2 Introduction

in many applications the large depth of field in SEM images (typically at least
100 times greater than for a comparable optical microscope) is more relevant
than high resolution. An important factor in the success of the SEM is that
images of three-dimensional objects are usually amenable to immediate intui-
tive interpretation by the observer. The range of applications of SEM can be
extended by adding other types of detector, e.g. for light emission caused by
electron bombardment, or cathodoluminescence (CL).

1.2.1 Use of SEM for analysis

Scanning electron microscopes commonly have an X-ray spectrometer
attached, enabling the characteristic X-rays of a selected element to be used
to produce an image. Also, with a stationary beam, point analyses can be
obtained, as in EMPA. (The spatial resolution with respect to analysis is,
however, still limited to about 1 um by beam spreading, despite the higher
resolution obtainable in scanning images.) Since EMP instruments have elec-
tron imaging facilities, used primarily for locating points for analysis, the
functions of the two instruments overlap considerably. The SEM is optimised
for imaging, with analysis as an extra, whereas in the EMP the priorities
are reversed and various additional features that facilitate analysis are
incorporated.

1.3 Geological applications of SEM and EMPA

The advantages of the SEM as an imaging instrument (high spatial resolution,
large depth of field, and simple specimen preparation) make it an invaluable
tool in the following branches of geology.

PH%2 Palaeontology. The @ is ideally suited to the study of fossil morphology,

especially that of micro-fossils.

Sedimentology. Three-dimensional images of individual sediment grains and inter-
growths can be obtained; data on fabric and porosity can also be generated.
Mineralogy. .;@m very effective for studying crystal morphology on a micro-

scale.
Petrology. The ability to produce images of polished sections showing differences in
mean atomic number is very useful both in sedimentary and in igneous petrology.

The reasons for the widespread application of EMPA to geology (whether
carried out in a ‘true’ EMP instrument or SEM with X-ray spectrometer
fitted), especially in the fields of mineralogy and petrology, can be summarised
as follows.

1.3 Geological applications of SEM and EMPA 3

(1) Specimen preparation is straightforward and entails the use of existing techniques
of section-making and polishing with only minor modifications.

(2) The technique is non-destructive, unlike most other analytical techniques.

(3) Quantitative elemental analysis with accuracy in the region of +1% (for major
elements) can be obtained.

(4) All elements above atomic number 3 can be determined (with somewhat varying
accuracy and sensitivity).

(5) Detection limits are low enough to enable minor and trace elements to be deter-
mined in many cases.

(6) The time per analysis is reasonably short (usually between 1 and 5min).

(7) Spatial resolution of the order of 1 um enables most features of interest to be resolved.

(8) Individual mineral grains can be analysed in situ, with their textural relationships
undisturbed.

(9) A high specimen throughput rate is possible, the time required for changing
specimens being quite short.

These characteristics have proved useful in the following subject areas.

Descriptive petrology. The EMPA technique is commonly used for the petrological
description and classification of rocks and has an importance comparable to
that of the polarising microscope.

Mineral ..&mm...._,.\manuzuex. As an adjunct to polarised-light microscopy and X-ray
&an:o:,% provides compositional information that assists in mineral
identification.

Experimental petrology. For experimental studies on phase relationships and elem-
ental partitioning between coexisting phases, the spatial resolution of the elec-
tron microprobe is especially useful, given the typically small grain size.

Geothermobarometry. The EMPA technique is ideally suited to the determination
of the composition of coexisting phases in rocks, from which temperatures and
pressures of formation can be derived.

Age determination. Th-U-Pb dating of minerals containing insignificant amounts of
non-radiogenic Pb (such as monazite) is possible by EMPA, with higher spatial
resolution than can be obtained with isotopic methods, though lower accuracy.

Zoning. The high spatial resolution of the technique enables zoning within mineral
grains to be studied in detail.

Diffusion studies. Experimental diffusion profiles in geologically relevant systems
can be determined with the electron microprobe, its high spatial resolution being
crucial in this field.

Modal analysis. Volume fractions of minerals and other data can be obtained by
automated modal analysis, mineral identification being based on X-ray and
sometimes backscattered-electron signals.

