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The first combined petrographic and geochemical investigation of coal from the Faroe Islandswas performed as a
case study to understand thermal effects from basaltic lava flows on immature coal. The samples were divided
into two distinct groups: “normal” coal (xylite and detroxylite) and “altered organicmatter” (charcoal and organ-
ic particles dispersed in samples rich in altered clastic mineral components or enriched via hydrothermal fluids).
The “normal” coal consists primarily of huminite-groupmaterial dominated by ulminite. The proportions of ma-
terial from inertinite and liptinite groups vary from sample to sample. The studied macerals are anisotropic with
no observed reaction rims or vacuoles. According to the mean ulminite reflectance in combination with ultimate
and proximate analyses, the coal reached the lignite and subbituminous stages. The maceral compositions to-
gether with coal palynology indicate a predominance of gelified wood-derived tissues and demonstrate that
the coal evolved in wet forest swamps under limno-telmatic to telmatic conditions.
Alteration effects on immature coals from overlying basalt flows were relatively limited. Due to relatively rapid
heat loss from the basaltic lava, as verified by the presence of volcanic glass (tachylyte), its imposed thermal ef-
fects resulted only in development of a thin “anthracite-like” crust on samples with no elevated coal rank. Asso-
ciated hydrothermal fluids induced coal hydrofracturing with subsequent mineral precipitation and
decomposition of the ambient feldspar-rich volcaniclastic sediments. Altered organic matter is enriched in
SiO2, Al2O3 and FeOtot, as well as in trace elements such as Ni and Cr. In contrast, these samples are depleted in
Hg (b10 ppb).

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Faroe Islands (1400 km2; 4° S of the Arctic Circle) belong geolog-
ically to the North Atlantic Igneous Province (Saunders et al., 1997).
Massive basalt lava flows of Palaeocene age (Storey et al., 2007) are in-
terbedded with sedimentary layers containing thin coal lenses and
seams. Continental interlava volcaniclastic sediments on the Faroe
Islands provide only limited palaeontological evidence (plant remains,
rare trace fossils) and their depositional environment has been highly
debated (Pokorný et al., 2015 and references therein).

Coal has been a key fuel for the Faroe Islands, particularly in the past,
due to their isolated geographical position and the limited import of fos-
sil fuels. Because of its importance the coal was locally named “black
gold” and has been mined in many adits since the 18th century to
ech Academy of Sciences, v.v.i.,
ensure energy self-sufficiency. Coal productivity in 1930 was approxi-
mately 5000 tons/year. Since the beginning of the 21st century, produc-
tion has decreased to 100 tons/year (Øster-Mortensen, 2002). For this
reason, only one coal mine has been in operation since 2008.

The coal deposits are mentioned peripherally in several publications
within basic geological descriptions of the Faroe Islands (e.g., Ellis et al.,
2002; Laier et al., 1997; Lund, 1989; Parra et al., 1987; Passey, 2014;
Rasmussen and Noe-Nygaard, 1969, 1970; Stokes, 1874). Nevertheless,
they have not yet been systematically studied in terms of quality.

The chemical composition of coal varies considerably on the global
scale (Mukherjee et al., 2008). The differences involve major element
compositions (e.g., the commonly observed sulphur content) and
trace element contents. The increasing environmental burden associat-
ed with the burning of fossil fuels places demands on the regulation of
pollutants emitted into the atmosphere. Coal combustion leads to the
vaporization of metals, which subsequently condense as an aerosol of
submicron-sized particles. The emission of metals into the atmosphere
depends on the vapour pressure of each element (Finkelman et al.,
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1990). Trace elements in coals are subdivided into five categories ac-
cording to the degree of possible health risk (Zhang et al., 2004). The
most hazardous metals are: As, Cd, Cr and especially Hg (Swaine and
Goodarzi, 1995). The negative influence of non-metals such as fluorine
emitted during indoor combustion of a F-rich coal containing a binder
clay has also been observed (Dai et al., 2007).

Mercury begins to be released from coal at temperatures below
200 °C; above 600 °C it occurs in the form of Hg0 (Mukherjee et al.,
2008). For this reason, mercury released into the atmosphere during
coal combustion (Yudovich and Ketris, 2005a, 2005b) is a significant pol-
lutant, despite its generally low concentrations in coal (Ketris and
Yudovich, 2009; Xu et al., 2013). However, extremely-highHg concentra-
tions (up to 12.1 ppm) were reported from some Chinese coals and coal
ashes (Dai et al., 2006, 2012a, 2014). Long-range mercury transport, en-
abled by cycles of deposition and reemission, considerably increasesmer-
cury concentrations in subpolar and polar regions (Poissant et al., 2008).
This effect is also apparent from the increased levels of mercury in Faro-
ese peat. Maximum concentrations of 498 ppb total Hgwere determined
in peat from 1954, at the peak of coal production (Shotyk et al., 2005).

The composition of coal can be affected by volcanic activity. Several
authors have studied various properties of thermally altered coal from
all over the world (Bussio and Roberts, 2016; Dai and Ren, 2007; Golab
and Carr, 2004; Merritt, 1985; Rahman and Rimmer, 2014; Singh et al.,
2007, 2008; Wang et al., 2014; Ward et al., 1989; Yao and Liu, 2012).
Ward et al. (1989) categorized the layers around an igneous body into
four zones: i) zone of porous cinder close to the contact; ii) zone of visibly
banded cinder with remnants of the original lithotype stratification; iii)
zone of heat-affected coal without porosity and other microscopic and
macroscopic signs of coking; iv) zone of unaffected coal. Kwiecińska
and Petersen (2004) defined cinder from the contact zone as natural
char and coke. Physical and chemical effects of intrusions on peat and
coal depend on exposure to heat, time of igneous emplacement, temper-
ature, thickness and form of the igneous body, pressure, hydrology, as
well as the composition and initial coal rank of the affected formation, li-
thology of the surrounding rocks and other local factors (Bostick and
Pawlewicz, 1984; Crelling and Dutcher, 1968; Suchý et al., 2002). In
heat-affected coal, microconstituents formed by the alteration of vitrinite
and liptinite macerals, having different textural and optical properties
than the original macerals, are commonly recognized (Taylor et al.,
1998). Typical optical changes in coal caused by intrusion/effusion in-
volve microbrecciation, increases in vitrinite reflectance, development
of devolatilization pores and fissures, coke textures and the presence of
pyrolytic carbon. Pores of natural coke are empty or filled with mineral
or carbonaceous matter formed from volatile material (Amijaya and
Littke, 2006; Goodarzi and Cameron, 1990; Khorasani et al., 1990; Kisch
and Taylor, 1966; Mastalerz et al., 2009; Suchý et al., 2002). The product
formed fromvitrinite and liptinite of the bituminous coal at temperatures
above 500 °C is an anisotropic coke with a mosaic structure and higher
reflectance than the original vitrinite (Kwiecińska and Petersen, 2004).

The goal of this pilot study is threefold: i) to describe the petrogra-
phy and geochemistry as well as the coal rank of Palaeogene coal from
the Faroe Islands; ii) to assess its depositional environment; iii) to char-
acterize the effect of basaltic effusions overlying coal-bearing strata on
the coal composition.

2. Geological setting

The Faroe Islands were formed during extensive volcanic activity
within the North Atlantic Igneous Province in response to the opening
of the Atlantic Ocean (Jolley and Bell, 2002). This part of the North At-
lantic Igneous Province is named the Faroe Islands Basalt Group and ex-
tends to the east and southeast from the current Faroe Islands to the
Faroe-Shetland Basin. Volcanic rocks of the Faroe Islands Basalt Group
are petrographically classified as aphyric basalts with a fine-grained
groundmass, plagioclase-phyric basalts and olivine-phyric basalts
(Noe-Nygaard and Rasmussen, 1968).
Rasmussen and Noe-Nygaard (1969, 1970) described three tholeiitic
basalt series (~6.6 km thick): lower, middle and upper basaltic lava for-
mations that are thought to overlie older continental crust (Bohnhoff
andMakris, 2004, Bott et al., 1974; Casten, 1973; Richardson et al., 1998).

The oldest basalt flow yielded an 40Ar/39Ar plateau age of 63.1 ±
1.8 Ma (Waagstein et al., 2002). After termination of the initial volcanic
phase, sediment deposition began. Subsequent volcanic activity pro-
duced the middle basaltic lavas and when this ceased, a coal-bearing
sedimentary sequence was formed during the period between 58 and
56 Ma (Jolley and Bell, 2002; Storey et al., 2007). Finally, the coal-
bearing sedimentary sequence was covered by the upper basalt flows.

