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south Spitsbergen 

A B S T R A C T : A n t h r a c i t e coal m a t t e r fills i r r egu la r vo ids in d o l o s t o n e s of t h e U p p e r 
P ro t e rozo i c H ó f e r p y n t e n F o r m a t i o n in the H o r n s u n d a rea , s o u t h Sp i t sbe rgen . T h e coa ls a re 
of o rgan ic or igin , as indica ted by a var ie ty of c o a l - p e t r o g r a p h i c s tud ies , a n d b y assoc ia t ion 
with algal s t ruc tu res . T h e y p r o b a b l y der ived f rom b i t u m i n a a c c u m u l a t e d in vo ids o f d o l o s t o n e 
at a n early d iagenel ic s tage. T h e deg ree of coal i f icat ion (g raph i t i za t ion ) is h igh b u t diversified, 
suggest ing several coal i f icat ion stages, p r o b a b l y re la ted t o successive m e t a m o r p h i c even t s . T h e 
oldest changes m a y c o r r e s p o n d t o init ial s tage of t h e g r eensch i s t - amph ibo l i t e p h a s e o f regional 
m e t a m o r p h i s m , wi th t e m p e r a t u r e s of over 500°C a n d p r e s s u r e o f ove r 20, 0 0 0 M P a . M u l t i p h a s e 
g raph i t e crystall i tes which occur in t h e coal a re m a i n l y f ib rous . T h e r e a r e a l so crystal l i tes which 
prec ip i ta ted f rom gaseous p h a s e , a n d pyro l i t i c g r aph i t e ; t hey m a y h a v e o r ig ina t ed d u e t o ac t ion 
of meso the rma l so lu t ions which h a d p r o d u c e d o re -bea r ing veins . 

K e y w o r d s : Arc t i c , Spi t sbergen, L a t e P r o t e r o z o i c , a n t h r a c i t e coa l . 

Introduction 

Anthracite-grade coal matter filling small irregular voids in Upper Prote
rozoic dolostones of the Hóferpynten Formation (Sofiebogen Group, Hecla 
Hoek Succession) has been collected in 1990 in the Hornsund area, south 
Spitsbergen, by K. Birkenmajer during field work sponsored by the Norwegian 
Polar Research Institute (Oslo). Dr Y. Ohta and his field-assistants, J. Czerny 
and M. Manecki, completed the geological party whose aim was to correlate 
different sections of the Hecla Hoek Succession in south Spitsbergen. Their 
assistance in here acknowledged with pleasure. 



F i g . 1. L o c a t i o n of sites wi th a n t h r a c i t e coa l f rom U p p e r P r o t e r o z o i c s t r a t a ( H ó f e r p y n t e n 
F o r m a t i o n ) , aga ins t simplified geological s t ruc tu re of S v a l b a r d : A — H o f e r p y n t e n - A n d v i k a ; 

K — K r a k k e n 
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Coal —petrographic and other laboratory studies were performed by 
J. K. Frankiewicz and M. Wagner at the S. Staszic Technical University of 
Mining and Metallurgy in Cracow. Our gratitude is expressed to the Institute 
of Fossil Fuels of this University for covering laboratory expenses of our work. 

Geological setting 

The anthracite-grade coal described here was collected at two localities in 
the Hornsund area, south Spitsbegen (Fig. 1): (1) at Krakken, to the north-west 
of the Raudfjellet massif, north of Hornsund; and (2) at Hoferpynten-Andvika, 
southern coast of Hornsund. Thick carbonate sequences of the Hóferpynten 
Formation, the middle unit of the Sofiebogen Group, Hecla Hoek Succession, 
are exposed there. The formal lithostratigraphic standard used is that intro
duced by Birkenmajer (1972, 1975, 1981, 1992). 

(1) Krakken. The section investigated in the company of Y. Ohta, J. Czerny 
and M. Manecki in 1990 in the westernmost part of the Raudfjellet massif, 
exposes several formations of the Upper Proterozoic succession. The sequence 
is tectonically reversed, with the oldest units at the south-western end of the 
mountain (Fig. 2). The oldest is the Bergskardet Formation (uppermost unit of 
the Deilegga Group) developed as greenish-grey to yellowish phyllites with 
medium-grained, laminated quartzitic sandstone intercalations usually 10-50 
cm thick. The sandstones are graded, fining-up in the direction to the contact 
with the Slyngfjellet Formation. 

There follows, with sharp but parallel contact, the Slyngfjellet Formation 
(some 10-15 m thick), consisting of green schistose metaconglomerate with 
strongly tectonically deformed (lenticular) quartzite- and, less commonly, 

Fig . 2. Pos i t ion of an th rac i t e coal (A) sampled f rom the H ó f e r p y n t e n F o r m a t i o n a t K r a k k e n 
( schemat ic geological cross-sect ion surveyed in 1990 by K . B i r k e n m a j e r ) . F o r e x p l a n a t i o n s of 

l i thological symbols — see F igs 3 , 4 . Scale a p p r o x i m a t e 
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marble clasts. The quartzite clasts are 2-10 cm in diameter at the stratigraphic 
base of the unit, but may increase in size to slabs 50 cm long and 10-15 
cm thick in stratigraphically higher part. At the contact with the next unit, the 
quartzite clasts are up to 30-50 cm in diameter. 