Rare-phase location. Grains of rare phases can be located by automated search
procedures, using the X-ray signal for one or more diagnostic elements.
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Fig: 5 Ternary relationship of FeS, MnS and CdS
contents in sphalerites from the No. 1 and
the No. 2 Yeonhwa and the Ulchin mines.

Compositional variation of sphalerites
(regional scale)

A total of 42 metallic mines comprising W-
(Mo-Bi), Cu-(Pb-Zn), Zn-Pb-(Cu), Fe, Ag
and Au mines were concerned in regional scale
to determine the variation of Fe, Mn and Cd
contents in sphalerites.

Interrelation of mean FeS and MnS contents
in sphalerites is plotted in Figure 6. In general,
the FeS contents seem to be proportional to the

mw.
.
=5 — 0

g Motns Moten

Fig. 6 The relation between mean MnS and FeS

contents in sphalerites collected from 42

various metallic ore deposits.
MnS contents. The relationship between mean
CdS and MnS contents is shown in Figure 7.
Dotted line in Figure 7 means the average value
of CdS mole % in sphalerites(up to 0.5 mole
%) from hydrothermal metallic ore deposits
(Mookherjee, 1962; Shimazaki & Shimizu, 1980).
Most of Cu-(Pb-Zn), Zn-Pb-(Cu), and Fe de-
posits are characterized by low CdS contents in
sphalerites(less than 0.5 mole %). Most of tun-
gsten deposits and some gold deposits (Samgwang,
Gubong, and Gyeolseong Au mine) have high
CdS contents in sphalerite(more than 0.5 mole
9). Tungsten deposits include Daewha, Sang-
dong, Susan, Weolak, Ilgwang, and Garisan
mines. The Mn$S contents in sphalerites show two
modes of distribution: one is relatievly high MnS
(more than 1.0 MnS mole %) and the other
is low MnS(less than 1.0 mole %). It is note-
worthy that sphalerites from Zn-Pb-(Cu) depo-
sits contain variable amounts of manganese
ranging from 0. 05 mole % (Sambo mine) to 4.53
mole % (Janggun mine). Compared with other
mines, MnS contents in sphalerites from Jang-
gun, Ulchin, Sinyemi, No. 1 Yeonhwa, No. 2
Yeonhwa and Younggug Zn-Pb mines have high
range more than 1.0 mole %. Such results
correspond to the abundance of manganese min-
erals in orebodies or skarns of these deposits.
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Fig. 7 The relation between mean CdS and MnS
contents in sphalerites collected from 42 vari-
ous metallic ore deposits. Dotted line means
the average value of CdS mole % in sphaler-
ites(~0.5 mole %) suggested by Mookherjee
(1962), and Shimazaki and Shimizu(1980).

All of Cu, Fe, Au, Ag, and W deposits are

characteristic in low MnS contents except two

W deposits such as Susan and Cheongyang mines.

Ternary relationship of FeS-MnS-CdS contents
in sphalerites is plotted in Figure 8. As discussed
above, sphalerites from Cu-(Pb-Zn), Zn-Pb-

(Cu), and Fe deposits are relatively depleted in

cadmium, whereas sphalerites from W and some

Au mines are enriched in Cd. MnS contents are

relatively variable in sphalerites from base metal

deposits.

10x MaS 10xCdS
Fig. 8 Ternary relationship of FeS, MnS, and CdS
contents in sphalerites from 42 various metallic

ore deposits.

Considering the related igneous rocks of the
studied ore deposits, low Mn contents in sphal-
erites seem to be associated with plutonic igneous
activity, and low Cd contents tend to be assoc-
iated with hypabyssal to effusive activity (Figure
9). But Cd contents in sphalerites from the stu-
died ore deposits which are geologically associated
with plutonic activity are highly variable.

Source of cadmium in sphalerites

Cadmium contents in sphalerites occurring in
W ore deposits are exceptionally high, ranging
up to 3.83 mole % CdS in the Daewha mine.