According to Passey and Jolley (2009), tholeiitic lavas of the Faroe
Islands can be further subdivided into seven lithostratigraphic forma-
tions (Figs. 1, 2). The basal Lopra Formation (1.1 km thick) is known
only from the onshore Lopra-1/1A borehole and consists of basalts,
volcaniclastic sandstones and hyaloclastites. The subsequent 3.25-km-
thick Beinisvørð Formation is made up of basaltic lavas, volcaniclastics
and sandy claystone to mudstone sediments that may contain thin
coal lenses. The Beinisvørð Formation is overlain by up to 15 m thick
coal-bearing Prestfjall Formation, deposited between eruptions, which
consists predominantly of tuffitic claystones and volcaniclastic con-
glomerates. The Prestfjall formation is overlain by the syn-eruption
Hvannhagi Formation of pyroclastic sediments, up to 50 m thick. This
formation is covered by basaltic lava flows with a total thickness of
1.4 km named the Malinstindur Formation and the 30-m-thick sedi-
mentary Sneis Formation dominated by sandstones and conglomerates.
The volcanic activity terminated with basaltic lava flows forming the
900-m-thick Enni Formation that is interbedded with volcaniclastic se-
quences. The landscape of the Faroe Islands was subsequently reshaped
by Pleistocene glacial activity.

3. Samples and methods

To examine the petrological and geochemical composition of Faro-
ese coal, a total of 22 bench samples with well-known positions within
the coal-bearing sequence were taken from the Prestfjall Formation on
Suðuroy Island and one from the Beinisvørð Formation on Mykines Is-
land (Fig. 1, Table 1). Sampling was performed both in coal mines and
coal-bearing sedimentary profiles (Fig. 3A–F), following ISO 5069-
1:1983 standard procedure. The sampled localities were described in
detail by Kuboušková et al. (2015). Coal samples were air-dried and
stored in polyethylene bags for transport.

Additionally, on Suðuroy Island it was possible to collect basalt sam-
ples (Malinstindur Formation; 5 samples) directly overlying the
Prestfjall Formation that contains the studied coal occurrences
(Fig. 3D, E) and two samples of tuffitic coal-bearing claystone changed
to porcelanite along the contact of these formations. Thin sections
made from these samples were investigated using an Olympus BX50
petrographic microscope.

3.1. Petrographic analyses

The coal samples were the subject of petrographic investigation,
i.e., maceral analysis of huminite, liptinite, inertinite groups andmineral
group divided into clay minerals, sulphides, carbonates and other par-
ticularly accessorial minerals and altered minerals, and measurement
of the reflectance of ulminite and altered organic matter (ISO 7404-3:
2009, Taylor et al., 1998).

For petrographic analyses, polished sections were prepared and
studied both in reflected and ultraviolet light using an Olympus BX51
microscope with Zeiss Photomultiplier MK3 system and fluorescence
mode using immersion lens with 40× magnification. The Pelcon point
counter was used for the maceral analysis. Coal rank was determined
by reflectance measurements on ulminite B from particulate polished
sections by SpectraVision software calibrated with yttrium aluminium
garnet (R = 0.894%), sapphire (R = 0.596%), spinel (R = 0.422%) and



Fig. 1. A – Geological map of the Faroe Islands modified after Passey and Jolley (2009) with overview of studied areas; B –Main coalfield on Suðuroy Island associated with the Prestfjall
Formation. Numbers of sampled localities correspond with samples ID in tables.
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gadolinium-gallium-garnet (R = 1.717%) standards. Abbreviations of
minerals on photomicrographs were used according to Whitney and
Evans (2010).

3.2. Chemical analyses

Samples were examined for moisture, ash, elemental composition
and calorific values following standard procedures (ČSN 44 1377; ČSN
ISO 1171; ČSN ISO 29541). Calorific valueswere determined by adiabat-
ic bomb calorimetry (Parr 6300 adiabatic bomb calorimeter; Parr Instru-
ment Company, Moline, IL, USA). The ultimate analysis (C, H, N, S and
O) was performed using a Thermo Finnigan FA 1112 Series CHNS/O
analyzer.

The contents of major oxides and trace elements in the coal were
measured by X-ray fluorescence (XRF) spectrometry (Delta Premium).
The following certified reference standards were used for calibration
of XRF spectrometer for organomineral matrix: GBW07603 (GSV-2)
and NIST 2702. Trace amounts of mercury were determined by atomic
absorption spectrometry (AAS) using an AMA-254 Advanced Mercury
Analyzer (Altec, CzechRepublic). The absolute detection limits of this fa-
cility are 10 pg Hg. The limit of quantification for Hgmeasurements was
0.3 ppb (this limit was defined as 10× standard deviation of the blank).

From the mercury data, the “Hg coal affinity index” (CAIHg), which
shows how efficiently the coal acted as a crustal geochemical barrier
for the mercury, was calculated according to Yudovich and Ketris
(2005a) as the ratio ofmeasuredHg contents in the coal and the average
Hg content in the Upper Continental Crust (UCC) given by Rudnick and
Gao (2014):

CAIHg ¼ Hg in the coal ppb½ �
50 ppb UCCð Þ ð1Þ

4. Results

The samples investigated in this study represent two distinct groups
(Table 1): i) “normal” coal (xylite and detroxylite) and ii) altered
organic matter (charcoal and organic particles dispersed in mineral-
rich samples).

Accordingly, geochemical and organic petrographic signatures were
used to compare two different types of the samples. This approach has
been applied by evaluating ultimate and proximate analyses, maceral
descriptions and inorganic geochemical compositions.

4.1. Field and macroscopic characteristics

The thicknesses of the coal seams range from a few centimetres to
1.5 m, the thicker of which have been exploited in coal mines (Fig. 3A,
B). The studied coal varies from xylitic, containing relict wooden frag-
ments (SK14B), to a compact, “anthracite-like” character with a notice-
able resinous lustre and conchoidal fracture (e.g., SK01, SK22).
However, the “anthracite-like” character of the coal appears only at
the surface of several samples (Fig. 3C). The coal is covered by limonite
in places and cubic crystals of pyrite were occasionally observed.

4.2. Ultimate and proximate parameters

The ultimate and proximate analyses illustrate the variability of the
sample groups (Table 2, Fig. 4A–C). Overall ranges (in wt.%) were 5.63
to 71.5 for total carbon (Cd), 1.43 to 5.13 for total hydrogen (Hd), 0.03
to 0.99 for total sulphur (Sd), 0.05 to 0.83 for total nitrogen (Nd) and
7.46 to 25.89 for total oxygen (Od).

Samples classified as “altered organic matter” (except of charcoal)
have elevated ash yields (Ad) between 74.05 and 86.2 wt.%, very low
calorific value (Qs

d) 0.75–3.2 MJ/kg along with very high content of vol-
atile compounds (Vdaf) 43.51–96.17wt.%. In contrast, charcoal and sam-
ples classified as “normal” coal have medium to high Vdaf

(30.11–45.31 wt.%), and relatively high Qs
d (23.80–29.06MJ/kg) accom-

panied by low to medium Ad (2.26–18.71 wt.%).
The carbon content (Cd) was chosen as the primary parameter for

coals due to its slight separation potential. Subsequently, correlation
with hydrogen and oxygen content was carried out (Fig. 4A, B). All 18
samples classified as a “normal” coal are thermally immature and be-
long to low-rank, respectively lignite to subbituminous stage (ECE-UN,
1998).



Fig. 2. Litostratigraphic subdivision of the Faroe Islands Basalt Group. Volcaniclastic
sediment layers are highlighted on the right side of the scheme together with positions
of studied coal-bearing sequences (Pokorný et al., 2015, modified). Position of sampled
coal-bearing strata on Mykines Island was correlated with a study of Passey and
Varming (2010). Negative stratigraphic profile is inferred from Lopra-1/1A borehole.

Table 1
List of coal samples and their geographic locations.