Hóferpynten Formation. This formation consists of several lithostratigraphic 
units of member rank, correlatable to some extent with formal members of the 
formation as established earlier (Birkenmajer, 1972). Due to preliminary state 
of investigations at Krakken, we will use informal lithostratigraphic units (a-e) 
instead. 

(a) A t the base of the H ó f e r p y n t e n F o r m a t i o n t h e r e a p p e a r b l ack t o b lue -g rey sha les a n d 
phyl l i tes wi th pyr i t e , some 10 m th ick . T h e y lie c o n f o r m a b l y u p o n the Slyngfjellet c o n g l o m e r a t e . 

(6) T h e shale-phyl l i te un i t (a) passes t o b lack p l a t y l imes tone ( s o m e 5 m th i ck ) , fo l lowed b y 
b lack , often a r e n a c e o u s l imes tone a n d d o l o s t o n e ( a b o u t 60 m th i ck ) . T h e r o c k s s h o w t h e p r e sence 

F i g . 3 . Pos i t ion of a n t h r a c i t e coal (A) s a m p l e d f rom t h e H ó f e r p y n t e n F o r m a t i o n a t H o f e r p y n 
t e n - A n d v i k a (geology from R a d w a ń s k i and Bi rkenmajer 1977). P ro t e rozo i c : D G — D e i l e g g a G r o u p . 
Sof iebogen G r o u p : S F — Slyngfjellet F o r m a t i o n ; H F — H ó f e r p y n t e n F o r m a t i o n ( F M — F a n n y t o p -
p e n M b r ; A M — A n d v i k a M b r ; W M — W u r m b r a n d e g g a M b r ; D M — D u n o y a n e M b r . ) ; G F 

— G a s h a m n a F o r m a t i o n . P o s t - C a l e d o n i a n cover : C a r b — C a r b o n i f e r o u s 
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of l a m i n a t i o n , and con t a in d o l o s t o n e microbrecc ias a n d p s e u d o - c h e r t s ( p r o b a b l y recrystal l ized 
q u a r t z - s a n d lenses — c o m p a r e Bi rkenmaje r , 1972). 

(c) C o n c o r d a n t l y , c o m e grey t o whi t ish (ye l low-wea thered) phyl l i l ic l imes tones ( a b o u t 40 
m th ick) , in p la tes 1-10 cm th ick . T h e y resemble l i t ho type of the F a n n y t o p p e n M e m b e r a t 
F a n n y t o p p e n and H ó f e r p y n t e n (Birkenmajer , 1972). 

{d) A t the base of th is uni t , a p p e a r s a mass ive c a r b o n a t e pe l le t -brecc ia 2-4 m th i ck . I t cons is t s 
of flat f r agmen t s 0.5-5 c m l o n g a n d 0.2-0.5 c m th ick of grey l i m e s t o n e a n d d o l o m i t i c l imes tone . 
T h e r e fol low mass ive b a n d s of grey, ye l low-weathered d o l o s t o n e s wh ich , in t h e u p p e r p a r t , c o n t a i n 
in te rca la t ions of p seudo-che r t s , d o l o s t o n e pel le t -breccias , a n d ool i t ic r o c k s . T h e u n i t is some 
80-100 m thick. In its lower p a r t the re occur a l so clast ic d y k e s ( u p t o 50 c m th ick) filled wi th 
d o l o s t o n e de t r i tu s , and black shale in t e rca la t ions . Smal l i r regula r nes t s (2-5 c m in d i a m e t e r ) filled 
wi th b lack coa lsha le o r h a r d an th rac i t e -g rade coal occur in the u p p e r p a r t of t h e u n i t (F ig . 2: A ) : 
s a m p l e S- l . 

(e) T h e highest uni t s h o w n in F i g u r e 2 consis ts o f ye l low a n d o r a n g e - w e a t h e r e d d o l o s t o n e s 
and grey ool i t ic do lo s tones , a l t e rna t ing wi th shaly l imes tones . 

It seems probable that the units a-c of the discussed section correspond to 
the Fannytoppen Member, the rf-unit to the Andvika Member, and the e-unit 
to the Dunoyane Member. There seems to be an intraformational disconformity 
between the c/d units, marked at the base of the sedimentary breccia (d) which 
contains limestone fragments reworked from the lower unit (c). Appearance of 
clastic dykes in the rf-unit points to tectonic instability which affected sedimen
tary basin of the Hóferpynten Formation. 

