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Discovery of Cu-Ni-Zn-Sn-Fe intermetallic compounds
and S-bearing alloys in the Zhaishang gold deposit,
southern Gansu Province and its geological significance
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Examination of ores by optical microscope and EPMA from the Zhaishang gold deposit, southern
Gansu Province, has revealed an abundance of rare minerals. These include native metals,
Cu-Ni-Zn-Sn-Fe polymetallic compounds and S-bearing alloys of Ni, Fe, Zn, Cu and Sn, occurring as
native nickel, Zn-Cu alloy, Ni-Zn-Cu alloy, Sn-Zn-Ni-Cu alloy, Zn-Cu-Ni alloy, Zn-Fe-Cu-Sn-Ni alloy,
Fe-Ni-S alloy, Sn-Fe-Ni-S alloy, Fe-Zn-Cu-Ni-S alloy, Zn-Ni-Cu-Fe-S alloy and others. Compared with the
Zn-Cu alloy minerals discovered previously, these Zn-Cu minerals fall in the a or a+p portion in Zn-Cu
alloy phase diagram, and the a portion has higher Cu content. Cu-Ni-Zn-Sn-Fe intermetallic compounds
and S-bearing alloy minerals have not been previously reported in the literature. These rare alloys

formed in a strongly reducing environment with absent oxygen and low sulfur activities.
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Ever since Fe-Ni and Fe-Ni-Co alloys were found by
Melville!"! in Oregon, the native metals and their inter-
metallic compounds of Fe-group elements, PGE, W-Mo
group elements and sulfurized ore-forming metals have
been described in lunar rock, aerolite, granite, ophiolite,
kimberlite, lamproite, gabbro-diabase, quartz diorite,
volcanic tuff and ore deposits of chromite, diamonds,
asbestos, porphyry copper, cobalt, Cu-Ni sulfides, REE,
gold, the oxidized zone of sulfides and residual talus. As
examples, large quantities of native metals and alloys
(CuyZn, CupNi ) are hosted by ophiolite in the Far-east
Koryak plateau*; PGEs and their alloys are hosted by
ophiolite and chromite in Kempirsai, Kazakstan[s]; PGEs
and their alloys hosted by the ophiolite complex and
alluvium in New Caledonia!®; abundant Fe group ele-
ments, PGEs and Cu-Zn intermetallic compounds hosted
by the quartz gold deposit of Sukhol Log in Russial’’;
the metallic films on diamond hosted by kimberlite and
lamproite; and large quantities of native metals and

various of alloys such as Cu, Sn, Fe, Zn, Ni-Fe, Fe-Sn,
Cu-Zn, CuyZn, Cu3Zny, Cu3Sn, Cu-Zn-Pb and Pb-Sn-
Cu(Au) hosted by ultramafic rock and chromite in the
. . 8
northern margin of Russian platform®; the Cu-Zn and
R . .19
Cu-Sn alloys in the Sumatra placer in India"”; and more
than 200 native metals and intermetallic compound
minerals summarized by Makeev et al.'® in Alpine
ophiolites. In China, many reports about the study of
native elements and intermetallic compound were pub-
. 11 .
lished""). There have been many examples of native
elements (Cu, Zn, Ni, Fe, Sn) and their intermetallic
compounds from producing areas in China. They are
hosted by various rocks as follows: (1) aerolite; (2)
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supergene oxidation zone; (3) volcanic tuff; (4) ultra-
basic-basic rocks and their deposits; (5) mid-acidic rocks
and the deposits; (6) hydrothermal gold deposits; (7)
SEDEX type cobalt deposit; (8) Cu-bearing carbona-
ceous shale and carbonate; (9) sandstone type deposit;
(10) REE deposits; (11) Ag-Pb-Zn polymetallic deposits;
(12) asbestos deposits; (13) alluvial deposits and artifi-
cial placers.

