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On the Occurrences of Pyrrhotite from the Yeonhwa 1 Mine, Korea
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Abstract: This study is made for examining the characteristics of the lead-zinc deposition from the mineralogy of pyrrho-
tite at the Yeonhwa 1 Mine, Korea. The pymhotite of the Yeonhwa 1 mine is divided two species; the pyrthotites I and
IL The pyrrhotite [ that represents the product in Stage II mineralization is characterized by hexagonal pyrrhotite occur-
ring as the mechanical mixtures of hexagonal and monoclinic phases with various proportion. These mixtures might be
formed from “primary” hexagonal pyrrhotite by the subsequent retrograde reaction and/or by the influence of later miner-
alization in Stage IIl. Whereas the pyrhotite II crystallized out in later Mineralization Stage III (hydrothermal stage) is
always monoclinic variant with ferromagnetic properties; no two phase mixtures have been recognized.
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Introduction

In certain sulphide minerals, the variety closely
related to superstructure is usually attributed to the
ordered and partially ordered arrangement of metal
vacancy. Pyrrhotite has long been known as one of
such minerals. Pyrrhotite (Fei—xS) is a familiar min-
eral distributed widely in nature and occurs with
varying amounts in many ore deposits of different
genesis, and has been studied by many workers not
only for natural minerals, but also for synthetic
materials of the Fe-S system. As a result, it has
been revealed that pyrrhotite has complex features
in chemical composition, crystal structure and mag-
netic properties.

Up to date, about ten different structural variants
for pyrrhotite have been found (Carpenter and Des-
borough, 1964; Morimoto and Nakazawa, 1968;
Vorma, 1970; Morimoto et al., 1975a, b). All, how-
ever, are modifications of the NiAs type structure,
i.e., a superstructure of the NiAs type sub-cell (A =
345A and C=58A with hexagonal symmetry),
where A and C denote the dimensions of the ele-
mentary sub-cell, and in natural pyrrhotite the three
low-temperature modifications have been distin-
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guished by X-ray diffraction microscopic observa-
tion and electron microscopy. They are monoclinic
pyrthotite, 4C type; intermediate pyrrhotite, nC
type and hexagonal troilite 2C type; where n
denotes the numbers of multiple of C-spacing of
elementary sub-cell, having both rational and non-
rational values for c-dimensions of the superstruc-
ture; i.e.,, n=35, 5.5 or 11 and 6 or 12, and n = non-
rational number ranging from 4.8 to 6.2.

The 4C type pyrrhotite (a=11.885 A, b=6.870
A, c=2280A4, B=9047", ¢ =4C) and the 2C type
troilite (2=5.976 A, ¢=11.60A, ¢=2C) are sto-
ichiometric with the composition Fe;Ss (Fes75S1.00,
x =0.125, atomic percent Fe: 46.67) and FeS (x =
0.00, atomic percent Fe: 50.00), respectively,
whereas the nC type pyrrhotite is nonstoichiomet-
ric with the composition from approximately FeoSio
(Feos0S1.00, X =0.10, atomic percent Fe: 47.37, n=
5) to FeuSiz (FeossSi 0, x =0.01, atomic percent
Fe: 47.83, n=6) and is apparently orthorhombic,
though real symmetry is monoclinic (Morimoto et
al., 1970; Nakazawa and Morimoto, 1971; Morim-
oto er al., 1975b). The Fe-deficient intermediate
phases belonging to the nC type transform into a
high-temperature phaes, nA, above 220°C (Naka-
zawa and Morimoto, 1971).

The intermediate phases belonging to the nC
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type have been considered to have a hexagonal
symmetry and called “hexagonal pyrrhotite” for a
long time. Strictly speaking, the usage of the term
“hexagonal pyrrhotite” at present is not appropri-
ate in view of the recent works by Morimoto et al.
(1975a, b) as noted before. In the present paper,
however, following a long tradition in the field of
sulphide mineralogy, the term “hexagonal pyrrho-
tite” is used to the nC type pyrrhotite for conve-
nience and “monoclinic pyrrhotite” denotes the 4C
type pyrrhotite. Accordingly hkl indices for the nC
type pyrrhotite here used are based upon the hex-
agonal structure cell. With respect to magnetic
properties, the hexagonal pyrrhotite is anti-ferri-
magnetic (Haralden, 1941), while the monoclinic
pyrthotite is ferromagnetic (Bystrom, 1945) at a
room temperature.