Sample
ID

Sample
type Locality Island

Longitude
(N)

Latitude
(W)

SK01A xylite New Prestfjall mine Suðuroy 61°34′9.7″ 6°56′4.6″
SK01B detroxylite New Prestfjall mine Suðuroy 61°34′9.7″ 6°56′4.6″
SK01C detroxylite New Prestfjall mine Suðuroy 61°34′9.7″ 6°56′4.6″
SK04 detroxylite Kolaminur Suðuroy 61°34′12″ 6°56′10.3″
SK06 xylite Kolaminur Suðuroy 61°34′18.6″ 6°56′15.3″
SK07 detroxylite Kolaminur Suðuroy 61°34′21.3″ 6°56′14.5″
SK08 detroxylite Kolaminur Suðuroy 61°34′25.4″ 6°56′13.5″
SK09 detroxylite Rókhagi Suðuroy 61°34′31.9″ 6°55′0.9″
SK10 mineral-rich Rókhagi Suðuroy 61°34′39.2″ 6°55′9.4″
SK12 detroxylite Rókhagi Suðuroy 61°34′41.7″ 6°55′13.1″
SK13 detroxylite Rókhagi Suðuroy 61°34′44.4″ 6°55′17.8″
SK14A xylite Rókhagi Suðuroy 61°34′46.4″ 6°55′19.8″
SK14B charcoal Rókhagi Suðuroy 61°34′46.4″ 6°55′19.8″
SK16 xylite Rangibotnur Suðuroy 61°33′11.4″ 6°53′44.2″
SK17 xylite Rangibotnur Suðuroy 61°33′9.4″ 6°53′43.1″
SK18 detroxylite Rangibotnur Suðuroy 61°33′2.7″ 6°53′30.6″
SK19 xylite Gudmund's mine Suðuroy 61°33′16.7″ 6°53′48.6″
SK22 xylite Gudmund's mine Suðuroy 61°33′17.1″ 6°54′10.6″
SK23 mineral-rich Kolavegurin Suðuroy 61°34′31.4″ 6°56′15.3″
SK24 mineral-rich Kolavegurin Suðuroy 61°34′33.9″ 6°56′16.2″
SK28 detroxylite Kolavegurin Suðuroy 61°34′42″ 6°56′22.9″
SK35 mineral-rich Suður í Haga Suðuroy 61°35′08″ 6°58′14.2″
SK40 xylite Mykineshólmur Mykines 62°06′01.1″ 7°39′41.4″
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4.3. Coal petrography

Precise characterization of coal and coaly material has been success-
fully achieved by the investigating of individual macerals (e.g., Taylor
et al., 1998). Maceral descriptions focused partly on specific alteration
features, and gelification related to changes in maceral composition
was evaluated (Fig. 5, Table 3). Maceral analysis allowed discrimination
of various sample types. In particular, xylite, detroxylite, charcoal and
organic particles dispersed in mineral matter could be distinguished.
4.3.1. Maceral composition
All “normal” coal samples are classified as a gelified xylite-rich coal.

The fossil wood remnants in these coals contain mainly huminite
macerals (55.7–97 vol.%) of predominantly ulminite B (38.9–93 vol.%)
with poorly discernible tissue structures, and less densinite
(1.7–11.7 vol.%). Light grey ulminite B dominates in all samples and
forms a homogenous groundmass in most coals, whereas contents of
darker grey ulminite A with reflectance values between 0.25 and
0.33% do not exceed 2 vol.% in samples SK01B, SK06, SK13, SK28 and
SK40. Most corpohuminite (1.8–9.9 vol.%) occurs in-situ in wood and
bark tissues as phlobaphinite (Fig. 6A, B, C), smaller amounts may also
occur dispersed in densinite or in clay minerals. Corpohuminite is
formed in well-preserved oval to elongated (compressed) cell struc-
tures that can be gas-charged or filled by mineralization products, as
very well developed in sample SK40. Textinite is irregularly distributed
and its content is relatively low (up to 6.4 vol.% in sample SK12).
Gelinite was not found.

Liptinite contents vary between 1.5 vol.% and 25.5 vol.%. This
maceral group is dominated by resinite (1.1–11.2 vol.%), and less
cutinite (0.3–8 vol.%), liptodetrinite (0.8–4.4 vol.%), sporinite
(0.7–5.3 vol.%) and suberinite (0.4–3.6 vol.%). Resinite mostly occurs
in-situ in wood cell tissues and leaf fragments (Fig. 6B, C, D). Small iso-
lated resinite bodies commonly forms greyish rounded or elongated
grains which are often slightly altered and show weak yellow to
brown fluorescence and often contain fine pores as result of degassing.
Resinite is mostly dispersed in densinite and clay minerals. Cutinite is
predominantly derived from coniferous leaves that are variable de-
formed and humified. Fragments of separate tenuicutinite were identi-
fied only in a few samples SK01C, SK06, SK08, SK13 and SK28 (Fig. 6D).
Liptodetrinite occurs as long bands, individually as small nests or dis-
persed in densinite and clayminerals. Sporinite appears most frequent-
ly as dark brown oval structures within liptodetrinite. Suberinite was
often found in bark tissues and less in rootlet cortex together with
phlobaphinite (Fig. 6C).

Inertinite contents vary between 0.9 vol.% and 23 vol.% and is repre-
sented predominantly by fusinite, macrinite, semifusinite and
inertodetrinite. Secretinite and funginite are rare. Whereas macrinite
occurs mainly as irregularly shaped particles of N10 μm size (Fig. 6E),
inertodetrinite appears as discrete b10 μm sized fragments. In
mineral-rich samples (SK10, SK23, SK24) it can occur dispersed
throughout the mineral mass.

Mineral matter contents range between 1.5 vol.% and 30.2 vol.% in
xylite-rich coal. Compositions of mineral matter are very variable, par-
ticularly in samples SK01B and SK04. Mineral admixture consists



Fig. 3. Photographs from the field investigation of the coal occurrences. A – Sampling of SK40 sample from thin coal layers (red lines) within the sedimentary profile at Mykineshólmur
coastline affected by crossed faults; inset in the upper left corner shows a detail view on a coal lens; B – 1-m-thick coal seam exposed at the production heading in New Prestfjall mine
(Suðuroy); C – Coal sample (SK08) with “anthracite-like” thin crust partially covered by limonite (Suðuroy); D – Coalfield of Rókhagi mine overlain by basalts of Malinstindur Formation
(Suðuroy); E – Partially buried adit portal of Rókhagi mine (Suðuroy). F – Reddish coal-bearing sedimentary sequence exposed at Hvalba cliffs, Suður í Haga (Suðuroy).
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primarily of fine-grained clay minerals, especially smectites and kaolin-
ites (Parra et al., 1987),which are dispersed in fine-grained densinite, or
form isolated layers (Fig. 6E, F). Pyrite appears either as fracture fillings
of epigenetic origin (Fig. 7A), or as syngenetic framboidal globules and
aggregates (Fig. 7B) in amounts not exceeding 3 vol.%, particularly in
samples SK12 and SK13. Quartz and carbonates occur irregularly and
their contents do not exceed 3 vol.% in “normal” coal. Carbonates are
predominantly siderite and calcite with well-shaped crystals showing
noticeable cleavage. The coal can be slightly oxidized, which becomes
evident at the margins of huminite grains as 10–20 μm thick oxidized
rims of darker grey colour, or as a thin limonite crust. The mineral com-
position of xylite-rich coal is quite unusual. Various minerals which
could not be identified using microscopic techniques were included
into the group “other” (Table 3).

All samples of “altered organic matter” (SK10, SK14B, SK23, SK24
and SK35) are altered with respect of their mineral and organic content
(Fig. 8A–D). Organic material consists mainly of altered particles of
huminite and inertinite (average reflectance 0.56–1.35%) and char
particles with the highest average reflectance of 1.93% (Fig. 8C, D).
Rarely present are unaltered particles of ulminite with average re-
flectance of 0.39–0.42% (Fig. 8B) and inertinite. The most common
minerals observed in samples grouped into “altered organic matter”
are clay minerals, indicating a transition from pure coal to coaly
claystone. The interesting charcoal sample SK14B (Fig. 8A) consists of
altered textinite and ulminite with corpohuminite lacking resinite, re-
spectively fusinite and semifusinitewithin a fine-grained clayeymatrix.
Altered wood material in this sample has reflectance values of up to
0.87% (Table 4).

4.3.2. Coal rank
The random reflectance values (Rr) of ulminite B in “normal” coal

range from 0.34% to 0.53% with standard deviation in the range



Table 2
Ultimate and proximate analyses of Faroese samples.