(2) Hoferpynten-Andvika. The section at Hóferpynten, southern coast of 
Hornsund, has been described in papers by Birkenmajer (1972) and Radwański 
and Birkenmajer (1977). The Hóferpynten Formation is there subdivided into 
four members (Figs 3,4): the Fannytoppen, the Andvika, the Wurmbrandegga, 
and the Dunoyane members. Streaks and nests 1-5 cm thick and up to 20 cm 
long of black anthracite coal (samples S-2 to 6) occur there in massive 
dolostones with pseudo-cherts (recrystallized quartz-sand lenses) which belong 
to the Andvika Member (Birkenmajer 1972). The dolostones are crossed with 
quartz-and quartz-ore veins. 

Sedimentary environment 

Carbonate deposits of the Hóferpynten Formation were laid down 
in a shallow-marine, tidal to subtidal and supratidal (lagoonal) environment 
under warm climatic conditions. This is well evidenced by algal stromatolitic, 
oolitic-pisolitic, and other biogenic and abiogenic sedimentary structures 
described in particular from the Dunoyane and Wurmbrandegga members. 
The Fannytoppen Member might have formed in lagoonal conditions, 
the Andvika Member represents a transition from lagoonal to shal
low-marine (tidal) environment (Birkenmajer 1972; Radwański and Bir
kenmajer 1977). 
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F i g . 4 . L i t h o s t r a t i g r a p h i c c o l u m n to s h o w pos i t i on of t h e a n t h r a c i t e coa l in t h e H ó f e r p y n t e n 
F o r m a t i o n a t H o f e r p y n t e n - A n d v i k a (modif ied f rom R a d w a ń s k i a n d B i r k e n m a j e r 1977) 

Occurrence of anthracite-grade coal matter which fills small irregular voids 
in the dolostones of the Hóferpynten Formation, here described for the first 
time, is compatible with the above evidences of rich marine algal life at the 
time of its deposition. Coal-petrographic and other laboratory studies perfor
med on our samples (see below) confirm organic origin of the coal matter, and 
suggest algae as its primary source. 
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Age of anthracite-bearing strata 

The age of the Hóferpynten Formation, the middle unit of the Sofiebogen 
Group, corresponds to Upper Proterozoic. The formation post-dates cong
lomerates of the Slyngfjellet Formation, and pre-dates the Gashamna For
mation phyllites, the latter correlatable with tillite-bearing strata of Varangian 
age elsewhere in Svalbard (Birkenmajer 1972, 1975, 1981, 1990). Orogenic 
angular unconformity exists between the Gashamna Formation and the 
Cambrian strata. The sedimentary hiatus covers the highest part of the 
Proterozoic and the lowermost part of the Cambrian (Birkenmajer and 
Orłowski 1977; Birkenmajer 1978; 1992). 

Coal petrography 

Methods. Six samples numbered S-l (Krakken), and S-2 to S-6 (Hóferpyn-
ten-Anvika) were investigated, using the following techniques: 

• — petrographic study in polarized reflected light, with the use of Axioplan 
Opton and Jena Pol U (C. Zeiss, Germany) microscopes; qualitative and 
quantitative characteristics of coal; observations in blue fluorescent light; 
measurements of reflectance coefficient, mean (R°e — random reflectance), 
maximum (RJLu) and minimum ( R ^ J , according to the standards of the 
International Commission on Coal Petrology (ICCP). 

— chemical and technological analysis, based on Polish Normatives: mois
ture, ash content, volatiles, burning energy, density; content of C, S (after 
LECO method), H and N; O was calculated from differences; 

— roentgenographic analysis using diffractometer HZG/4, stepwise method 
(0.1° (2 0)/min), with CuKa radiation; phase identification was performed with 
the use of IBM X-rayan programme; 

— roentgenographic R D F (radial density distribution function) analysis 
with the use of Siemens diffractometer (Germany), MoKa and Si[Li] counter; 
stepwise method 0.1°/min was applied. 

— isotopic analysis of coal (<513 C% (PDB)), with the use of 
mass-spectrometer (USSR). 

Lithology. Two groups of samples are lithologically distinguishable: S-l 
sample (Krakken) represents anthracite coal; S-2 to S-6 samples (Hóferpyn-
ten-Andvika) represent anthracite coal-quartz breccias or anthracite co
al-quartz-dolomite breccias. 

The anthracite coal sample (S-l) is homogenous, steel-black in hue, with 
dull to slightly silky lustre. Its powder colour is black. The coal is massive, 
compact and hard, uneven to rather smooth at broken surface. 

