, Ba, Ce and Y, it is noticed that for
TSU B1 and D1 the correlation coefficients are clearly high (rp_clement > 0.74, except for Ca
of TSU D1) while the lower values were found for the EO.

The occurrence of both cinnabar and gorceixite in the studied samples reveal a volcanic
input and take into account that a vein of porphyry intrusion was identified between the
TSU B1 and TSU D1; it is suggested that an epigenetic mineralization was responsible for
the enrichment of the majority of the elements quantified in the samples of this sedimentary
sequence as well as the different patterns of the REE. Furthermore, the general depletion
of the elements observed in the EO, the subparallel distribution pattern of the REE, and
the low correlation coefficients observed between P and the elements of the phosphate
identified in the samples suggest that their geochemical composition is associated with the
sedimentary contribution. In this context, it can be stated that the tectonic slicing of the EO
occurred previously to the epigenetic mineralization.
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In addition to the mineralogical evidence of an epigenetic mineralization, pyrolytic carbon
was identified in these coals [21]. Pyrolytic carbon was found in coals that suffered thermal
events during the deformation stages, such as folding and faulting of coal seams ([88], and refer-
ences therein). Thus, the occurrence of this organic component suggests, and is in accordance,
with the influence of magmatic fluids related to the intrusion of the porphyry vein as well as the
tectonic context previously described for the DCB.

5. Conclusions

In this study the maceral composition and vitrinite reflectance were determined and
the major and trace element compositions were analyzed to characterize the organic matter
of coals from the DCB, and to identify the mode of occurrence of the elements and their
enrichment/depletion considering the values established for the worldwide hard coals.
The obtained results can be outlined as follows:

1. The coals from the Sao Pedro da Cova Coalfield have vitrinite as the main organic compo-
nent while inertinite also occurs. These coals are classified as anthracite A (Rr = 4.51% and
5.76%). Ash yield ranges between 4.86% and 39.72% (dry basis). Volatile matter, C and H
contents agree with the rank of these coals, while S tot contents are low.

2. In all units, most of the elements as well as REE have inorganic affinities and are
associated with the aluminosilicates, with the other elements having affinities with the
sulfides. Illite and muscovite are the main phyllosilicates identified by SEM-EDX, and
within the sulfides pyrite is the most common, having a syngenetic and epigenetic
origin; however, galena, sphalerite, chalcopyrite and cinnabar were also identified.

3. The trace element concentration coefficients indicate that TSU 1 has more elements
that demonstrate enrichment, especially As, Cs and Hg, the last one being extremely
enriched. The EO shows a depletion in almost all elements. Regarding the geochemical
affinities, Hg presents an intermediate affinity with the ash yield and a positive
affinity with S tot, indicating that it occurs as a sulfide. Cinnabar was identified filling
devolatilization vacuoles in the coal.

4.  The different REE distribution patterns observed in the TSU B1, D1, B2 and D2
samples, and a general enrichment of most of the quantified elements, namely LREE,
are considered to be associated with magmatic fluid contribution, while for the EO a
subparallel trend of the REE distribution patterns, a depletion of REE and of the other
elements in general, are considered to be related to the sedimentary contribution.

5. The samples are geographically close together evidencing the local influence of the
granodioritic porphyry identified and described only in this sector of the DCB. Despite
the low content of P in the studied samples, gorceixite (Ba alumino-phosphate) was
identified as having an epigenetic origin, occurring filling devolatilization pores in
the organic matter. Other REE-phosphates such as monazite and xenotime were
also identified.

6.  The cinnabar and gorceixite mineralization are of epigenetic origin and may result
from the action of a porphyry intrusion identified in this area of the DCB between the
TSU B1 and TSU D1.
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