On the X-ray diffraction patterns of pyrhotite,
sharp and symmetrical 10.2 superstructure reflec-
tion is indicative of troilite or hexagonal pyrrho-
tite. Distinction between troilite and hexagonal
pyrthotite is possible from the difference in the
spacings of the 10.2 superstructure reflections;
d=2.093A and 2.07-2.0587A, respectively
(Amold, 1962). Two reflections (202 and 202)
with approximately equal intensity and a angular
aperture of 0.35 (A20 for FeKo) indicates mono-
clinic pyrrhotite (Arnold, 1962). The 202 reflec-
tion overlaps with the 10.2 superstructure reflection
of hexagonal pyrrhotite. Accordingly, the 202
reflection indicates the presence of monoclinic pyr-
rhotite in the two-phase mixture.

On the other hand, there are two effective meth-
ods to distinguish the monoclinic pyrrhotite from
hexagonal pyrrhotite in the polished sections. One
is a structural etching by saturated chromic acid
(Arnold, 1962) and hydrogen iodide (Schneider-
héhn, 1952), in which the monoclinic phase of pyr-
thotite is etched more strongly than the hexagonal
phase. The other is a magnetic staining with Bit-
ter’s colloidal suspension method using magnetic
colloid (Bitter, 1931), in which magnetic domain
structures appear only within the monoclinic pyr-

rhotite, which is ferrimagnetic. Magnetite colloid
may be obtained by the precipitation with KOH
from an equimolar solution of ferro-and ferric-chlo-
rides. The black magnetite precipitate is washed
and suspended in a 0.5 percenfsoap solution. The
Bitter’s suspension has previously been used in the
study of the magnetic domain structure of iron.

Recent improvements of electron microprobe, in
particular the success in minimizing the spot size
of electron beams on the specimen surface less
than 1 um®, together with the high-contrast tech-
nique permit the observation of the minute miner-
als distinguishable from others in the back-
scattered electron images. Generally, in the back-
scattered electron images, when topographic effects
on the specimen surface are negligible, the bright-
ness of a given phase in the phase assemblages
increases with increasing the average atomic num-
ber, Z, which is a suitable parameter for the chemi-
cal contrast. From the déﬁnition, the Z is written as
XCZ;, where C; and Z; respectively refer to the
weight fraction (mass concentration) and atomic
number of element i contained in the phase. By
means of the simple calculation, we may obtain the
average atomic numbers for the two phases in pyr-
rhotite; hexagonal pyrrhotite: Z=22.10~22.15,
monoclinic pyrrhotite: Z = 22.03.

The textural relationships between hexagonal and
monoclinic pyrrhotite in the two-phase intergrowth
in ores have been studied by many investigators
(e.g., Park and Miyazawa, 1971; Mariko er al.,
1974; Muramatsu and Nambu, 1975; Miyazawa,
1977; Sugaki et al., 1978). Summarizing the data
given by previous workers, the mode of formation
of monoclinic pyrrhotite may be ascribed to the
following four possibilities; (1) exsolution from
hexagonal pyrrhotite by the cooling during the sub-
sequent period of mineralization, (2) oxidation of
hexagonal pyrrhotite, (3) hydrothermal sulphida-
tion of hexagonal pyrrhotite with increasing sul-
phur fugacity, and (4) primary crystallization.
These characteristics of the occurrences of pyrrho-
tite are deeply related with the ore depodition. This
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Fig. 1. Map showing the location of the Yeoniiwa 1 Mine district.

study is made for examining the characteristics of
the lead-zinc ore deposition from these various
mineralogy of pyrrhotite at the Yeonhwa 1 Mine.
Korea.

