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Nano-micron-sized spheroidal aggregates of FeS2 has been found from the Laozuoshan gold
deposit, Heilongjiang Province, NE China. There are diversified morphology, some as large or small
girdles, and some as paragenesis of aggregates through cementation. Most of such aggregates
distribute at the edge of pyrrhotite before metasomatized by arsenopyrite. Through a systematic
observation on the micro-structure, grain size and components of nano-micron-sized spheroidal
aggregates of FeS2 by means of Field Emission Scanning Electron Microscopy (FE-SEM), Electron
Probe Micro Analysis (EPMA) and in situ micro X-ray Diffraction (XRD), etc. We found such aggre-
gates are composed of nano-micron-sized grains gathered together, part of which have an euhedral
structure, with a crystalline grain size of 50 nm–<1 �m. The aggregates of FeS2 are composed
of pyrite and marcasite, and the crystal face diffraction peak intensities of pyrite (200) and (311)
decline remarkably from the center to the edge, and the crystal face diffraction peak intensities
of marcasite (110) and (311) in the center are lower than those at the edge. From the center to
the edge, the content of Fe in nano-micron-sized spheroidal aggregates changes slightly, but the
S content declines remarkably at the edge, and the content of As is low in the center but grows
remarkably at the edge. In addition, there are low-temperature minerals such as chalcedony and
carbonates (like calcite) filled along the edge of or in the fissures among spheroidal aggregates of
FeS2. Based on the above study in combination of the fluid inclusion characteristics of the mineral
deposit, we suggest that the spheroidal aggregates of FeS2 are formed under the drive of free
energy on the surface of nano-sized FeS2 crystals, which nucleates rapidly in a static fluid envi-
ronment due to fluid getting supersaturated. The spheroidal aggregates of FeS2 indicate that under
low temperature conditions, the pH value of fluid changes from medium acidity to acidity throughout
the crystallization process.

Keywords: Laozuoshan Gold Deposit, Spheroidal Aggregates of FeS2, Pyrite, Marcasite,
Genetic Mineralogy.

1. INTRODUCTION
Pyrite and marcasite are two polymorphisms of FeS2.
The micro-morphology and chemical components of
pyrite are of significance for revealing the geological
environment and mineralization medium of FeS2, as well

∗Author to whom correspondence should be addressed.

as the genesis of mineral deposit.1–4 It is generally
agreed that marcasite, as a low temperature phase of
FeS2, takes shape under the conditions of pH < 5 and
T < 240 �C.5 It is also discovered in the study that sul-
fur species (e.g., polysulfides, polythionates or thiosul-
fates), if any, are favorable for the formation of pyrite and
marcasite.6�7
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Pyrite is widely distributed with diversified morphology,
of which pyrite in mono-crystal structure is more common
than the framboidal growth of pyrite crystals of similar
size and shape.8–14

It is also discovered in previous research by others that
pyrite may exhibit a colloidal growth,15�16 whose genesis
is mainly as below:
(1) coagulation and precipitation of colloidal solution;17

(2) chemical crystallization of solution due to
super-saturation;15�16�18–26

(3) Biochemical sedimentation.27�28

A great deal of research achievements indicate that col-
loidal pyrite records the changes in the physicochem-
ical conditions of ore-bearing hydrothermal solutions
throughout the ore-forming process,29–33and accordingly,
the physicochemical conditions of the geological environ-
ment can be identified.16�19�23�34

The spheroidal aggregates of FeS2 discovered at the
east ore belt of the Laozuoshan gold deposit, Heilongjiang
province, China by the writers are composed of pyrite and
marcasite, but have indifferent characteristics as compared
with framboidal and colloidal pyrite.
The data about the components and in situ micro-XRD

of nano-micron-sized spheroidal aggregates of FeS2 are
obtained after a systematic observation is carried out on
their morphology, structural characteristics and the law on
paragenetic assemblage. In this paper, the genesis of nano-
micron-sized spheroidal aggregates of FeS2 is analyzed
and discussed, with a view to revealing the physicochem-
ical environment and hydrothermal process during their
formation.