A large number of native metals and intermetallic
compounds have been reported, but the majority are
elementary substances and binary alloys. There are few
reports on polymetallic compounds. Some alloys occur
in legume-shape chromite grains in the Luobusha ophio-
lite, Tibet, such as Ni(Fe)-C-Cr, W-Cr-Co, Al-Fe-La,
Fe-Si-Ti, Ag-Sn-Si, Ni-Ir-Fe, Fe-Pd-Pt and Fe-Ni-C!'?.
The S-bearing alloys are used as high-temperature mate-
rials, high temperature lubricants or surface materials in
modern industrial application. Examples include Fe-S!"*!,
Ni-s! 719 st sis!') Fe-Ni-S!", Fe-Si-sP,
Sn-S™Y, Ni-S-Co??, Ni-Cr-8"*), Ni-Cr-Mo-S”*, Ni-Fe-
W-S%°! and Ni-Fe-W-P-S*%). No natural S-bearing alloys
have yet been reported. This article reports on Cu-Zn-
Ni-Fe-Sn intermetallic compounds and S-bearing alloys.

1 Basic characteristics of the Zhaishang
deposit

Located in the western part of the Min-Li metallogenetic
belt, western Qinling Mountains, the Zhaishang gold
deposit is a recently discovered large Carlin-type dis-
seminated gold deposit. It occurs in the Middle Devo-
nian and the Lower Permian, a turbidite formation
composed of quartzose sandstone, siltstone, slate and
limestone. The orebodies appear to be controlled by
NWW-NW faults.

Based on the features of the ore-bearing protolith,
ores can be grouped into two types: fine-grained sand-
stone type and calcareous slate type. The main sulfide
minerals in the gold deposit, besides the already known
pyrite, chalcopyrite, tennantite, arsenopyrite, stibnite,
galena and sphalerite, include molybdenite, bournonite,
guejarite, zinckenite and covellite as well as an inter-
metallic compound of Cu-Ni-Zn-Sn-Fe and sulfurous
alloy .There are also some oxides, carbonates and sul-
fates. Gold mainly is present as invisible gold, but very
fine-grained native gold can be occasionally seen under
a microscope.

The minerals are found in a variety of textures:

mainly automorphic, hypidiomorphic, xenomorphic,
framboidal, metasomatosis, pseudomorphous, micro-
scopic girdles and cataclastic. The ores occur as vein-
veinlets, breccias, disseminations, radiating, massive and
drusy.

Wall rock near the mines has been altered strongly.
The chief hydrothermal alteration types are the introduc-
tion of silica and calce. The intensity of hydrothermal
alteration is positively correlates with the concentration
of gold and associated ore minerals.

Based on the relationships of ore veins, mineral as-
semblages, paragenetic sequence and ore fabrics, three
epoches of mineralization can be recognized as sedi-
ment-lithogenic period, hydrothermal period, and su-
pergene oxidation period. The hydrothermal epoch can
be subdivided into four stages: (1) Stage I, represented
by the association of pyrite-quartz; (2) stage II, repre-
sented by the association As-bearing pyrite-arsenopyrite-
pyrrhotite-quartz; (3) stage III, represented by the com-
mon association of pyrite-chalcopyrite-tetrahedrite-
galena-sphalerite- stibnite-gold-calcite- quartz; (4) stage
IV, represented by the association of calcite-siderite.
Stages 11 and III are the main stages.

2 Samples collection and analysis con-
dition

The samples of Cu-Ni-Zn-Sn-Fe intermetallic com-
pounds and S-bearing alloys were extracted from quart-
zose sandstone type and calcareous slate type gold ores
in the Zhaishang gold deposit. The host rocks are cut by
pyrite-bearing quartz veins, disseminated by pyrite and
intensely silicified and carbonatized.

The original silicified quartzose sandstone was
fine-grained silty feldspar quartzose sandstone that con-
tains abundant framboidal pyrite aggregates (Figure 1).
Some have been recrystallized and formed into big
spherosomes. Calcareous slate is rich in brachiopod fos-
sils, the margins of which are replaced by pyrite. Based
on the characteristics of ore type, ore mineral associa-
tions, and ore textural relations, the authors consider that
these rare alloys formed during the early stages of min-
eralization.