Sample ID Wa [wt.%] Ad [wt.%] Qs
d [MJ/kg] Hd [wt.%] Nd [wt.%] Cd [wt.%] Sd [wt.%] Od [wt.%] Vdaf [wt.%]

SK01A 8.52 4.53 28.96 4.53 0.75 69.62 0.38 20.19 35.74
SK01B 8.44 18.71 23.80 4.36 0.48 56.15 0.42 19.88 45.31
SK01C 6.90 12.50 26.03 4.78 0.62 62.89 0.46 18.78 43.42
SK04 9.69 3.47 29.01 4.78 0.66 71.24 0.29 19.56 36.43
SK06 9.73 2.64 29.06 4.61 0.72 71.22 0.28 20.53 37.85
SK07 10.15 3.90 28.36 5.02 0.56 67.30 0.42 22.80 38.20
SK08 9.22 14.60 24.52 4.24 0.61 61.21 0.22 19.11 42.97
SK09 9.91 2.39 28.87 4.21 0.58 66.89 0.11 25.89 35.79
SK10 2.97 86.20 0.75 1.43 0.10 2.38 0.03 9.91 96.17
SK12 10.2 2.26 28.97 4.63 0.60 71.49 0.23 20.79 36.23
SK13 8.85 8.41 27.14 4.67 0.61 66.98 0.99 18.34 37.79
SK14A 10.12 5.35 27.84 5.10 0.52 66.56 0.57 21.90 36.37
SK14B 4.62 12.30 26.63 3.67 0.25 69.08 0.03 14.65 30.11
SK16 9.71 2.46 28.95 4.77 0.33 71.50 0.17 20.77 37.38
SK17 9.08 5.43 27.40 5.13 0.44 65.60 0.61 22.79 38.39
SK18 9.09 3.53 28.32 4.71 0.44 70.49 0.25 20.58 37.51
SK19 9.57 7.97 25.80 4.80 0.62 62.27 0.53 23.81 39.51
SK22 10.43 4.99 27.82 4.53 0.83 68.47 0.43 20.75 35.91
SK23 3.76 74.05 3.25 1.45 0.12 16.85 0.07 7.46 43.51
SK24 3.70 85.26 0.78 1.44 0.09 5.63 0.03 7.55 88.40
SK28 9.83 5.06 27.20 4.82 0.50 65.81 0.46 23.35 37.95
SK35 8.72 82.67 2.44 1.89 0.05 7.06 0.16 8.17 43.68
SK40 10.49 11.94 23.82 4.90 0.64 57.07 0.24 25.21 44.02

W - moisture
A - ash yield
Qs - gross calorific value
V - volatile matter
a - Analytical sample
d - Dry basis
daf - Dry, ash free basis

Fig. 4. Correlations between selected chemical, technological andpetrographic parameters for “normal” coal, further subdivided into the Prestfjall and Beinisvørð Formations, and for “altered
organicmatter”, further subdivided into charcoal andmineral-rich samples. A – Relationship between carbon and hydrogen content. For recognising of compositional variations in “normal”
coal fromboth Prestfjall andBeinisvørð Formations,mineral-rich sampleswere not plotted; B –Relationship between carbon andoxygen content. For recognisingof compositional variations
in “normal” coal from both Prestfjall and Beinisvørð Formations, mineral-rich samples were not plotted; C –ModifiedMott chart illustrating the relationship between fuel ratio expressed as
Cd/Vdaf and calorific value; D – Relationship between volatile matter (Vdaf) and mean ulminite reflectance (Rr) for the studied samples from the Faroe Islands.
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Fig. 5. Histogram based on the maceral analysis showing a ratio of macerals from the
huminite, liptinite and inertinite group, altered organic paticles and char particles. For
recognising of relationships within the organic matter, mineral mass was not included
in this diagram.
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0.04–0.09, suggesting that the coal rank of samples from the Faroe
Islands is between lignite and subbituminous coal according to the
ECE-UN (1998) standard. Ulminite reflectance for the group of “altered
organic matter” samples varies between 0.39 and 0.83%Rr. These sam-
ples have low concentrations of unaltered organic matter, especially
measurable ulminite particles. Thus, the ulminite reflectance measure-
ments allow only tentative rank evaluations of these samples. For this
reason, reflectance measurements were performed on altered and
charred particles with average values ranging from 0.56% to 1.93%, sug-
gesting that the reflectance increases along with thermal alteration of
organic matter (Table 4).
4.4. Petrographic features of basaltic lava in contact with underlying tuffitic
coal-bearing claystone

The volcanic rocks are very fine-grained, massive, dark-grey
basalts. The absence of features such as pillow lavas or hyaloclastic
breccias suggests subaerial volcanic activity (Smellie et al., 2008
and references therein). The basalts are composed of thin plagioclase
laths (b100 μm) frequently associated with clinopyroxene and/or al-
tered olivine in the form of larger glomerophyres (Fig. 9A). Plagioclase
zoneswith higher anorthitemole fractions are selectively affected by al-
teration (Fig. 9A). Additionally, some samples are characterised by the
occurrence of interstitial glass, tachylyte, suggesting relatively rapid
cooling of the lava flow. Tachylyte shows various stages of alteration
ranging from nearly opaque to orange-brown in colour (Fig. 9B). In
tuffitic coal-bearing claystone from the contact of the Prestfjall and
Malinstindur Formation, fragments of older basaltic volcanites altered
to clay minerals were observed (Fig. 9C). Along the contact, this
claystonewas thermallymetamorphosed to porcelanite and penetrated
by a system of hydrothermal veinlets, which led to alteration of plagio-
clase laths (Fig. 9D).
4.5. Geochemical composition

4.5.1. Major oxides
Major element oxides compositions in all samples are represented

mainly by SiO2, Al2O3, and Fe2O3
tot. SiO2 contents range between 0.9

and 8.6 wt.% for the majority of “normal” coal samples (Table 5). In “al-
tered organic matter”, the amount of SiO2 reaches as high as 37.1 wt.%.
“Normal” coal samples are characterized by variable amounts of Al2O3

that range from 0.8 to 8.4 wt.%, whereas “altered organic matter” sam-
ples show significantly elevated contents of up to 25.1wt.%. The concen-
tration of Fe2O3

tot does not exceed 5.1 wt.% in any sample, with the
exception of sample SK35 (16.1 wt.%.). CaO contents are generally
below 3.5 wt.%. MnO contents (up to 2.9 wt.%) are elevated only in “al-
tered organicmatter”. Additionally, the sample from the Beinisvørð For-
mation has a measurable concentration of P2O5 (0.4 wt.%), while the
levels of K2O and MgO are below their detection limits in the majority
of samples.

4.5.2. Trace elements
In comparisonwith theworldwide average composition of low-rank

coal (Ketris andYudovich, 2009), samples from the Faroe Islands are rel-
atively depleted in Sr (19 ppmon average), Zr (13 ppmon average) and
As (2 ppm on average) and enriched in V (286 ppm on average), W
(92 ppm on average), Cu (99 ppm on average) and Se (6 ppm on aver-
age). The coal sample from the older Beinisvørð Formation differs in its
higher Rb, Sr, W and Ni contents (Fig. 10; Table 6). The “altered organic
matter” samples show similar enrichment trends for Rb, Sr, Zr, V, Cu and
especially for Cr (up to 126 ppm) and Ni (up to 291 ppm).

4.5.3. Mercury contents
The precise determination of mercury contents revealed that the

majority of coal samples typically have concentrations between 22
and 210 ppb (Table 7). This places the mercury concentrations are
both below and well above the worldwide average Hg content of
100 ppb Hg (Ketris and Yudovich, 2009). In contrast, “altered organic
matter” has very low mercury values (b10 ppb). The sample from the
older Beinisvørð Formation also yields a low Hg value of 14 ppb.

5. Discussion

5.1. Degree of coalification

The samples from the Faroe Islands classified in this work as “nor-
mal” coal have very low mean ulminite reflectance corresponding to
the lignite and subbituminous stages. The samples classified as “altered
organic matter”were affected by alteration related to the adjacent vol-
canic activity. Although these samples macroscopically resemble a
detroxylitic coal, they actually correspond, in terms of their carbon con-
tent, to coaly claystones rich in altered clasticmineral component. These
samples contain rare unaltered particles of ulminite with an average re-
flectance of 0.39–0.42%, suggesting their original low rank. The altered
huminite, inertinite and char particles have reflectance values up to
1.93%, corresponding to slight thermal alteration (Table 4).

Mineralization of the coal appears to affect its quality, as shown by
the correlation between increasing mineralization (ash yield) and de-
creasing carbon content and gross calorific value, as noted by Liu et al.
(2005). This results from the release and migration of organic matter
and subsequent precipitation of epigenetic minerals produced by hy-
drothermal fluids (Chen et al., 2014).