Hyhothermal ore depedt

Fes

4.0

effusive activity
@ Unknown

m ® Ore deposits associated t»aatnn:nn%

: O Ore deposits associated with hypabyssal and

S hypbupsal (eipRer )

MnS  Mole %

Cds Mole %

10xMnS
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Fig. 9 The ﬂ_hmom.uEv of CdS-MnS, and FeS-MnS-CdS contents in sphalerites with reference to
the related igneous rocks of the studied 42 ore deposits.
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the genesis of individual ore deposits, but only
Introduction few papers have attempted to clarify the
Sphalerite is one of the commonest ore compositional variation of sphalerite from the
minerals occurring in hydrothermal metallic regional viewpoint. One of the most com-
ore deposits. Descriptions of composition of prehensive, classical reviews on the minor
sphalerite from various parts of the world are  clement contents in sphalerite was carried
found in so many literatures. Electron probe out by Frescaer (1955). In Japan, Taxa-
microanalysis has been established to be a2 masm (1963) analyzed 366 specimens of
useful technique for the determination of sphaleritc from the Inner zone of Northeast
major and minor clement contents in sphal- Japan (socalled Green Tuff region) by a
erite since classical works (e.g. WiLLiaMs, spectroscopy method, to show the regional
1967). FeS content in sphalerite has been characteristics and geochemical behavior of
proposed as a sensitive indicator for sulfur trace clements in view of the type of ore
fugacities prevailed during the ore precipita- deposits and their condition of ore formation.
tion (BAarToN and Tourmn, 1966). The FeS  Somazaxr and Senazu (1980) showed that
content in sphalerite is also useful as geo- FeS, MnS and CdS contents in sphalerites
barometer when sphalerite coexists with hex- from several tems of skarn-type deposits in
agonal pyrrhotite and pyrite (e.g. ScorT and  Japan represent certain regularities; and gave
Barngs, 1971). possible genetical implications of these regu-
The data of sphalerite composition have larities.
been included in so many papers discussing In Korea, So (1977) studied the trace ele-
ment geochemistry of sphalerites collected
* The manuscript received on June 18; accepted  from 16 Zn-Pb deposits of various geologic
on June 24, 1981. settings, and ooncluded that specific cor-
oog.%“ﬂlllﬁg relations of the trace elements are controlled
SR T 46 S tional 4 ceological settings and by physicochemical
University, SkincimLocg, GwemgGe, Sooul aditions of the ore formation. His conchusion
e o&iﬂ:ﬂgmﬁ.—a&m&.ﬁceﬁuq was unfortunately confined to sphalerites
of Tokyo, Hongo, Tokyo 118, Japan. . from Zan-Pb deposits. Until now in Korea,
##4¢ Mincral Deposits Department, Geological Survey  therefore, there' have been no systematic
= rip_ua.wmhﬂ. 1-1-3, Yatsbe, Tsukuba, .\ dies on the cbmpositional variation of
8._8...‘?}&&.3 relation to their associated “metallic elements
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Table 1 Brief descriptions of geology and ore deposits of the 14 studied mines.

Name of Type Major By- Wall Age of Related Age of
No. mine of ore  metallic products rocks wall R
deposits minerals rocks “rocks ‘rocks
1 Bupyong veins Ag, Pb rhyolite late granite (?) Cret. operating
(net- Jura.-
works) Cret.
2 Sihung skarn Pb, Zn, lime- Pre-Cam. felsite (?) Cret. closed
Cu ilicates
3 Sinyemi
Eastern D. lensor  Zn, Pb Mo, Cu, limestone Cam. felsite Cret. operating
pipe w porphyry
liparite
Western D skarn Nmn. Mo, limestone Cam. liparite Cret.
4 Sangdong skarn W, Bi, Au calcareous Cam. ? operating
Mo shale
limestone
5 Geodo skarn Fe,Cu Au limestone Cam. diorite Cret. operati
diorite Cret. porphyry o
porphyry
6 No. 1 Yeonhwa skarn Zn,Pb Ag limeston: Cam. quartz Cret. operating
porphyry
7 No.2 Yeonhwa skarn Zn,Pb Cu,Ag limestone Cam. granite Cret. operating
porphyry
8 Ulchin skarn Zn,Pb  Cu limestone  Cam. liparite Cret. operating
9 Susan veins W, M Mo granite Cret. granite Cret. closed
10 Wolag operating
Kwangchon veins Cu Pb, Zn, hornfels Ordo. granite Cret.
D. W, Bi granite Cret.
Dongsan D. veins W, M Pb, Zn, lime- Ordo. granite Cret.
Cu silicates
hornfels
granite Cret.
11  Ulsan skarn Fe w limestone Cam. (?) granite (?) Cret. (?) operating
12 Tlgwang breccia Cu, W Ag grano- Cret. grano- Cret. developing
pipe diorite diorite
13 Mulgum veins Fe andesite Cret. granite (?) Cret. (?) operating
14 Haman veins Cu Co, Ag, grano- Cret. grano- Cret. closed
Au diorite diorite
hornfels