Polished sections were examined with a reflecting
microscope, and their minerals were analyzed by EPMA
in the experimental centre of China University of Geo-
sciences, Beijing. The EPMA instrument is a Japanese
EPMA-1600 with accelerating voltage set at 15 kV, cur-
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Figure 1 Abundant framboidal pyrite aggregates disseminated in quart-
zose sandstone type ores from Sample 06ZS-84.100x (—).

rent 20x10™° A and electron beam spot diameter 0.5 pm.
Standards were for Cu-chalcopyrite, Zn-willemite,
Ni-pentlandite, Sn-cassiterite, Fe-pyrite, S-barite. The
dealing of the analysis data adopts ZAF-amendments.

3 Analytical results

Under the reflecting microscope, the Cu-Ni-Zn-Sn-Fe
intermetallic compounds and S-bearing alloys have ir-

regular shapes which range in size from 5—15 pm (Fig-
ures 2(a)—(d)). Some of the intermetallic minerals occur
as individual grains (Figure 2(a)) and some occupy
fractures or the margin of pyrite (Figure 2(b)—(d)). Ac-
cording to the characteristics of reflection color and the
results of the EPMA analyses (Table 1), these alloys can
be divided into native metallic minerals, Cu-containing
polymetallic compounds, Ni-containing polymetallic
compounds and S-bearing alloys. They can be subdi-
vided into different intermetallic compound based on
variations in their components.

3.1 Native metallic minerals

Native nickel are identified in the ore deposit, which
occurs in silicified and carbonatized sandstone-type ore
as fine grains less than Sum. Its color is white in re-
flected light (Figure 2(b)). It has high reflectivity, is iso-
tropic and is without internal reflections. The mineral is
rich in Ni. Its chemical composition determined by
EPMA is 91.64% Ni, 2.35% Fe, 1.70% Cu, 3.15% Sn
and 1.19% Zn. A chemical formula is Nigg3Feg 03Cugpo-
Sng.02Zng 01.

Table 1 EPMA analyses of Cu-Ni-Zn-Sn-Fe intermetallic compounds and S-bearing alloys in the Zhaishang gold deposit

%riz:)l Sample No. Analysis point Name Element content (%)

0. number Cu Zn Sn Fe Sb Co S Se As Total
1. Native metallic mineral
1 06ZS-84 1 native nickel 1.70 91.64 1.19 315 235 0.27 100.30
II. Cu-rich intermetallic compounds
2 06ZS-6 q a-Zn-Cu alloy 87.23 11.84 0.66 027 100.00
3 06ZS-6 r a-Zn-Cu alloy 88.03 11.35 0.65 0.12 100.15
4 06ZS-6 s a-Zn-Cu alloy 88.54 10.78 0.61 0.10 100.03
5 06ZS-84 a a+p-Zn-Cu alloy 5774 283 3572 3.70 99.99
6 06ZS-84 b Ni-Zn-Cu alloy 5349  7.60 3539 2.72 0.13 99.33
7 06ZS-84 h Zn-Ni-Cu alloy 43.69 28.58 23.99 2.67 0.39 99.32
8 06ZS-84 j Zn-Ni-Cu alloy 41.16 2697 29.74 1.67 99.54
9 06ZS-84 p Sn -Zn-Ni-Cu alloy 39.52 2090 2286 1326 238 0.29 99.21
10 06ZS-84 n Sn- Zn-Ni-Cu alloy 39.07 25.13 22.04 1058 2.2 0.70 100.04
III. Ni-rich intermetallic compounds
11 06ZS-84 k Zn-Cu-Ni alloy 10.30 80.38  5.34 2.57 0.56 047 99.62
12 06ZS-84 m Zn-Cu-Ni alloy 1697 70.16 9.14 188 1.51 0.07 99.73
13 06ZS-84 i Zn-Cu-Ni alloy 36.00 39.16 21.23 1.24 0.10  2.03 0.24 100.00
14 06ZS-84 0 Zn-Cu-Ni alloy 22.07 60.04 1265 2.89 222 0.14 100.01
15 06ZS-84 c Zn-Fe-Cu-Sn-Ni alloy 824 48.01 427 3359 478 98.89
IV. S-bearing alloys
16 06ZS-84 d Fe-Ni-S alloy 0.19 65.69 273 14.19 0.22 15.77 98.79
17 06ZS-84 e Sn-Fe-Ni-S alloy 5.02 5778 1425 12.24 11.00 100.29
18 06ZS-84 g Fe-Zn-Cu-Ni-S alloy 3271 3172 1677 0.15 8.71 9.00 99.06
19 06ZS-84 f Zn-Ni-Cu-Fe-S alloy 2122 1925 1137 22.21 25.98 100.03