Location and Geologic Settings

The Yeonhwa 1 mine lies about 5km north of
Seogpo station on the Ryeongdong Line of the
Korean National Railway, and the mine Province,
approximately at lat. 37°04 N and long. 129°02 E
(Fig. 1). In the mine area, the basement rocks of
Precambrian granite gneisses - “Taebaegsan Gneiss
Complex” (Lee and Kim, 1984) and the overlying
Cambro-Ordovician of the
Joseon Supergroup are exposed extensively. The
results of K/Ar radiometric dating on three mem-

sedimentary rocks

bers of the gneiss complex given by Yun and Sil-
berman (1979) are as follows; Dongjeom gneiss:
1,744+52 Ma on Muscovite, pegmatite in
Dongjeom gneiss: 1,754 £ 53 Ma for muscovite,

and Hongjesa granite: 730 & 22 Ma on biotite. This
indicates that at least two phases of Precambrian
intrusive and/or metamorphic events took place in
the district.

The Cambro-Ordovician sediments belonging to
Duwibong (platform) sequence have been divided
into the following nine formations in ascending
order (Cheong, 1969); the Jangsan Quartzite and
the Myobong Slate; the Poongchon and the Hwa-
jeol Formation; the Dongjeom Quartzite, the
Dumudong and the Magdong Formation; and
Jigunsan Slate and Duwibong Limestone. The
boundary of Cambrian and Ordovician has been
defined at the base of the Dongjeom Quartzite for
convenience, though the biostratigraphic boundary
lies at the upper horizon of the Hwajeol Formation
(Kobayashi, 1953). Stocks of dykes of lampro-
phyre (K/Ar age: 213 4 Ma on muscovite; Yun and
Silberman, 1979) have intruded into the above
basement rocks and the sedimentary rocks of the
Samcheog Group. Dykes of quartz-monzonite por-
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phyry and diabase of unknown age also crop out in
some places.

Structurally, the Yeonhwa | mine area occupies
the eastern segment of the southern limb of Ham-
baeg syncline (called Baegunsan syncline by some
authors), whose axis trending approximately
EW~NW and plunging westwards. The structure of
strata on the surface in the mine area is fairly
steep; they strike NE and dip between 40° and 60°
NW in general, however, in the underground dips
become gentle, from 25° to 30° NW. In some
places, the strata have been overturned due to local
disturbance of faultings. Minor foldings and warp-
ings are developed locally. The dominant faults in
the mine area include (1) steep reverse fault of EW
strike with a steep dip of about 60° in north of the
mine workings, that places the Pungchon Lime-
stones over the Hwajeol Formation, (2) steep
reverse fault trending NS~N30°E dipping SW, and
(3) steep reverse fault striking N20~30"W with dips
of 45°~85°W-SW.

Oulline of the Ore Deposits

The zinc-lead calcic skarn deposits in the main
mineralized tracts at Yeonhwa 1 are represented by
several orebodies, showing lenticular and pipe-like
shape and numerous veins. Of them, the large-scale
orebodies exhibit a stratal form and pipe-like mor-
phology, which have been controlled structurally by
the intersections of NNE- and NNW- trending
faults within the Pungchon Limestone, or by the
intersections of these faults with the lithologic con-
tact between the Myobong Slate and the overlying
Pungchon Limestone (Daegi Limestone).

The mineralized zone of Dongjeom sector is
located about 3 km northeast of the main mineral-
ized tract. In this sector, the ore deposits include
West, East and Dongjeom fault orebodies. The
structural features as related to ore emplacement of
the West and East orebodies with skarn type are
quite similar to those of the Bonsan ore deposits.
However, the latter has been emplaced along the

dyke of quartz-monzonite porphyry, which intruded
into the Dongjeom fault trending NS direction and
dipping steeply eastwards.