Samples SK40, SK01B, SK01C, SK08 and SK13 plot outside the trend
followed by other studied “normal” coals in the O/C diagram (Fig. 4B).
Specifically, the samples have lower oxygen percentages than might
be expected for their carbon contents (e.g., Gurba and Ward, 2000).
These samples also all have relatively higher mineral contents com-
pared to other coals, but not so extremely high such as in the samples
grouped into “altered organic matter”.



Table 3
Result of maceral analysis and calculated facies indices.

Macerals [vol.%] SK01A SK01B SK01C SK04 SK06 SK07 SK08 SK09 SK10 SK12 SK13 SK14A

Ulminite 78.7 64.2 38.9 76.3 82.6 66.4 34.7 47 2.7 68.1 52.3 85.1

Textinite 0.3 0.8 0 0.9 1.4 1.9 0 1.3 0 6.4 0 0

Densinite 3.1 6.8 11.4 0 2.2 0 3.2 4 3.2 0 6.3 0

Corpohuminite 1.8 0.9 6.3 2.7 5.1 9.9 3.2 3.4 0.3 5.6 3.1 3.8

Attrinite 0 0 2.9 0 0 0 0 0 0 0 0 0

Huminite 83.9 72.7 59.5 79.9 91.3 78.2 41.1 55.7 6.2 80.1 61.7 88.9

Sporinite 0.7 1.8 0.7 3 0 3 2.2 3.3 0 2.1 1.6 0.9

Suberinite 0 1.2 2.9 0.4 0 0.6 1 0 0 0 1.4 0

Resinite 1.1 4.5 8.7 1.5 4.3 9.1 2 2.7 0 9.3 2.3 3.8

Liptodetrinite 2.8 4.3 3.8 2.2 0 4 4 3.4 0 1.4 4.2 1.8

Cutinite 0.3 0 8 0.5 0 0.4 0 0 0 0 0.7 0

Liptinite 4.9 11.8 24.1 7.6 4.3 17.1 9.2 9.4 0 12.8 10.2 6.5

Fusinite 0.8 1.8 1.3 0.7 0 0 7.5 0.7 0.8 0 1.5 0

Semifusinite 1.7 2.3 0.8 1.4 0 0 4.3 0.8 2.1 0.7 2.9 0

Secretinite 0 0.5 0 0 0 0 0 0 0 0 0 0

Macrinite 0 1 1.1 0.8 0 1 4.7 0.8 2.1 0 4.2 0.8

Inertodetrinite 0 1.7 2.7 1.3 0 1 6.5 2.4 3.1 0 2.5 1

Funginite 0 0 0 0 0 0 0 0 0 0 0.6 0

Inertinite 2.5 7.3 5.9 4.2 0 2 23 4.7 8.1 0.7 11.7 1.8

Clay minerals 7.1 5.9 3.1 3.5 0.8 1.1 19.1 20.1 49.2 1.8 7 1.9

Pyrite 0.3 0.4 2.2 0 0.5 0 0 0.7 0 1.4 5.9 0

Carbonates 0.2 0.9 0.6 0.5 0 0.2 2.1 1.4 11.4 0.7 0.6 0

Limonite 0 0 0 0.5 1.5 0 0 1 0 2.5 0 0

Quartz 0 0 0.5 0.6 0 0 1.1 2.7 4.8 0 0.5 0

Others 1.1 1 3.6 3.2 1.6 0.8 3.3 4.3 13.2 0 2.4 0.9

Minerals 8.7 8.2 10 8.3 4.4 2.1 25.6 30.2 78.6 6.4 16.4 2.8

Alteration [vol.%] 0 0 0.5 0 0 0.6 1.2 0 7.1 0 0 0

Char [vol.%] 0 0 0 0 0 0 0 0 0 0 0 0

MACERALS [vol.%] SK14B SK16 SK17 SK18 SK19 SK22 SK23 SK24 SK28 SK35 SK40

Ulminite 0 80.3 83.4 51.7 93 86 0 0 78.4 1 70.9

Textinite 0 2.3 0 1.7 0 4.3 0 0 0 0 5

Densinite 0 0 0 3.6 1.7 0 0 0 2 0 0

Corpohuminite 0 7.6 2.7 4.4 2.3 2.1 0 0 2.9 0 6.7

Attrinite 0 0 0 0 0 0 0 0 0 0 0

HUMINITE 0 90.2 86.1 61.4 97 92.4 0 0 83.3 1 82.6

Sporinite 0 0 0.8 5.3 0 0 0 0 0 0.5 0

Suberinite 0 0.7 1.1 3.6 0 0 0 0 0.5 0 0

Resinite 0 6.1 7.3 5.3 1.5 5.4 0 0 11.2 0 9

Liptodetrinite 0 0 0.8 4.3 0 0 0 0 1 0 0

Cutinite 0 0.7 0.4 0.8 0 0 0 0 0 0 0

LIPTINITE 0 7.5 10.4 19.3 1.5 5.4 0 0 12.7 0.5 9

Fusinite 0 0 0 0.9 0 0 1 2.3 0 0 0

Semifusinite 0 0 0 1.8 0 0 2.3 1 0 0 0

Secretinite 0 0 0.9 0 0 0 0 0 0 0 0

Macrinite 0 0 0 5.3 0 0 1.8 2.7 0 0 0

Inertodetrinite 0 0 0 4.3 0 0 3.2 2.6 0 0 0

Funginite 0 0 0 0 0 0 0 0 0 0 0

INERTINITE 0 0 0.9 12.3 0 0 8.3 8.9 0 0 0

Clay minerals 2.4 0.7 0 5.5 0 1.2 62.9 54.4 2 62.5 2.8

Pyrite 0 0.8 0.8 0 0 0 0.6 0 1.1 0.5 0

Carbonates 0 0 0 0 1 0 1.5 0 0.5 17.8 1

Limonite 0 0.8 0 0 0 0 0 0 0 0 0

Quartz 0 0 0 0 0 0 3.2 4.4 0 0 0

Others 3.1 0 1.8 1.5 0.5 1 10.2 7 0.4 14.7 4.6

MINERALS 5.5 2.3 2.6 7 1.5 2.2 78.4 65.8 4 95.5 8.4

ALTERATION [vol.%] 0 0 0 0 0 0 10.1 25.3 0 3 0

CHAR [vol.%] 94.5 0 0 0 0 0 3.2 0 0 0 0
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The correlation between mean ulminite reflectance and volatile
matter (Fig. 4D) displays a considerable amount of scatter within the
studied series, especially in samples SK01B, SK01C, SK08 and SK40
with elevated volatile matter content. The observed degree of scatter
is attributed to the presence of variable amounts of mineral material,
rather than the coal rank. Within the studied sample set, the inorganic



Fig. 6. Photomicrographs of macerals andmineral admixture in the “normal” coal samples. A –Ulminite (Ul) withweakly distinct corpohuminite (Ch) in sample SK14A; B –Ulminite with
light bodies of corpohuminite and darker resinite (Re) in sample SK07; C –Ulminite with remnants of bark tissue forming darker suberinite (Su) filledwith light corpohuminite in sample
SK18; D – Humified fragments of leaves, lined by thin dark cutinite (Cu), with tiny resinite, fine-grained clay minerals (Cm) and yellowish-white pyrite (Py) filling a crack in ulminite in
sample SK01C; E –Ulminite interrupted by irregular detritic position of densinitewith fusinite (Fu), semifusinite (Sf),macrinite (Ma) and inertodetrinite (Id) fragments andwith dispersed
clay minerals that form a separate position in the lower part in sample SK08; F – Grey ulminite bands with whitish lines of quartz (Qz) separated by a thicker layer of mineral mixture
dominated by clay minerals in sample SK01B.
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fraction comprises variable proportions of clayminerals and carbonates.
Thus, the measured volatile matter content reflects the presence of
prevailing minerals rather than the coalification rank (Schobert, 2013).
5.2. Effect of post-depositional volcanic activity

Several authors have observed significant changes in coal composi-
tions, especially an increase in thermal maturity, due to igneous intru-
sions or dykes penetrating coal seams (e.g., Cooper et al., 2007; Dai and
Ren, 2007; Rahman and Rimmer, 2014). However, there has been no im-
mediate contact of magmawith the coal seams on the Faroe Islands. The
basaltic lava flows of the Malinstindur Formation covering the coal-
bearing Prestfjall Formation were deposited approximately 3–14 m dis-
tant from the studied coal seams (Rasmussen and Noe-Nygaard, 1969,
1970), with the upper sequence of volcaniclastic claystone termed the
“roof clay”, acting as an insulating layer that impedes contact metamor-
phism and coking of the coal (cf. Chen et al., 2014).