a) 1, NiggsFep03Cuo.02Sn0.02Znoo1; 2, CuggsZngaFeoor; 3, CugssZngiiFeoor; 4, CuggoZngioFeoor;
Cu.43Nip30Znp2sFenos; 8, CupaiNig29ZnorFeon; 9, CugaaNig2aZng24SngesFeoos;

10,  Cug.40Nip28Z1n9225n0,06F€0.03S0.01;

5, CugssZngssFep0aNioos; 6, CugsaZngssNigosFeoos; 7,

11, Nigg:Cug10ZngsFeoos; 12,

Nig.73Cu0.16Z10.00F€0.02S00.01; 13, Nig.41Cuo35Zn020F€0.01S€0.02; 14, Nig63Cu021Zn0.12F€0.02Sn0.02; 15, Nig59Sn021Cuo.09F€0.06Zn0.05; 16, Nigs9Feo.135n0.01S0.26; 17,
Nig.s6F€0.13810,07C10.0480.205 18, Nig31Cuig.20Z10,15F€0,0080.165 19, Feo20Cug.16Nig.16Z10.08S0.40-
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Figure 2 Photomicrographs of Cu-Ni-Zn-Sn-Fe intermetallic compounds and S-bearing alloys from Zhaishang. All photomicrographs are in reflected
light. (a) Sample 06ZS-6, 100x (—); (b) Sample 06ZS-84, 100% (-); (c) and (d) Sample 06ZS-84, 400x (). Py, pyrite; Q, quartz; Ca, calcite. a, b, ¢, d and

others correspond to the EPMA  analysis point numbers as listed in Table 1.

3.2 Cu-rich polymetallic compound

Grains 5—15 pum in size of this alloy are found in silici-
fied and carbonatized sandstone-type and calcareous
slate type of ores. Its color in reflected light is yel-
low-white and bright yellow (Figure 2(a)—(d)). Its re-
flectivity is lower than that of gold but higher than that
of pyrite. It is isotropic, without internal reflection.

(1) a-Zn-Cu alloy mineral: The mineral contains
87.23%—88.54% Cu and 10.78%—11.84% Zn. Minor
Fe and Sb are also present. The formula calculated from
the average composition is CuggsZng;Fego;. It falls in
the o portion in the Cu-Zn alloy phase diagram'*”).

(2) at+p-Zn-Cu alloy mineral: The chemical composi-
tion is Cu 57.74%, Zn 35.72%, Ni 2.83% and Fe 3.70%.
This leads to a simplified formula of CuysgZng3sFeg 04Nig 03,
which falls in the o+ portion in the Cu-Zn alloy phase
diagram®”,

(3) Ni-Zn-Cu alloy mineral: The chemical composi-
tion is Cu 53.49%, Zn 35.39% and Ni 7.60% with minor
Fe and S present. This leads to a simplified formula of
Cuyg.s4Zng 35Nig 0gFeg.03, which also falls in the a+ por-
tion in the Cu-Zn alloy phase diagram".

(4) Zn-Ni-Cu alloy mineral: It dominantly consists of
41.16% — 43.69% Cu, 26.97% — 28.58% Ni and
23.99%—29.74% Zn, with minor Fe and S. This leads to
a simplified formula of Cug4,Nig30Zng26F¢€0.02.