Occurrence
and Optical Properties

Summarizing the informations on skarn deposits
in Republic of Korea and Japan, Miyazawa (1976)
has already stated that pyrrhotite is usually pre-
dominate in amounts as compared with pyrite. In
Korea, except for ore deposits of the Ulsan and
Mulkum mines, where sulphide minerals are rather
minor, almost all of the ore deposits are character-
ized by the abundance of pyrrhotite.

In the case of the Yeonhwa 1 zinc-lead (-silver)
ores, pyrrhotite is one of the commonest and the
most abundant ore-forming metallic minerals. Also
vertical zoning of ore minerals is distinct in the
mine, and pyrrhotite tends to increase with increas-
ing depth. As for the features of metallic min-
eraizations in calcic Fe, Cu, Zn-Pb, W and Mo
skarn deposits in Japan and Korea, Miyazawa
(1976) has stated that the ore deposits have three
stages in time evolutionary trend; Stage I. oxide
stage, Stage II: sulphide stage (1), and Stage III:
suphide stage (2). And in the study on the calcic
Zn-Pb skarn deposits of the Chichibu mine, Japan,
Park and Miyazawa(1971) have divided the Stage
IT into the two substages: Stage IIa and IIb on the
basis of sulphide mineralogy on pyrrhotite. The
Yeonhwa 1 pyrrhotite also shows this time evolu-
tionary trend of ore deposition and may also be
divided largely into two species on the basis of the
paragenetic sequence in the course of metallic min-
eralization. They are (1) earlier pyrrhotite and (2)
later pyrrhotite, which may be respectively denoted
as pyrrhotite I and pyrrhotite II, hereinafter.

The pyrrhotite I represents the major constituent
of the ores and is closely associated with sphaler-
ite, pyrite, galena and arsenopyrite, and on some
occasions with magnetite. The mineral occurs as
grains with irregular shape, usually from 200 pum to
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Fig. 2. Photomicrographs of the polished sections (one polar), showing the mode of occrrence of pyrrhotite. Bar scale indicates
100 in length. Abbreviation: po=pyrrhotite. cpx=clinopyroxene. sp=sphalerite. cp=chalcopyrite. g=galena. ap=arsenopyrite. py=

pyrite. mc=marcasite.

more than several millimeters across. The pyrrho-
tite II, on the other hand, occurs as a minor constit-
uent of the later vein deposits and is closely
associated with sphalerite, galena, pyrite and
thodochrosite. The mineral is anhedral in form,
ranging from 20 to 500 um across in size. Also,
the mineral occurs as independent grains, ranging
in size from 20 to 50 pm across within gangue
minerals, mostly calc-silicates, and it is trace in
amounts.

On some occasions, grains of pyrrhotite I are
partly replaced by marcasite along its fractures and
cleavage cracks, especially in the ore containing
bismuth minerals, producing lamellae of marcasite
with parallel arrangement (Fig. 2(5)). According to
Edward (1954), the formation of marcasite from

pyrrhotite depends upon the subsequent change of
redox potential and temperature of residual ore-
forming fluids during the course of pyrrhotite to
marcasite has often been pointed out by a number
of the iron sulphides in the atmospheric weather-
ing, and supergene alteration of pyrrhotite to marc-
asite has often been point out by a number of
investigators (e.g., Ramdohr, 1980). However, in
the present case, it is difficult to ascribe the marca-
site to the product of supergene alteration, and it
may be appropriate to prefer the hypogene origin,
because of its occurrence at large depth.

The pyrrhotite I is often altered to the delicate
myrmekitic intergrowths of pyrite and magnetite.
This may be explained by the oxidation reaction as

expressed by the following equation;
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6FeS + 202 = Fe;0,4 + 3FeS, (1)

Under the ore microscope, the Yeonhwa 1 pyr-
rhotites have the optical properties, which are iden-
tical with these described in literatures (e.g.,
Ramdohr, 1980; Edward, 1954). No internal struc-
tures within single grains have been confirmed by
ordinary ore microscopy. The mode of occurrence
of the pyrrhotite is shown in the photomicrographs
illustrated in Fig. 2.