The coal-breccia samples (S-2 to S-6) consist of 2-3 constituents: coal 
fragments are dispersed in quartz- or quartz-dolomite basal matrix. Isometric 
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or elongated coal grains are from a fraction to 1.2 mm in diameter. Generally, 
they display metallic lustre and black hue, however there are numerous grains 
with silky lustre indicating the presence of crystallites. Quartz and dolomite 
are milky-white to yellowish in larger aggregates. Thin quartz veinlets and 
strongly cataclastic coal grains are visible on polished surfaces. Dolomite is the 
main mineral element in sample S-5, but represents a subordinate element in 
sample S-4. 

Coal minerals. The mineralogical character of coal is similar in all samples; 
the coal phases differ only with respect to the degree of graphitization. 
Coal phases are the main element of sample S-l, some 3 cm in size, 
while in the remaining samples they occur as much smaller coal fragments 
dispersed in quartz (S-2, 3, 4, 6) or dolomite (S-5). Three coal phases 
have been distinguished: 

— well defined graphite-like crystallites (phase 1); 
— microgranular matrix of crystallites (phase 2); both phases, together with 

a small admixture of quartz, occur as structural elements of the majority of 
coal grains; 

— anthracite fragments in breccias, differing from the above phases in low 
porosity and distinct microcrystalline structure (phase 3). 

The graphite-like crystallites are a characteristic element of the samples 
investigated. They display high reflectance, optic anisotropy (AR°), and occur 
either as single fibres and globules or, more frequently, as aggregates. The latter 
may be either massive and irregular, or spherulitic with concentric structure, 
or band-like. The crystallites are the main element of strongly porous fragments 
(samples S-2 to 6) and of coal sample (S-l). They occur both at surfaces of 
empty micropores and between them, and tend to concentrate at margins of 
anthracite fragments in form of ribbon-like aggregates. 

Irregular, massive aggregates with mosaic texture are the most frequent type 
of occurence of the crystallites. The latter form fibres, globules, or are irregular 
in shape, being separated from one another by darker bands. The mosaic 
texture becomes more regular, concentric-radial close to pores which are up to 
30 /mi across. There, globular crystallites become more frequent and display 
wavy light extinction or interference cross. Such crystallites are considered to 
represent graphite of pyrolitic origin or that precipitated from gaseous phase 
(Stach 1952; Kwiecińska 1967; Gabzdyl 1978; Probierz 1989). 

The diametres of particular graphite crystallites are from 1 to 6 /an, usually 
3-4 /on. Their mutual arrangement, together with micropores, often resembles 
a phytogenic texture related to algal colonies (cf. Kwiecińska 1980). 

The matrix of crystallites is anisotropic, submicrogranular, consisting of 
still smaller crystallites, a fraction of /on in diameter; granular or banded type 
of optic anisotropy reflects their shapes, undistinguishable under microscope 
due to small sizes (cf. Abramsky and Mackowsky 1952). Usually, both phases 
(graphite crystallites and their matrix) distinctly differ in crystallite sizes. An 



L a t e P r o t e r o z o i c coals f rom H o r s u n d 79 

exemption to this rule is represented by sample S-4, in which crystallites of 
granular matrix are much larger than in the remaining samples, being however 
smaller than the graphite crystallites of phase 1; this sample may represent 
a transition stage to full graphitization of coal. 

Analogous agglomerations of anisotropic crystallites are known from 
natural and industrial coke, the latter obtained from low-C stone coals 
(Jasieńko 1965; Kwiecińska 1967; Gray and Lowenhaupt 1989). 

Besides coal grains consisting of phases 1 and 2, there occur in the breccias 
anthracite fragments resembling coke. The fragments are angular, up to 1 cm 
in size, showing no sorting. They consist of submicroscopic graphite substance, 
identical to that of crystallite matrix of phase 1, and display granular or 
fibrous-granular optical anisotropy. Infrequent pores are regular in shape, 
spheroidal or ovoidal, filled with quartz. They are sometimes rimmed, or filled, 
with aggregates of fibrous graphite crystallites. The share of particular coal 
phases in samples S-l to 6 is shown in Table 1. 

T a b l e 1 

A p p r o x i m a t e sha re of c a r b o n a c e o u s a n d m i n e r a l m a t e r i a l (ma t r ix ) 
in graphi l ized L a t e P ro t e rozo i c coals f rom Sp i t sbe rgen (vol . % ) 

SAMPLE 
Graphite 
crystallites 
(phase 1) 

Matrix of 
crystallites 
(phase 2) 

Anthracite 
fragments, 
matrix 
(phase 3) 

Mineral 
material 

S-1 67.1 32.5 — 0.4 

S-2 16.0 4.3 11.6 68.1 

S-3 16.9 11.8 20.3 51.0 

S-4 26.3 2.6 2.5 68.6 

S-6 18.7 — 1.5 79.8 

Variation of reflectance coefficient. Measurements of reflectance coefficient 
(R°), performed under standard conditions (ICCP Norms), show a considerable 
variation within all three coal phases distinguished (Table 2). This suggests 
differences in the degree of coalification. 