Based on the results of our combined petrological and geochemical
approach, we propose two general possibilities for how the coal may
have been affected by volcanic effusions: (i) by thermal alteration of
limited extent leading to formation of a macroscopically visible, thin
“anthracite-like” crust and (ii) by hydrothermal fluids that accompa-
nied volcanic activity.

On the Faroe Islands it is possible to observe coals with an “anthra-
cite-like” degree of coalification (bright, hard and lustrous). Neverthe-
less, both the petrographic and geochemical analyses argue against
the presence of this higher quality coal lithotype. The observed macro-
scopic appearance of the coal is caused by the presence of a very thin
“anthracite-like” surface (Fig. 3C), which may reflect slight thermal al-
teration, but without an increase in the mean ulminite reflectance.
Aghaei et al. (2015) observed an exponential increase of the reflectance



Fig. 7. Photomicrographs of pyrite occurrences in the coal. A – Epigenetic pyrite filling
fractures in ulminite in sample SK19. B – Syngenetic pyrite forming a framboid cluster in
sample SK09.
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directly at the contact of the dyke to the coal seam. At a distance N2 m
from the dyke contact, only the low initial reflectance values were
recorded. The size of the contact aureole is approximately one to
two times the thickness of the magmatic body (e.g., Bostick and
Pawlewicz, 1984; Crelling andDutcher, 1968; Galushkin, 1997). Consid-
ering the planar character and low viscosity of the basaltic lava, this
explains why the rank of the Faroese coal is not elevated.

In contrast, the quality of the coal may have been negatively affected
by accompanying hydrothermal mineralization along fractures or faults
(Figs. 3A, 9D). According to Gamson et al. (1996), mineralization fills
microfractures in compact bright coal of low porosity and permeability,
whereas in dull coal of higher porosity and permeability, such as in the
“altered organic matter”, mineralization can disperse throughout the
organic matrix or infill the cell lumens of corpohuminite. Additionally,
“altered organic matter” contains inorganic component dominated by
clay minerals (Table 3). These minerals are very likely a product of hy-
drothermal decomposition of plagioclase, which is visible both in ba-
salts and in surrounding feldspar-rich tuffitic claystones (Fig. 9A, C, D).

The effect of the basaltic lava flows covering the coal-bearing
volcanosedimentary sequences is also recorded in the chemical compo-
sition of the “altered organic matter” (cf. Finkelman et al., 1998). Apart
from the organic components, the samples consist mainly of clay min-
erals and carbonates, especially siderite. Dai et al. (2012b) reported pos-
sible formation of illite from kaolinite exposed to heat from an igneous
body. Dai and Ren (2007) assigned groups of elements with an enrich-
ment trend to thermally altered coal. In accordance with their study,
the studied samples of “altered organic matter” are enriched especially
in Cu and Ni, Sr, Zn,Mn (specifically MnO) and less in As, indicating that
basaltic lava was the source of these elements. Additionally, the enrich-
ment in V and depletion in U in the “altered organic matter” is not
consistent with their observations. The affinity with basaltic lava is
clearly visible from the enrichment in Ni and Cr. These transition
metals are primary characteristics for mantle-derived (basaltic) rocks
(e.g., McDonough and Sun, 1995). Our unpublished analyses from over-
lying basalts (Malinstindur Formation) yield Ni and Cr concentrations of
78 ppmand 191 ppm, respectively. These values are relatively low com-
pared to concentrations in primitive plateau basalts of the North Atlan-
tic Igneous Province (cf. Hughes et al., 2015 and references therein) and
point to a decomposition of primary mineral phases, i.e., olivine and Cr-
rich spinel (Fig. 9A). Transition metals could be released from primary
mineral phases and accumulated at nearby geochemical barriers, such
as coal seams.

5.3. Quality of the exploited coal

A clear correlation between the fuel ratio and the gross calorific
value (Fig. 4C) shows that the better combustion suitability and gener-
ally greater ease of ignition is attributed to the coal having fewerminer-
al components. Five samples, namely SK01B, SK01C, SK08, SK19 and
SK40 with higher proportions of mineral matter plot in a lower position
than sampleswith lowermineral contents. The “altered organicmatter”
is entirely unsuitable for combustion because of its very low fuel ratio
and gross calorific value, except for the charcoal, which has by contrast
the highest fuel ratio, along with an intermediate gross calorific value
that is still lower than most of the studied coals.

Despite the macroscopic “anthracite-like” character of the coal from
the active New Prestfjall mine (samples SK01A–C), the coal contains ap-
proximately 10 vol.% ofminerals with relatively low carbon content and
gross calorific value compared to samples from the abandoned coal
mines in the Prestfjall Formation (Table 2). In other words, the coal
from the New Prestfjall mine is less suitable for combustion compared
to coals mined in the past. Øster-Mortensen (2002) described the coal
exploited in the Rókhagi mine (closed in 2013) as coal of high quality,
which is in line with our present study.

Coal from the Beinisvørð Formation (Mykines Island) had been ex-
tracted locally in small amounts for household use only (Rasmussen
and Noe-Nygaard, 1970). This coal is of relatively low rank and quality,
although it is older than the higher quality coal from the Prestfjall For-
mation. The low rank of the coal is indicative of very fast coalification
due to the short duration of sedimentation and subsequent burial by ba-
salts (cf. Dvořák et al., 1997). Lower coal rank was produced by miner-
alizing fluids that migrated along a fault and filled corpohuminite cells
in the coal (Fig. 3A).

5.4. Coal geochemistry

The low sulphur contents (b1%) of the Faroese coal are primarily of
organic origin, i.e., they derive from coal-forming plants (Chou, 2012)
and to a lesser extent, correlate with small amounts of pyrite occurring
both in epigenetic and syngenetic form as fracture fillings and
framboids, respectively (Fig. 7A, B). The organic sulphur is mainly asso-
ciatedwith vitrinite (or ulminite in low-rank coal), suggesting a positive
correlation with the gelification degree (Dai et al., 2002).

Major oxides are dominated by SiO2, Al2O3 and Fe2O3, corresponding
to a mineral assemblage of clay minerals, quartz, pyrite, siderite and li-
monite. Limonite occurs exclusively on the surface of some samples in
very small amounts. In case of its presence, it never replaces pyrite
completely. Along with the microscopic appearance of pyrite (see
Fig. 7A, B), this is indicative of freshness of studied samples (Littke
et al., 1991). Compared to coal from the Prestfjall Formation, the “nor-
mal” coal sample from the Beinisvørð Formation is relatively enriched
in trace elements, namely Rb, Sr, W and Ni. Whereas the coal seams in
the Prestfjall Formation are up to 1.5 m thick, the lenses sampled in



Fig. 8.Photomicrographs of “altered organicmatter” samples. A –Degassed fragment ofwooden tissue in sample SK14B; B –Altered fragments of coal particles inmineralmatter in sample
SK10. Reflectance of lighter, more altered particle with contraction fractures is 0.75%, whereas the reflectance of darker, less altered particle is 0.42%; C – Massive char particle with
contraction fractures and reflectance of 1.85% that is lined by thin limonite layer (Lm), surrounded by mineral matter in sample SK23; D – Char particle with reflectance of 1.98%
measured on the massive centre that is interrupted by distinct contraction fractures and rimmed by mosaic texture in sample SK23.
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the Beinisvørð Formation are only a few centimetres thick. Some previ-
ous studies discuss the relationship between enrichment of certain trace
elements and thickness of the coal seams (e.g., Chen et al., 2015;
Eskenazy and Valceva, 2003; Li et al., 2012; Querol et al., 1992; Van
Krevelen, 1963). Van Krevelen (1963) noted that thin coal layers are
usually enriched in some trace elements compared to thick ones. Ac-
cording to Querol et al. (1992), this behaviour is related to post-
depositional epigenetic percolation of diagenetic fluids through a
Table 4
Reflectance of ulminite B, altered particles and char.