Chemical Composition

The determination of chemical composition of
pyrrhotite with electron microprobe is encountered
with some difficulty to elevate the accuracy even at
the present analytical level. It has already been
pointed out by several investigators that the preci-
sion of the analytical results for sulphides and sul-
phosalts with microprobe depends significantly
upon the adequate choice of the standards utilized.
In particular, pyrrhotite is more sensitive mineral to
this respect than others, and it is insisted that
microprobe analysis of pyrrhotite requires the use
of standards which closely approximate the compo-
sition of the unknown.

On the other hand, X-ray diffraction methods,

although more labourous, still provide more pre-
cise analyses for hexagonal pyrrhotite. Arnold
(1958) has demonstrated for the first time that d;g,-
spacing of hexagonal pyrrhotite is a sensitive indi-
cator of its iron content, as far as the combined
concentration of nickel, cobalt and copper in solid
solution is less than 0.6 weight percent (Ammold and
Reichen, 1962). At present the following equation
representing calculated determinative curve for hex-
agonal pyrrhotite given by Yun and Hall (1969) is
commonly used, in which they have selected previ-
ous data plus a few points of their own and norma-
rized them all to ao = 5.4306 A for silicon standard.

Atomic percent Fe =
45212 +72.86 (di0o — 2.0400) + 311.5 (o, — 2.400)°
[e.s.d.]=0.06 )

The above methods do not apply to monoclinic
pyrrhotite which has two peaks at the location of
the 102 reflection of hexagonal pyrrhotite. How-
ever, the monoclinic pyrrhotite can be isochemi-
cally converted into hexagonal pyrrhotite by its
heat treatment in an evacuated silica tube at 325°C
for 3 to 5 minutes and rapidly quenching (Yun and
Hall, 1969).

In the present study, electron microprobe analy-
ses for pyrrhotite from the Yeonhwa 1 mine were

Table 1. Comparison of chemical composition of pyrrhotite by electron-microprobe analyses with those by x-ray diffraction.

Specimen EPMA

mean

atomic percent Fe

YHS4-301 47.66
YH84-302 4785
YH84-303 4753
YH84-304 47.09
YH84-305 46.56%
YH84-305 4728
YH84-306 4676
YH84-308 46.75*
YH84-308 4729
YH84-309 46.34*
YH84-309 4727
YHS4-310 46.59*
YH84-310 47.16

X-ray
range diffraction
atomic percent Fe

47.49~47.78 47.56
47.51~48.02 47.54
47.19~47.71 4745
46.92~47.30 47.55
46.47~46.70
47.14~47.40 4742
46.50~47.04
46.32~46.36
47.18~47.44
46.32~46.36
47.01~4741 4735
46.45~46.73
47.10~47.19 47.38

Asterisk represents monoclinic pyrrhotite.
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carefully carried out, using synthetic troilite as
standard and low accelerating voltage of 15kV,
although Desborough et al. (1971) have recom-
mended lower accelerating voltage of 6kV in
doing sulphur analyses. In Table 1, the results of
the present microprobe analyses for iron are com-
pared with those obtained by X-ray diffraction
methods using Eq (2). There are some discrepan-
cies between the two.

X-ray Diffraction

X-ray diffraction study on the Yeonhwa 1 pyr-
rthotites was carried out with FeK «-radiation
(AKo=1.9373 A) using X-ray diffractometer. The
powder patterns in the narrow spans in the front
region 20 = 58~54° (FeK,) were recorded at a slow
scanning speed of 0.25 per minute. The patterns of
the pyrrhotite T show a reflection at 2.066 A with
or without a shoulder at 2.051 A of variable inten-
sities, indicating that the materials are mechanical
mixtures of hexagonal pyrrhotite (abbreviation:
hpo) and monoclinic pyrrhotite (abbreviation: mpo)
with various proportions. Also, in rare cases, some
patterns show two reflections of approximately
equal intensities at 2.057 A and 2.051 A, which
suggest that the materials are consists almost
entirely of mpo. On the other hand, the patterns of
the pyrrhotite II always shows two reflections with
equal intensities at 2.057 A and 2.051 A, indicat-
ing that the materials are represented by the single
phase (mpo). X-ray diffraction patterns, showing
the above noted features are reproduced in Fig. 3.