Graphite crystallites larger than 5 (minimum surface needed for 
measurements) show maximum reflectance (RS^) from 6.00 to 11.52%, 
random reflectance (R°) from 4.60 to 7.66%, and bireflectance over 3.5%. 
Based on coalification classification standard proposed by Kwiecińska (1980), 
the analysed samples fall into the following categories: 

Sample S-l: R * ^ = 6.00% - metaanthracite crystallites; 
Sample S-6: Rg,^ = 7.60% - semigraphite crystallites; 
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Samples S-2-5: R g ^ = 10.0-11.52% - graphite crystallites. 

Random reflectance (R|?) of submicroscopic matrix rich in crystallites 
(phase 2) is similar to that poor in crystallites (phase 3): 5.13 — 5.78 (Table 
2). Generally, it is lower than the reflectance of crystallites, save for sample 
S-l. Taking into account the great variability of such reflectance during 
particular measurements (6.60 — 4.43%), and the relations established by Ting 
(1982) indicating that theoretical mean maximum reflectance equals 6.0 — 7.5%, 
we may conclude that submicroscopic material of phases 2 and 3 is represented 
by: metaanthracite in sample S-l; semigraphite in sample S-6; and semigraphite 
with graphite phase in samples S-2 to 5. 

T a b l e 2 

V a r i a t i o n of ref lectance coefficient in L a t e P r o t e r o z o i c coa ls f r o m S p i t s b e r g e n . 
M e a s u r e m e n t s pe r fo rmed in oil immers ion (n = 1.54) in g r e e r r p o l a r i z e d l igh t 
(A = 546 n m ) . — m a x i m u m m e a n ref lectance ( % ) ; R ° — r a n d o m 
ref lectance ( % ) ; M A — m e t a a n t h r a c i t e ; S G — semig raph i t e ; G — g r a p h i t e 

SAMPLE 
Crystallites (1) Submicrogranular 

matrix (2) 
Fragments (3) 

Rmax Re phase Re phase Re phase 

S-1 6.00 4.60 MA 4.30 MA 
lack 

— 

S-2 10.00 6 88 G indistinct — 5.59 SG 

S-3 10.80 7.31 G indistinct — 5.78 SG 

S-4 11.52 7.66 G 5.43 SG 5.13 MA 
SG? 

S-5 11.10 7.46 G 5.30 SG .5.32 SG 

S-6 7.60 5.70 SG lack — 
lack -

Coal roentgenography 

Standard diffractometer investigation. The most intense diffraction band 
corresponds to a packet of condensed aromatic rings comparable with the 
002 face of graphite crystals. Depending on the degree of graphitization, this 
corresponds to 3.45 — 3.35 A (0.345 — 0.335 nm). In analysed samples, this band 
is intense, becoming slightly fainter at both ends, that indicates poor coor
dination of graphite packets. 

The best result was obtained from sample S-l which contained only 
a negligible amount of ash (about 1%) that did not overshadow the main coal 
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(002) 

4.040 3-708 3.427 3.187 A <l n k | 

Fig . 5. D i f f r a c t o g r a m m e s of s ample S- l , 2 0 — 4 5 (2 0) b a n d , a n d p o s i t i o n of t h e 002 b a n d . 
Symbo l s — a s in T a b l e 2 

maximum. Three maxima are visible against wide diffraction band of 002, with 
d = 3.45; 3.40; and 3.38 A (Fig. 5). The double intense maximum, 3.40 
— 3.38 A, indicates the presence of metaanthracite phase (see Kwiecińska 
1980), while the fainter one, about 3.42 A, of anthracite phase. These results 
confirm microscopic observations (based on R) that both crystallites and, to 
a great extent their matrix, consist of metaanthracite; small admixture of 
anthracite phase may occur in microgranular matrix. 

In the remaining samples (S-2, 3, 5) which are rich in quartz, the 002 band 
is almost invisible due to overshadowing by the 001 quartz band (ca 3.34 A). 
All three diffractogrammes show the presence of the following maxima (Fig. 
6): ca 3.45 A (anthracite phase); 3.42 A (sample S-3: anthracite phase); 
3.40 —3.39 A (metaanthracite phase); 3.37 A (semigraphite phase, visible in 
bending of the main quartz peak — Fig. 6, as deduced from measurements of 
R; the graphite peak coincides here with that of quartz). 
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(10111 of quartz 

and (002) of graphi te 

3.708 3.562 3.427 3.302 d n k l 

Fig . 6. D i f l r a c t o g r a m m e s of samples S-2, 3 , 5 

The graphitization stage, calculated after Oleś et al. (1975 — fide Kwiecińs
ka 1980), is from 0 (anthracite) to 0.60 (semigraphite), with probability of 
occurence of a „turbostatic" structure from 1 (100%) to 0.4 (40%). 