and geologic environments of the deposits.

In the present paper, sphalerites taken from
14 representative mines in Korea, were
partially analyzed for iron, manganese and
‘cadmium by using an electron probe micro-
analyzer. Compositional variation of the
sphalerites is given with brief descriptions of
their occurrences, and will be compared from
the regional viewpoint.

Sample Preparation and
Analytical Procedure
Brief descriptions on geology and ore
deposits of the studied 14 mines are listed in
Table 1. The age of the related igneous activi-
ties is mainly based on the present authors’

recent consideration on the metallogeny in
Korea (SHmMAZAKI et al,, 1981a). A locality
map of the studied mines, and mineral as-
semblages found in them are given in a
separate paper (SHIMAZAKI et al., 1981b).
Three kinds of polished sections were
prepared for the present sudy of electron probe
microanalyses. The first one is made from
mill products (concentrates) collected from
the mineral dressing plant of the studied
mines, because mill products are thought to
be representative mixture of ore minerals in
the deposits. As shown in Table 2, analytical
results of the Bupyong (Ag-Pb), No. 1 and
No. 2 Yeonhwa (Zn-Pb), Ulchin (Zn-Pb),
Susan (W-Mn), Wolag (W-Mo) and Ulsan
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Table 2 Analytical results on sphalerites from 14 studied mines.
Name Number
A of of FeS (mol %) MaS (mol %) CdS (mol %) R 5

mine _x&rﬂ Mecan S.D. Range Mecan S.D. Range Mean S.D. Range

1 Bupyong 17 13.18 2.940 8.39-16.92 0.33 0.087 0.15-0.48 0.39 0.186 0.15-0.79 m
2 Sihung 85 14.34 3.302 6.43-23.25 0.53 0.465 0.02-2.02 0.47 0.151 0.16-0.77 c
3 Sinyemi 148 3 L i c
4 Sangdong 290 16.50 1.544 12.85-20 Soieu_cc.sl__o 2.14 0.477 0.94-2.80 P
5 Geodo 7 14.04 1.715 11.16-15.31 0.10 0.102 0.02-0.30 0.31 0. 161 0.15-0.45 P
6 No.l 80 21.39 2.280 17.27-28.52 1.39 0.678 0.49-3.04 0.39 0.064 0.24-0.53 m
Yeonhwa
7 No.2 82 19.60 2.112 13.03-24.75 1.79 0.675 0.64-3.56 0.36 0.057 0.20-0.49 m
Yeconhwa
8 Ulchin 51  20.42 2.710 10.88-24.37 2.07 1.386 0.18-6.86 0.38 0.126 0.01-0.53 m
9 Susan 61 14.90 6.243 4.09-22.55 1.37 0.937 0.27-3.25 0.91 0.191 0.39-1.17 m
10 Wolag 147 13.27 4.083 5.92-19.51 0.46 0.378 0.00-1.29 0.87 0.318 0.42-1.47 m, p
11  Ulsan 73  19.14 1.613 15.81-23.32 0.27 0.151 0.03-0.82 0.29 0.074 0.12-0.52 m
12 Ilgwang 70  19.39 3.008 14.41-23.26 0.23 0.232 0.00-0.62 0.53 0.089 0.35-0.77 P
13 Mulgum 15 9.88 1.790 7.82-15.47 0.65 0.135 0.40-0.85 0.16 0.049 0.11-0.26 P
14 Haman 47  6.22 2.472 4.74-15.77 0.09 0.047 0.00-0.17 0.35 0.054 0.23-0.49 P

S.D.: standard deviation

Remarks: C-&Enﬁ%gvo_l_—&g m: concentrates (mill products),

prepared by

I crushed hand specimens, p: normal

[+
vo_.lxx._ Bnﬂonr

(Fe-W) mines were obtained from such
specimens.