Intergrowth Textures of the
Two Phase Mixtures

In order to reveal the internal textures, particu-
larly the fine intergrowth textures of hpo and mpo
in the pyrhotite I, the following three procedures
were employed; (1) structural etching by saturated
chromic acid, (2) Bitter’s colloidal suspension
method using a magnetite colloid, and (3) observa-

Specimen No.
YH84-301 (-480 mL)

Specimen No.
YHB4-310 {-480 mL)

Speciwen No.
YHB4-103 (-360 nL)

Specimen No.
YH84-128 (-150 mL)

Specimen No.
YH84-174 (-600 nL}

[ S e IR S S
55 56 57
26 (Fe Ka)

Fig. 3. X-ray diffraction patterns in the 2 region from 55° to
57° (Fe K) for pyrrhotites from Dongjeom sector.

tions of back-scattered electron (compositional)
images obtained by electron microprobe.

Structural etching by saturated chromic acid has
already been applied to distinguish the two phases,
hpo and mpo by some investigators and the good
results are obtained (e.g., Miyazawa, 1976). Unfor-
tunately, this technique was not always available in
the present study. However, Bitter’s colloid suspen-
sion technique has brought about the excellent
results. As shown in Fig. 4, mpo phase is indi-
cated by the lamellae of magnetic domain stained
by magnetite colloids. As shown in Fig. 4 the tex-
ture of hpo in which lamellae of mpo, 50~100 pm
long and less than 5 um wide, are arranged with
preferred orientation, are commonly observed. The
direction of elongation of lamellar mpo is approxi-
mately equal within single grains. However, with
increasing mpo, the lamellae gather and as a whole
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Fig. 4. Photomicrographs of the polished sections etched by magmatic colloid (one polar), showing the mode of occurrence of
pyrrhotite. Bar scale indicates 100 in length. Abbreviation: hpo = hexagonal pyrrhotite. mpo = monoclinic pyrrhotite.
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Fig. 5. Back-scattered electron (compositional) image showing the delicate intergrowth of monoclinic phase with hexagonal
phase of pyrrhotite. Bar scale indicates 100 in length. Abbreviation: hpo = hexagonal pyrrhotite. mpo = monoclinic pyrrhotite.

the aggregates of mpo show irregular shape. With The alteration of hpo into mpo is also recogniza-
more increasing mpo, the final stage of the alter- bel along the grain boundary of hpo or along
ation show the small relicts of hpo scattering cleavage, microcraks or the penetrated calcite vein-

within the mpo base. lets. The contrast of brightness with subtle differ-
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ence in average atomic number Z between hpo and
mpo is well exhibited in the back-scattered elec-
tron image as shown in Fig. 5. It is now apparent
that the observations of back-scattered electron
images are powerful tool to distinguish these two
phases.

Conclusions

In the present work, it is revealed that the pyr-
rhotite of the Yeonhwa 1 mine may be divided
largely into two species; i.e., the pyrrhotites I and
II. The pyrrhotite I that represents the product in
Stage II during the course of mineralization is
characterized by hexagonal pyrrhotite occurring as
the mechanical mixtures of hexagonal and mono-
clinic phases with various proportion. These mix-
tures might be formed from “primary” hexagonal
pyrrhotite by the subsequent retrograde reaction
and/or by the influence of later mineralization in
stage III.

Whereas the pyrrhotite I crystallized out in later
stage III (hydrothermal stage) is always mono-
clinic variant with ferromagnetic properties; no two
phase mixtures have been recognizable. However,
the study on the Yeonhwa 1 pyrrhotite that is one
of the most important ore-forming metallic miner-
als is still meagre. In particular, further investiga-
tion of the mineral in relation to the time-
evolutional trend during metallic mineralization is
needed.
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