Roentgenographic investigations with the use of the DSH method, indicate 
a complex composition of the matrix of graphite crystallites; it consists 
of several anthracite phases, a metaanthracite phase and, maybe, also se
migraphite phase. All these phases form gradual passages from one another, 
as indicated by faintly marked second-order maxima at 3.44 — 3.37 A. 

Additional diffraction bands appear also in the samples investigated: in the 
40—45° (2 0), there occur reflexes of graphite phase from hexagonal faces 
(100) and (101), and from rhombohederal (102/3) one (Fig. 6). This confirms 
the presence of graphite on our samples. 

RDF method. This method was applied in order to recognize atomic 
structure of coal through analysis of radial distribution of atomic density 
coded in diffuse X-radiation. Such invetigations were performed for samples 
S-l and S-2. 

Quartz, which occurs in sample S-2, deforms X-ray diffraction from coal. 
It was found that we deal here with a-quartz, conformable with the JCPDS 
33 — 1161 (150) Chart, enriched in oxygen, and with small translations of atoms 
inside elementary cell. 
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Coal material of sample S-l indicates that interference effects of X-radiation 
are caused by packets of condensed aromatic rings, i.e. by fragments of 
structure relatively well ordered according to hkO and 001. Reflexes with mixed 
indices (hkl) are missing. The diffraction picture thus indicates changing 
structural patterns in different parts of the sample, that is typical of the 
anthracite-semigraphite chain. In spite of the fact that the positions of peaks 
of the R D F curves correspond to interatomic distances of graphite, no order 
was observed between particular packets (irregular distances between atoms of 
neighbouring aromatic packets). It was calculated that the mean diameter of 
aromatic packets was larger than 12 A (1.2 nm), that corresponds to pe
ri-condensed aromatic ring system with no less than 20 elements (rings). Such 
structure is typical of the graphite group in the coalification chain. 

Coal chemistry 

The results of chemical and physico-chemical investigations of the coals 
indicate a high degree of coalification (Table 3). The water content, expressed 
as stable moisture, varies from 0.10 to 0.36 wt %. The ash content varies 
considerably: sample S-l contains 1.70 wt % of ash (at 800°C), while the 
remaining ones which are strongly enriched in quartz, or quartz and dolomite 
(e.g., S-l: Table 1), contain between 41.76 and 78.71 wt % of ash. 

The burning energy ( Q j a / ) is from 8260 to 8658 kcal/kg (34,582-35,411 
kJ/kg). The value of about 8650 kcal/kg (sample S-l) seems to be 

T a b l e 3 

Chemica l p a r a m e t e r s of L a t e P ro t e rozo i c coa l s f rom Sp i t sbe rgen . W — m o i s t u r e (weight % ) ; 
A — ash c o n t e n t (weight % ) ; V — volat i les (weight % ) ; F . C . — s tab le c a r b o n (weight % ) ; 
Q , — b u r n i n g hea t (kcal /kg) ; d H , — he l ium dens i ty ( g / c m 3 ) ; C , H , N , O , S a m o u n t in wt % ; 

X" — analyt ical s ta te ; X ' — d r y s ta te ; X * , / — d r y a n d n o n - a s h s t a t e 

SAMPLE W° A d vdQf F.C. QdQt 
S 

d H e 
c daf H d a f N d a f rjdar cdaf 

s « r g 

S-1 0.16 1.70 5.14 94.86 8658 1.60 94.8 136 042 2.79 013 

S-2 033 65.84 3.76 96.24 8260 1.58 94.4 1.31 0.38 3.43 0.09 

S-3 0.36 41.76 3.90 96-10 8500 160 94.6 1.08 0.39 3.22 a n 

S-4 0.27 52.75 3.95 96.05 8420 1.59 94.0 139 041 3.60 0.07 

S-5 0.28 50.53 3.94 96.06 — 1.58 94.2 1.31 0.37 3.60 0.08 

S-6 0.10 78.71 — — — 1.32 91.7 — — — 0 2 3 
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a characteristic one. Other samples, which contain a considerable mineral 
(quartz, dolomite) admixture, probably yielded apparent values of burning 
energy, as a result of overlap of coal burning energy and thermal effects 
of transformations of non-coal minerals. 

The volatiles content is low, from 3.76 to 5.14 wt %, while the value of the 
so-called fixed carbon (F.C.) varies between 94.86 and 96.24 wt %. The 
elementary carbon content is high, 91.69 — 97.60 wt %, the hydrogen content 
is low, 1.08 — 1.39 wt %. The sulfur content is low to medium, 0.57—1.42 wt 
% (Table 3). About 1/10 of sulfur is contained in pyrite. 

The sulfur content in ash is generally low, as a mean 0.004 — 0.039 wt %; 
an anomaly is shown by sample S-6 where it rises to about 0.5 wt %. The 
nitrogen content varies from 0.38 to 0.42 wt %. 