The second one is prepared from several
crushed hand specimens which were collected
from the different sites of the deposits. In the
case of the Sinyemi (Zn-Pb-Mo) and Sihung
(Pb-Zn—Cu) mines, this type of polished
sections was used and described as composite
polished sections in Table 2.

The third one is a normal polished section
made from a hand specimen. It was very
difficult to i &95%8%879:«.
in the hand specimens collected from the
Geodo (Fe-Cu), Mulgum (Fe) and Haman
(Cu) mines. Then several polished sections
were checked under the microscope for each
deposit.

Composition of sphaleritc was determined
by an clectron probe microanalyzer of JXA-5,
JEOL with 40° take-off angle at the Geologi-
cal Institute, University of Tokyo. Three
elements, iron, manganese and cadmium were
measured by a partial analysis method. Zinc
and sulfur contents of sphalerite were cal-
culated assuming that the atomic proportion
of metals including zinc, iron, magnanese and

cadmium to sulfur is 1: 1. The accelerating
voltage was 25 kV, and used standards were
natural chalcopyrite of known composition
for iron, synthetic MnS for manganese, and
synthetic CdS for cadmium. High and low
background counts for each element were
measured on metallic molybdenum and alu-
minum, respectively. The X-ray intensities
at each point were measured only one time
for a fixed interval of 10 seconds. Quantitative
corrections of the intensity data for the atomic
number, absorption and fluorescence effects
were performed by using the computer pro-
gram FEMAC for the partial analysis of
sphalerite, which was modified from the
method proposed by SweaTMAN and Lone
(1969).