(5) Sn-Zn-Ni-Cu alloy mineral: It dominantly con-
sists of 39.07% —39.52% Cu, 20.90% —25.13% Ni,
22.04%—22.86% Zn and 10.58%—13.26% Sn, with mi-
nor Fe and S. This leads to a simplified formula of

Cug42Nig 2621023500 97F €0 02
3.3 Ni-rich polymetallic compound

This minerals occurs as grains less than 10 pm in size in
fine-grained sandstone type and calcareous slate type of
ores. Its color is white or silvery white in reflected light
with high reflectivity similar to arsenopyrite (Figure
2(b)—(d)). It is isotropic without internal reflection.

(1) Zn-Cu-Ni alloy mineral: The chemical composi-
tion is Ni 22.07%—80.38%, Cu 10.30%—60.04%, Zn
5.34%—21.23% and minor Fe, Sn, Se, S, As. The for-
mula calculated from the average composition is
Nig.5Cug.21Zn0.11F€0.02Sn0.01-

(2) Zn-Fe-Cu-Sn-Ni alloy mineral: It mainly contains
Ni (48.01%) and Sn (33.59%), with high content of Cu
(8.24%), Fe (4.78%) and Zn (4.27%). Its formula is
Nig 5981021 Cuig.09F€0.06Z10,05-

3.4 S-bearing alloy minerals

This mineral was observed as grains less than 12um in
size only in the fine-grained sandstone-type ores, It is
white under reflected light (Figures 2(c) and (d)), iso-
tropic and without internal reflections.

(1) Fe-Ni-S alloy mineral: its analysis is 65.69% Ni,
14.19% Fe and 15.77% S, with minor Sn (2.73%), Cu
(0.19%) and Co (0.22%). This gives a formula of
Nig s0F€0.135n0,01S0.26.

(2) Sn-Fe-Ni-S alloy mineral: It mainly consists of
57.78% Ni, 12.24% Fe, 11.00 % S and 14.25% Sn, with
some Cu (5.02%). This leads to a formula of Nip s¢Feq 13-
Sn.07Cu0.04S0.20.

(3) Fe-Zn-Cu-Ni-S alloy mineral: The chemical
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Figure 3 (a) Back-scattered electron images of the Cu-Ni-Zn-Sn-Fe intermetallic compounds and pyrite (Sample 06ZS-84, the same as in Figure 2(b));
(b)—(g) X-ray images of these polymetallic compounds and S-bearing alloys, showing relative concentration and distribution of Cu (b), Zn (c), Ni (d), Fe
(e), Sn (f) and S (g).
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Figure 4 (a) Back-scattered electron images of the Cu-Ni-Zn-Sn-Fe intermetallic compounds, S-bearing alloys and pyrite (Sample 06ZS-84, the same as
in Figure 2(c)); (b)—(g) X-ray images of these polymetallic compounds and S-bearing alloys, showing relative concentration and distribution of Cu (b), Zn
(c), Ni (d), Fe (e), Sn (f) and S (g).
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Figure 5 (a)Back-scattered electron images of the Cu-Ni-Zn-Sn-Fe intermetallic compounds and S-bearing alloys and pyrite (Sample 06ZS-84, the same
as in Figure 2(d)); (b)—(g) X-ray images of these polymetallic compounds and S-bearing alloys, showing relative concentration and distribution of Cu (b),
Zn (c), Ni (d), Fe (e), Sn (f) and S (g).
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composition is Ni 31.72%, Cu 32.71%, Zn 16.77%, Fe
8.71% and S 9.00%, with minor Sn. Its chemical for-
mula is Nig 31Cug20Zn0.15F€0.0050.16.

(4) Zn-Ni-Cu-Fe-S alloy mineral: The chemical
composition is Fe 22.12%, Cu 21.22%, Ni 19.25%, Zn
11.37%, and S 25.98%, which leads to a chemical for-
mula of Fe20Cuy.16Nio.16Z10.08S0.40-

SEM backscatter and x-ray images of these polymet-
allic compounds and S-bearing alloys (Figures 3—5)
show that, although there are large compositional dif-
ferences in mineral grains, the elements are evenly dis-
tributed.