The density, determined in He atmosphere, calculated for organic matter 
(dg°e), varies from 1.32 to 1.60 g/cm 3 . 

The above indicators of coalification stage are typical for anthracite (S-l) 
and metaanthracite (S-2 to 6), according to classifications used in Poland, 
Germany and USA. In the ICCP classification of 1988, the results of our 
analyses are typical for metaphase anthracites (high coal rank) and semigra-
phites. 

DTA investigation 

Derivatograph investigations performed on our coals gave the best results 
under dynamic oxygen atmosphere conditions (Figs 7, 8). Besides DTA 
analyses of particular samples, with the use of y - A l 2 0 3 as inert substance, 
anthracite from the Sophie mine (Germany) — a standard for Polish coal 
laboratories (LR), and rhetort graphite of Bohemian production — a standard 
for arc-spectrophotometry, were made. These methods allowed to precisely 
establish the degree of coalification in our samples. 

Sample S-l differs in the character of DTA curves from the remaining ones 
(as shown by the S-4 example). In the dynamic oxygen atmosphere, S-l (Fig. 
7) shows two sharp exothermal peaks, with a maximum about 613 and 645°C, 
and a wide exotherm about 700°C. These peaks indicate the presence of three 
phases differing in the degree of coalification, higher than that of standard 
anthracite used ( C f l / = ca 9 1 % ; V d f l / = 5%), but lower than that of synthetic 
graphite ( C d a / = 100%; V d f l / = 0%). The curves indicate that metaanthracite 
phases are dominant in the samples. 

A similar pattern of thermal changes was observed in the remaining samples; 
that from sample S-4, treated as a mean one, has been shown in Figure 4. Three 
phases occur here also, being however characterized by different maxima (620, 
660 and 740°C). Comparison with standard anthracite and graphite used, shows 
that two of these phases (620 and 660°C) have no equivalent in these standards, 
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Fig . 7. D T A curves for s ample S-l o 1 2 3 4 5 6 7 8 9 10 

I I I—"tzt—farei—I—i— 

0 1 2 3 4 5 6 7 8 9 10 x 1 0 0 ° C 

thus corresponding to metaanthracite or semigraphite; the third phase, in
frequent in the sample, is similar to graphite. 

Temperature ranges of coal burning reactions are indicative of its metamor-
phic degree (Kwiecińska and Parachoniak 1976, Kwiecińska 1967, Landis 
1971). This metamorphism would correspond to greenschist and amphibolite 
facies of regional metamorphism, as recognized in the Precambrian succession 
of Hornsund (Birkenmajer and Narębski 1960; Smulikowski 1965, 1968). 
A thermal effect, corresponding to a minimum temperature of 500° C at 20,000 
MPa pressure, as based on Landis's (1971) standard, could be responsible for 
strong degasification of coals with formation of gaseous-phase- and pyrolitic 
graphite, and for strongly occluded quartz. There is no field evidence for any 
intrusive activity of Proterozoic or younger age which would directly affect the 
Hóferpynten Formation, either at Krakken or Hóferpynten. However there are 
numerous evidences of thermal changes in carbonate rocks of this formation, 



caused by mesothermal mineralizing solutions of late Caledonian age which 
had produced ore-bearing (pyrite-copper) quartz-, quartz-ankerite, and an-
kerite veins (Wojciechowski 1964, Birkenmajer and Wojciechowski 1964, 
Birkenmajer 1992). 

Isotopic determination of «5 1 3C 

Isotopic determination of carbon, with the PDB (ISO) standard, was 
performed on three samples (S-l, 2, 3) free of carbonates. They show the value 
of f5 1 3C within the range of -25 to -29% PDB. These values are typical for 
organic coal formed as a result of biogenic cycle (see Sidorenko and Barsh-
chevskaya 1979 - fide Waleńczak 1987). They are different from the 1 3 C 
content in carbonates (r5 1 3C/PDB ~ 0 ± 4%). 
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Fig . 9. D i f f r ac tog rammes for samples S-4 (A) a n d S-5 (B). 

F P M L / S L S C A L P h a s e Chemica l F o r m u l a 
2.0 11/14 0.91 3 3 - 1 1 6 1 S i 0 2 q u a r t z , low, syn 

Ca , M g ( C 0 3 ) 2 d o l o m i t e ( - - ) 0.5 12/18 0.98 3 6 - 4 2 6 
S i 0 2 q u a r t z , low, syn 
Ca , M g ( C 0 3 ) 2 d o l o m i t e ( - - ) 

0.5 10/13 0.61 3 3 - 1 1 6 1 S i 0 2 q u a r t z , low, syn ( . . . ) 
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Mineral material of samples 

Sample S-l contains a minium amount of barren material (ash content 
— 1.70 wt %) which cannot be recognized under microscope. A sharp peak at 
diffractogrammes, with d = 3.34 A (Fig. 5), may indicate the presence of 
quartz. The remaining samples contain a high admixture of non-coal minerals 
(A d = 41.7 — 78.7 wt % ) . In samples S-2, 3 and 6, these are represented by 
quartz with dolomite admixture (Fig. 9B), and in sample S-5 — by dolomite 
with quartz admixture. These minerals, recognized also on optical examination 
(Table 1), form basal cement of the breccias. 