Sample ID Coal type Rr [%] σ Ralt [%] Rchar [%]

SK01A xylite 0.46 0.05 – –
SK01B detroxylite 0.41 0.05 – –
SK01C detroxylite 0.42 0.05 0.56 –
SK04 detroxylite 0.40 0.05 – –
SK06 xylite 0.45 0.04 – –
SK07 detroxylite 0.46 0.06 0.58 –
SK08 detroxylite 0.53 0.06 0.67 –
SK09 detroxylite 0.45 0.08 – –
SK10 mineral-rich 0.42 0.10 0.93 –
SK12 detroxylite 0.47 0.06 – –
SK13 detroxylite 0.44 0.08 – –
SK14A xylite 0.42 0.07 – –
SK14B charcoal – – – 0.87
SK16 xylite 0.48 0.05 – –
SK17 xylite 0.41 0.07 – –
SK18 detroxylite 0.43 0.09 – –
SK19 xylite 0.40 0.04 – –
SK22 xylite 0.39 0.05 – –
SK23 mineral-rich – – 0.56 1.93
SK24 mineral-rich – – 0.83 –
SK28 detroxylite 0.45 0.08 – –
SK35 mineral-rich 0.39 0.05 1.35 –
SK40 xylite 0.34 0.04 – –
fracture network, which was previously better developed in thinner
seams than in thicker ones. Thus, the low thicknesses could explain
why coal from the Beinisvørð Formation is more enriched in the trace
elements listed above than coal from the Prestfjall Formation.

5.5. Mercury speciation, behaviour and environmental impact

Trace Hg analysis revealed that mercury contents in the Faroese coal
are generally low. Similar or slightly higher concentrationswere also re-
ported from Palaeozoic bituminous coals from the Czech Republic
(Coufalík et al., 2011). This observation supports the idea that no corre-
lation exists between mercury content and coal rank (Kilgroe et al.,
2002).

Additionally, all studied samples are classified as low-sulphur coals
(Chou, 2012). As described by Yudovich and Ketris (2005a), low-
sulphur coals that are generally poor in Hg are dominated by only two
Hg forms: Hgorg (mercury bound to humic substances) and Hgsulphide
(commonly pyriticmercury, Hgpyr). In addition toHg and S, our samples
were characterized by low As contents. The data indicate relatively low
amounts of Hgpyr in the coal (Kolker et al., 2006).

The CAIHg (Hg coal affinity index) is between 0.3 and 4.2 for “nor-
mal” coal samples. In comparison, “altered organic matter” samples
show only limited CAIHg values of ~0.1. Values of CAIHg N1 indicate
that the studied coal does not act as a geochemical barrier for the
mercury, suggesting that alteration processes resulted in removal
of the mercury from the affected coal seam to the surrounding
sediments.

The finding that “altered organic matter” contains less mercury
than “normal” coal could be related to volcanic activity. The solubil-
ity of Hg species increases with higher temperatures produced by
adjacent volcanic effusions. The mercury becomes mobile and can
be more easily leached from organic matter by hydrothermal fluids



Fig. 9. Photomicrographs of the petrographic thin sections from the basalt samples (Malinstindur Formation) and underlying tuffitic coal-bearing claystone (Prestfjall Formation). A –
Glomeroporphyritic texture with plagioclase (Pl), clinopyroxene (Cpx) and olivine (Ol) with altered rims; inset in the lower left corner shows selective sericitisation of plagioclase
zones in detail (basalt sampled in the vicinity of SK11; crossed polars); B – Altered basaltic glass filling the interstices between the plagioclase laths (basalt sampled in the vicinity of
SK01; parallel polars); C – Fragment of older basaltic volcanite showing glomeroporphyric plagioclase intergrowths altered to clay minerals (tuffitic coal-bearing claystone sampled in
the vicinity of SK01; parallel polars); D – System of hydrothermal veinlets connected with subaerial volcanic activity recorded in Malinstindur Formation; the thin section contains pla-
gioclase pseudomorphosis filled by products of its alteration (tuffitic coal-bearing claystone sampled in the vicinity of SK01; parallel polars).
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(Fein and Williams-Jones, 1997; Moiseyev, 1971; Peabody and
Einaudi, 1992). Finkelman et al. (1998) found that mercury content
is higher in close proximity to an intrusive body due to secondary
Table 5
Contents of major oxides in the samples from the Faroe Islands (wt.%; on a whole-coal
basis).

Sample ID SiO2 TiO2 Al2O3 Fe2O3
tot MnO CaO K2O P2O5

SK01A 1.54 BDL 1.11 0.75 0.002 1.39 0.06 BDL
SK01B 1.59 BDL 1.16 0.36 0.002 0.41 0.07 BDL
SK01C 3.95 0.29 3.11 5.05 0.009 1.11 0.04 0.03
SK04 7.57 0.38 7.10 0.82 0.001 1.69 BDL BDL
SK06 8.59 0.88 7.22 0.85 0.013 1.24 BDL 0.04
SK07 2.36 BDL 1.74 0.38 BDL 3.51 0.04 BDL
SK08 5.86 1.03 5.59 3.27 0.011 1.44 BDL 0.18
SK09 2.15 BDL 1.70 0.47 0.013 0.90 0.06 BDL
SK10 26.25 4.13 19.91 3.60 2.877 0.03 BDL 0.06
SK12 1.92 BDL 1.71 0.66 0.003 3.09 0.04 0.04
SK13 6.98 0.61 6.39 2.12 0.004 1.49 BDL 0.05
SK14A 1.93 BDL 1.70 1.27 BDL 5.11 BDL 0.03
SK14B 4.38 BDL 2.12 0.31 BDL 0.51 0.06 0.04
SK16 2.87 BDL 2.41 0.40 BDL 2.09 0.03 0.01
SK17 2.46 BDL 2.66 0.44 BDL 1.05 0.06 0.04
SK18 8.47 0.39 8.44 1.23 0.01 1.58 BDL 0.02
SK19 0.92 BDL 0.85 0.44 BDL 0.86 0.04 0.01
SK22 3.40 0.01 3.83 0.86 0.002 2.91 0.01 0.02
SK23 37.13 2.15 25.14 4.43 0.472 0.06 BDL 0.22
SK24 1.06 BDL 1.26 0.75 BDL 1.43 0.11 0.03
SK28 2.72 0.05 3.15 0.76 0.017 2.22 0.09 0.10
SK35 30.14 2.09 12.50 16.13 0.096 1.34 0.16 0.07
SK40 7.82 0.03 2.31 1.26 0.017 2.97 0.15 0.40

BDL - below detection limit
enrichment following volatilization of Hg during heat exposure and
its subsequent redeposition from fluids derived from the cooling
magma. No traces of mercury were recorded at a distance N50 cm
from the intrusion.

In low-rank coal, such as that in the Faroese samples, the extent of
mercury removal is much lower compared to bituminous coal (Kilgroe
et al., 2002). Combinedwith the low levels of Hg in the coal, its combus-
tion has only a limted impact on the environment.

5.6. Depositional environment of Faroese coal

5.6.1. Maceral composition
In accordance with the studies of Diessel (1992) and Teichmüller

(1989), the occurrence of ulminite, corpohuminite, fusinite and
semifusinite with associated resinite or suberinite point to a forest hab-
itat, whereas thepresence of densinite, liptodetrinite and inertodetrinite
denote inputs of herbaceous vegetation. The strong gelification of
huminite macerals reflects mostly wet conditions in a peat-forming
swamp. Significant variability of the liptodetrinite and sporinite assem-
blages suggests unstable conditions due to a fluctuating water table
(Kolcon and Sachsenhofer, 1999). The absence of alginite in coal is in-
compatible with marine inputs to the depositional environment of the
Faroese coal. The coal plots at Apex A in the maceral-based ternary dia-
gram of Mukhopadhyay (1989), later modified for low-rank coal by
Singh et al. (2010) and is indicative of swamp vegetationwith preserved
cell structures that have been coalified in variably anoxic and oxic con-
ditions (Fig. 11).

In the fusitic charcoal-rich sample SK14B, charred matter of
textinite, specifically fusinite and semifusinite, predominates. It is as-
sumed that this type of coal was derived from wood affected by local



Fig. 10. Trace element contents for “normal” coal samples from both the Prestfjall and Beinisvørð Formations, and for “altered organic matter”, normalized to the average worldwide low-
rank coal composition (Ketris and Yudovich, 2009). Circles express individual analyses or analyses that do not fit the range for a given sample type.
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wildfires, weathering ormicrobial activity (Cohen and Spackman, 1977;
Cope and Chaloner, 1985; ICCP, 2001; Scott, 2002) or it may be formed
from wood remnants affected by heat from the lava flow. The latter
would explain the variable development of this sample compared to
the other studied coals.
Table 6
Concentrations of trace elements in the samples from the Faroe Islands (ppm; on awhole-
coal basis).