Result and Discussion

The iron, manganese and cadmium contents
in sphalerites determined by the electron
probe microanalyzer were recalculated to
FeS, MnS and CdS mole percent. Arithmetic
mean, standard deviation and range of con-
tents of cach component are listed in Table 2.
The number of the analyzed points for the
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sphalerite are identified under the microscope. 50 contents arc about 20 and 0.4 mole percent
30 - FeS contents of sphalerites from the deposits 5 respectively. Compared i:_.. 052,—8353.
where pyrrhotite is rare or absent, are less e MnS contents are so high ranging from _.um
M.N: MonBo_o _uoaoo:w& .M__.Oun movowmn ”or&o i to 2.07 mole percent in mean values. Such
upyong, Geodo, gum an aman o = : results correspond to the abundance f -
* 20 e (SuiMAzAK1, SATO and Cuon, 1981b). In the = 50 m.2Eowwa  ganese minerals in skarns of 98..” %M&“ﬂ:
kL ’ other ten deposits, pyrrhotite with or without & none Further an interesting trend is observed in
M n. 5 3”:.8 is common, and FeS contents of sphal- m itz the Wolag tungsten mine as shown in Figure
k4 erites from those deposits show reasonably m 4. There are two main veins in the mine which
- large variations. The mean contents of FeS < T were formed apparently under the same
m.._w &:&m HM,%_A.VM»A_ together in Figure 1. | - mi s geologic settings (Table 1). Sulfide minerals
.n_.. o“ ¢ v.m.om doauvrﬂ_goﬂ are also en- i Noxw such as chalcopyrite, galena and arsenopyrite
Mo . :.n . mo! - es, but the reverse rela- i are abundant in Kwangchon veins, while
on is not always the case. : wolframite, molybdenite, pyrite, pyrrhotite
10 20 30 The ..o—u..:on. between MnS and CdS contents o o Go) > and scheclite are predominant in Dongsan
MnS Mole % of sphalerites is shown in Figure 2. About 0.5 Fes s@ % veins. Among the three components in sphal-
Fig. 1 The relation between mean FeS and MnS  mole percent of CdS was suggested as an erites, CdS shows the most sensitive variation
contents of the studied sphalerites. Numbers cor-  average value in sphalerites from various types " b4 in relation to the associated ore minerals. In
those of the mines li i i KHER| - ’
e T s Sumintas s Sy, 1900, D T Rl
H > . seems to re! to bun-
line in Figure 2 shows this average CdS LI_.l—I_l_ gﬁ.%u&—“ﬂurﬁagﬂﬂo
0 content .on 3&398..8»_ sphalerites. The %h almost same geologic environments of ore
composition of sphalerites from the Sinyemi, & v i formation.
. . ~NeLy
No. 1 and No. 2 Yeonhwa and Ulchin mines 2 = All tungsten ore deposits studied in the
(Nos. 3, 6, 7 and w in the mmEd. ), important m present paper are genetically related to
: : Zn-Pb producers in Korea, is characterized Al plutonic rocks, and display high CdS content
DY) S} by high MnS and low CdS content (less than i of sphalerites without exception, ranging u
e : b No.1 YEONHWA onv. . o Dol
< % 0.5 CdS mole percent). On the contrary, am to 2.80 mole percent CdS in the Sangdong
M o .WW”MMH.E m«MB_bﬂncbquo-w _n_nvoﬂ..u u..br. umz the So- oen mine. The reason why cadmium is enriched
2 " ° ong, Wolag and Ilgwang mines (Nos. in sphalerites in tungsten ore deposits is not
s 4, 10 and 12 in Fig. 2), belong to another : yet solved physicochemically. Similar com-
Lo § group of low MnS and high CdS mole percent. e Sl S AT R R i positional variation of sphalerites is also
: High MnS content is exceptionally observed el gg?%&ﬁmwaghuvnbao
B 3 s .
.M o . in u_urh_ﬁ._ﬁm from %u.o ..ME tungsten- N wcrm hydrothermal ore deposits (SHmMAZAKI and
e Ty manganese mine (No. 9 in the figure). Third Hoen Sunazu, 1980), and will remain to be solved
5! i 8 group includes iron and/or copper deposits in the future.
o5 1.0 i Rzu.o.\. 30  such as the Geodo, Mulgum and Haman mines _LL]_LI.I—] Acknowledgments: The first author (HTC)
e s P
(Nos. 5, 13 and 14 in the figure), which are gl == wishes to his sincere titude to
Fig.2 The relation between mean MnS and CdS  characterized ites of low MnS and . .
g S U s oy by sphalerites of low MnS mx Jr...!! Professors Yong Won Jom, Jung Hee Sum,
the average valuc of CdS mole% in sphalerites It is worthy of note that the variation of 9 e Emﬁ.u.ﬂ.- .&.Omv_.—ana. 8
(~0.5 mole%,) ity o = (1962) ik y of note o o 3 Seoul National University, who always gave
g E&. wum (1980). The num! sph gnogsvoanoau»_ﬁaahﬁngg & , him a stimulus to continue his advanced study
ovavepand t fhass of Gio wines Teted fa TWHET WU 500 &5 S6% S example, . at the University of Tokyo, Japan. He is also
and 2 sphalerites from the No. 1 and No. 2 Yeonhwa - Y m&! .
and Ulchin mines are the case as shown in X Frequency distribution
Bupyong, Geodo, Mulgum and Haman Figure 3. Thesc three zinc-lcad mines are i ml.-“n* in sphalerites from Nﬂmﬂmo. ,uuwnubﬂmxw
deposits are less than 50, because only small spatially close to each other, and are thought . Yeonhwa and Ulchin BFQ.E....BrRo..Er_«u&
sphalerite inclusions in other sulfide minerals, to have genetical relation to similar hypabyssal e Y points, M: mean value of analyzed data, SD:
especially in chalcopyrite, or a few grains of igneous rocks (Table 1). Mean FeS and CdS cds Mol % standard deviation.
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Fig. 4 Frequency distribution of FeS, MnS and CdS
mole% in sphalerites from two main veins of the
Wolag mine. See Fig. 3 for explanation of n, M and
SD.
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