Conclusions 

(1) The coal matter which fills irregular voids in dolostones of the Hófer
pynten Formation (Upper Proterozoic) is of organic origin. This is indicated 
by the <5 1 3C/PDB index of -25 to -29%, and by the presence of relics of algal 
structures in the samples. Taking into account lagoonal to shallow marine 
(intertidal) character of the Hóferpynten Formation which had formed under 
warm climatic conditions, and the occurence of numerous algal structures in 
it (Birkenmajer 1972, Radwański and Birkenmajer 1977), the presence of coal 
matter in the dolostones is not surprising. The form of occurence of this coal, 
as fills of small voids in the dolostone, suggests migration of bituminous matter, 
originally more uniformly distributed in the sediment, and its concentration in 
porous parts of the deposit probably already during early diagenetic stage; 

(2) The degree of coalification (graphitization) is high and diversified, that may 
attest to several coalification stages, probably related to different metamorphic and 
metasomatic events. Sample S-l from Krakken which represents a rather 
homogenous material, shows the lowest degree of coalification corresponding to 
metaanthracite, as indicated by its reflectance coefficient and roentgenography. 
Samples S-2 to 6 from Hoferpynten-Andvika, show a slightly higher degree of 
coalification, typical for semigraphites, with subordinate graphite phase; 

(3) The oldest metamorphic changes in our coals would correspond to initial 
stage of the greenschist-amphibolite phase of regional metamorphism, with 
temperatures of over 500°C and pressure of over 20,000 MPa. This is suggested 
by thermal characteristics (DTA) of the coal material, its high reflectance and 
anisotropy; 

(4) A characteristic feature of our coals is the presence of multiphase 
graphite crystallites. The majority are represented by fibrous ones which 
grew in the coal along with coalification (graphitization) process. Graphite 
which precipitated from gaseous phase, and pyrolitic graphite, have also 
been recognized. Together with associated coke-like material, they suggest 
a rapid degasification of the coal, subsequent to transition from medium-



L a t e P ro t e rozo i c coals f rom H o r s u n d 89 

to stone-coal stage. This is confirmed by the presence of empty micropores 
coated inside with graphite crystallites, and by mosaic anisotropy of the 
matrix; 

(5) Another component of coal-breccias (from Hoferpynten-Andvika) are 
angular, poorly sorted fragments of metaanthracite and semigraphite composed 
mainly of crystallite mosaic. Regularly shaped, quartz-filled pores are here 
infrequent. They probably represent a coal subjected to alteration by hydro-
thermal (mesothermal) mineralizing solutions, as is also suggested by as
sociation with occluded quartz. This metamorphism was probably subsequent 
to other metamorphic changes in coal grains. 
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Streszczenie 

W obręb i e p ó ź n o p r o t e r o z o i c z n y c h d o l o m i t ó w formacj i z H ó f e r p y n t e n w p o ł u d n i o w y m 
Spi t sbergen ie (fig. 1 —4) występują n i e regu la rne p r ó ż n i e w y p e ł n i o n e subs t anc j ą węg lową o c h a r a k 
terze a n t r a c y t u (fig. 5—10, t a b . 1—3). Węgiel ten jes t p o c h o d z e n i a o r g a n i c z n e g o . P o w s t a ł on 
n a j p r a w d o p o d o b n i e j z b i t u m i n ó w p o c h o d z ą c y c h z r o z k ł a d u g l o n ó w , c o p o t w i e r d z a j ą b a d a n i a 
pe t rogra f i czne i obecność s t r u k t u r g l o n o w y c h w d o l o m i t a c h . D a l s z e p r z e o b r a ż e n i a m e t a m o r f i c z n e 
w facji z ie leńcowo-amfibol i lowej d o p r o w a d z i ł y d o p rzeksz ta ł cen ia się węgla w o d m i a n ę graf i tową, 
w ś r ó d k tó re j m o ż n a wyróżn ić k i lka s t ad iów o d p o w i a d a j ą c y c h k i l ku s t a d i o m m e t a m o r f o z y . 
Wys tępu ją również krys ta l i ty , k t ó r e pows ta ły z fazy gazowej , j a k też graf i t py ro l i t yczny ; m o g ł y 
o n e p o w s t a ć wsku tek dz ia łan ia r o z t w o r ó w m e z o t e r m a l n y c h , z k t ó r y m i związane j es t w y s t ę p o w a n i e 
żył k r u s z c o w y c h obecnych w d o l o m i t a c h . 