The S-bearing alloy is closely accompanied by pyrite.
Base on the X-ray scanning images, although sulfur is
evenly distributed in the minerals, the density of the dis-
tribution is apparently different, as showed in Figure
4(g), thus excluding the possibility as to the presence of
any known sulfides, or the effects of the electron- scat-
tering.

4 Discussion of genesis

Cu, Zn, Ni and Fe are located in the fourth period of
periodic table, while Sn is in the fifth period. They are
two different types of elements based on Goldschmidt’s
geochemical classification™. Ni and Fe are belong to
siderophile elements and Cu, Zn, Sn are chalcophile
elements. Ni and Fe are metallic elements, both of which
are sulphophile, and Fe is also lithophile. Therefore they
can form various complex compound minerals, includ-
ing native metals. Since Cu and Zn are adjacent ele-
ments in the same period of Geochemical Periodic Table,
they have similar chemical characteristics, such as
atomic weight (Cu 63.54, Zn 65.38), atomic radius (Cu
0.1278 nm, Zn 0.1333 nm), ionic radius (Cu2+ 0.072 nm,
Zn*" 0.074 nm) and ionic electronic potential (Cu** 2.78,
Zn*" 2.70). Due to their sulphophile and lithophile na-
ture, they tend to form either sulfides or oxides if sulfur
or oxygen is available. Zn is also a siderophile element.
Cu and Zn usually form sulfides and sulfosalts, some-
times oxides, carbonates and silicates, and even some
Cu-Zn intermetallic compounds. Sn can be lithophile,
siderophile or sulphophile under different physico-
chemical conditions. For example, Sn occurs mainly as
oxides or silicates in oxidizing conditions, forms sul-
fides and sulfosalts in reducing conditions where S is
available, and forms intermetallic compounds with PGE

in mafic and ultramafic magma. Cu, Zn and Sn are
ore-forming elements in sulfide deposits but they do not
display isomorphism because they are not adjacent in
the Geochemical Periodic Table*”), Therefore, Sn-Cu-Zn
intermetallic compounds are not common and are re-
ported in very few papers'®.

Generally speaking, the native elements and their in-
termetallic compound minerals formed at the high melt-
ing temperatures under strongly reducing conditions,
with O and S absent!”). We believe that fast upwelling
and cooling of magma makes reactions between S and
Cu/Zn difficult when S is either absent or present””’. As
a result, native Cu/Zn and intermetallic minerals will
quickly form instead. In the Zhaishang gold deposit,
however, the Cu-Ni-Zn-Sn-Fe intermetallic compounds
and S-bearing alloys occur in ultraheavy concentrates,
commonly inter- grown with pyrite aggregates. They are
mainly distributed on the rim of pyrite grains, or be-
tween the two grains of pyrite, which may result from
exsolution. The characteristics of ore type, ore mineral
associations, and ore textural relations demonstrate that
the system was very low in sulfur and intermediate
temperatures (280—320°C) at the beginning of minera-
lization (stage I) but the concentration of sulfur became
very rich later (stages II—1V) allowing a lot of sulfides
such as pyrite, arsenopyrite, chalcopyrite, tetrahedrite,
galena, sphalerite and stibnite to form.

5 Conclusions

In the Zhaishang gold deposit, some rare minerals in-
cluding native metal, the Cu-Ni-Zn-Sn-Fe intermetallic
compounds and S-bearing alloys occur in ultraheavy
concentrates. The characteristics of ore type, ore mineral
associations, and ore textural relations demonstrate that
these rare alloys formed during the early stages of mine-
ralization. Increasing activity of sulfur results in sul-
fosalts and S-rich sulfide deposition. Therefore, these
rare alloys formed in a strongly reducing environment
with absent oxygen and low sulfur activities.
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