Sample ID V Cr Ni Cu Zn As Se Rb

SK01A BDL BDL BDL BDL 16 BDL BDL BDL
SK01B BDL BDL BDL BDL BDL BDL BDL BDL
SK01C 285 BDL BDL 78 58 1.7 6.4 BDL
SK04 413 BDL BDL BDL 33 3.2 BDL BDL
SK06 254 BDL BDL 118 31 BDL BDL BDL
SK07 BDL BDL BDL BDL BDL 1.8 BDL BDL
SK08 242 BDL BDL 179 64 1.2 4.3 BDL
SK09 BDL BDL BDL BDL BDL BDL BDL BDL
SK10 768 126 159 1736 101 6.8 6.8 1.8
SK12 BDL BDL BDL 33 27 1.4 BDL BDL
SK13 97 BDL BDL 34 15 BDL 7.0 BDL
SK14A BDL BDL BDL 119 8.6 BDL BDL BDL
SK14B BDL BDL BDL BDL 9.1 BDL 2.8 BDL
SK16 BDL BDL BDL BDL 2.7 BDL BDL BDL
SK17 BDL BDL BDL BDL BDL BDL BDL BDL
SK18 252.51 BDL BDL 118.65 31.02 BDL 5.16 BDL
SK19 BDL BDL BDL BDL BDL BDL BDL BDL
SK22 393.36 BDL BDL BDL 39.7 BDL BDL BDL
SK23 987 89.3 291 1229 663 6.8 14.7 1.9
SK24 BDL BDL BDL BDL BDL BDL BDL BDL
SK28 352 BDL 140 105 97 BDL BDL BDL
SK35 517 45 80 1304 128 10 5.3 12
SK40 BDL BDL 7.4 108 BDL BDL 9.7 18

Sample ID Sr Zr Mo W Th U

SK01A 9.2 4.6 BDL 6.6 3.5 BDL
SK01B 6.3 3.9 BDL BDL 5.9 2.5
SK01C 20 39 2.1 BDL 4.0 BDL
SK04 7.1 9.1 BDL 19 BDL BDL
SK06 7.2 15 BDL BDL BDL BDL
SK07 11 6.6 6.5 10 10.7 2.8
SK08 57 51 BDL BDL BDL BDL
SK09 37 3.4 BDL BDL 6.9 4.7
SK10 223 309 6.5 BDL 12 BDL
SK12 7.9 8.4 5.0 13 15 5.3
SK13 5.6 33 BDL BDL BDL BDL
SK14A 15 1.3 BDL BDL 2.0 BDL
SK14B 4.3 9.5 5.5 20 17 8.5
SK16 9.5 1.8 BDL BDL 3.2 BDL
SK17 8.12 BDL BDL BDL 1.65 BDL
SK18 15.56 36.75 BDL BDL BDL BDL
SK19 3.5 3.8 BDL BDL 6.1 2.2
SK22 5.1 3.2 BDL 31.73 BDL BDL
SK23 93 339 5.2 BDL 11 BDL
SK24 20 4.1 BDL BDL 4.0 2.7
SK28 8.2 3.05 BDL 27 BDL BDL
SK35 104 165 8.8 BDL 6.4 BDL
SK40 120 4.4 BDL 606 4.8 BDL
Apart from the “altered organic matter”, small amounts of detrital
minerals dispersed throughout the organic matter of the “normal” coal
were observed. These may result from intermittent flooding or a fluctu-
ating lake level, as proposed for the studied area by Passey (2014).

5.6.2. Relationship between sulphur contents and the depositional
environment

Coal from the Faroe Islands contains 0.03–0.99% sulphur and is
therefore classified as a low-sulphur coal (Chou, 2012). Sulphur abun-
dances b1% generally suggest low-pH conditions in the swamp
(Bechtel et al., 2003). Occurrences of framboidal pyrite may be related
to freshwater inputs resulting inmore reducing conditions that are con-
ductive to reducing bacteria (Strobl et al., 2014). Some authors suggest
that higher proportions of the sulphur may be related to marine inputs,
whereas low-sulphur coals are commonly deposited in continental en-
vironments (e.g., Chou, 2012; Dai and Ren, 2007; Markič and
Sachsenhofer, 1997). However, a non-marine high-sulphur Miocene
lignite with a sulphur content of up to 12.2% was reported in
Turkey by Gürdal (2011) and Gürdal and Bozcu (2011), who sug-
gested that high sulphur abundance in the lignite can be attributed
to regional volcanic activity. Additionally, Dai et al. (2012a) observed
an assemblage of syngenetic pyrite in non-marine medium-sulphur
coal that was probably derived from sulphate-rich epithermal solu-
tions. Considering the low sulphur contents in studied samples
from the Faroe Islands, it is possible to exclude the influence of
seawater during peat accumulation.

5.6.3. Comparison with results from palynological studies
Palynological studies of the Faroese coal and adjacent sediments

were performed by Ellis et al. (2002) and Lund (1989) for both Suðuroy
andMykines Island. The palynoflora is dominated by Inaperturopollenites
hiatus, Caryapollenites circulus, C. veripites, C. triangulus, Laevigatosporites
haardtii,Monocolpopollenites tranquilus,Momipites, Pityosporites spp. and
sporadically occurring Phaseoidites stanleyii, Striatricolporites sp. and
Montanapollis spp. This tree association is typical for deposition in a
warm humid climate within extensive peat swamps on overbank
floodplains or small lakes margins (Wing and Hickey, 1984). No
Table 7
Mercury abundances in representative samples from studied localities.

Sample
ID Formation Locality Sample type

Hg
[ppb]

RSD
[%] CAIHg

SK01B Prestfjall New Prestfjall mine detroxylite 56 1.06 1.12
SK04 Prestfjall Kolaminur detroxylite 22 2.39 0.44
SK12 Prestfjall Rókhagi detroxylite 127 2.99 2.54
SK16 Prestfjall Rangibotnur xylite 35 2.05 0.7
SK22 Prestfjall Gudmund's mine xylite 210 1.93 4.2
SK24 Prestfjall Kolavegurin mineral-rich 9 0.52 0.18
SK40 Beinisvørð Mykines xylite 14 1.97 0.28

RSD - relative standard deviation
CAIHg - Hg coal affinity index



Fig. 11. ABC ternary diagram of the Faroese coal samples modified after Mukhopadhyay
(1989). A –
ulminite + textinite + corpohuminite + sporinite + cutinite + resinite + suberinite; B –
densinite + attrinite + liptodetrinite; C – inertinite. The “altered organic matter” samples
were not included in this diagram due to their irrelevance in assessment of depositional
environment.
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marine flora were observed within the Faroese coal. Additionally,
Lund (1989) discovered the presence of fresh water algae,
Sigmopollis, in coal from the Rókhagi mine, suggesting a lake envi-
ronment. The algae were accompanied by Polypodiaceoisporites
marxheimensi, indicating that the lake was surrounded by forest
swamps. These palynological studies fully support the depositional
environment (wet forest swamps in proximity to a lake) suggested
in our study for the Faroese coal.

6. Conclusions

Based on a combined petrographic and geochemical approach, our
study obtanis the following results:

(1) The rank of Palaeogene coal from the Faroe Islands is lignite to sub-
bituminous. The coal is generally characterized by low sulphur
contents, medium ash yields and high volatile matter contents.

(2) Themaceral composition of the coal is dominatedbyulminitewith
an average mean reflectance of 0.34–0.53%. The proportions of
liptinite and inertinite vary in coal samples.

(3) The coal was derived from wood in a wet forest swamp environ-
ment in proximity to a lake with possibly fluctuating water levels.

(4) Basalt lavaflows of theMalinstindur Formation overlying the coal-
bearing Prestfjall Formation affected the coal to a limited degree.
Thermal effects include only a thin “anthracite-like” crust, with
no signs of elevated coal rank. Fluids accompanying the volcanic
activity induced decomposition of primary mineral phases in ba-
salts as well as in the surrounding volcaniclastic sediments and
enriched the affected coal inmineral components. The loworiginal
rank of the coal explains the absence of typical high mean reflec-
tance and natural coke textures throughout the coal sequence.

(5) Coal from the older Beinisvørð Formation can be distinguished
from that of the Prestfjall Formation based on petrographic and
geochemical criteria. The coal from the Prestfjall Formation is of
higher quality and has therefore been mined in many locations
on Suðuroy Island. However, only one coalmine is presently in op-
eration and the quality of themined coal is lower than itwas in the
past.

(6) Combustion of Faroese coal has a relatively low impact on the local
environment due to low Hg, As and S contents.
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