2. REGIONAL GEOLOGY
The Laozuoshan gold deposit is located on the Jiamusi
uplift of the Ji-Hei fold system. The exposure strata inside
the mining area include Lower Proterozoic Mashan group,
Chengzihe formation of Mesozoic Jurassic system and
Quaternary unconsolidated sediments as arranged from old
to new. What exposures from the Mashan group are quartz-
mica schist, amphibolite gneiss, graphite schist, biotite
plagiogneiss, marble and hybrid rock, etc., of which the
marble and hybrid rock exposure in large area are the main
ore-bearing horizon of the Laozuoshan gold deposit. Sand
rock and carbonaceous shale exposed from the Chengzihe
formation intersect in an unconformable way with Hercy-
nian gneissic granite, as shown in Figure 1.35

The fault structure of this mining area develops
extremely, characterized by its complexity and multiple-
stage growth, which is mainly along two directions, that is,
NW and NE, while the fault along the NW direction takes
control of the formation of the Laozuoshan gold deposit.
Magmatic rock is widely distributed over the mining area,
mainly including Xingdong granite and Hercynian gran-
ite formed in the early Proterozoic era, while Yanshanian
medium-acid magmatic has sparse exposure.
Consisting of three ore belts from west to east,

the Laozuoshan gold deposit experienced the mid and
late Hercynian tectonic-magmatic events (264–281 Ma)
and the Yanshanian neutral-acid magmatic events
(105–146 Ma).36 In the early stage, this mineral deposit
experienced magmatic-tectonic events in the mid and late
Hercynian age before skarn gold deposit was formed from
the Mashan group marble inside the mineral-contained

Figure 1. Geologic map of the Laozuoshan mining area. 1—Quaternary; 2—Jurassic; 3—Lower Proterozoic Mashan group; 4—Xingdong granite;
5—Hercynian granite; 6—Yanshanian magmatic; 7—Granodiorite; 8—Diorite porphyrite; 9—Unconformable boundary; 10—Fault; 11—Orebody; 12—
Skarn; F1: Mudanjiang fault; F2: Dunhua-Mishan fault; F3: Yitong-Yilan fault; F4: Xilamulun River-Changchun fault; F5: Nenjiang fault; F6 Tayuan-
Xiguitu fault.
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hydrothermal metasomatism area. The skarn mineraliza-
tion can be classified into three stages, that is, pyrrhotite+
arsenopyrite± quartz (I); colloidal pyrite+marcasite+
chalcedony (II); coarse arsenopyrite+calcite+quartz (III).
The east and middle ore belts were mainly formed at
this mineralization stage. In the Yanshanian medium-
acid magmatic events, magma hydrothermal fluids over-
lapped on the skarn orebody to make the orebody
further concentrated.35�37�38 The hydrothermal action in
this age can be classified into four stages, that is,
the quartz stage (I), the coarse arsenopyrite+ quartz+
calcite stage (II), multi-metal sulfide stage (III), and
calcite±quartz (IV).37

3. BASIC CHARACTERISTICS OF ORE
Samples are taken from the southeast section of the east
ore belt. The orebody wall rocks are mainly composed
of skarn, hybrid rock, silicified and carbonate rocks as
well as tectonic breccia, with skarn constituting the main
components of the orebody bastard.39 Within the research
area, the metal sulfides contained in the ore mainly include
pyrrhotite, arsenopyrite, pyrite and chalcopyrite, followed
by sphalerite and galena, etc., and the gangue minerals
mainly include quartz, calcite, diopside, garnet, epidote

and sericite, etc. The minerals exit with a metasomatic tex-
ture, euhedral or subhedral grain structure and colloidal
structure, etc. The ore structures mainly include dissemi-
nated structure and dense massive structure. There are a
number of wall rock alterations, of which skarnization,
silication, chloritization and carbonation have the closest
relationship with mineralization.
According to the relationship between structure and par-

agenetic assemblage, pyrite from the Laozuoshan gold
deposit can be classified into four generations, marked
with Py I, Py II, Py III and Py IV respectively (Fig. 2).
Py I is euhedral and nearly equigranular, with a grain size
of 20–36 �m, occasionally visible in the spheroidal aggre-
gates of FeS2 (Py II) (Fig. 2(a)). The colloidal Py II is
distributed in the orebodies along tectonic contact zones
of migmatitic granite and calcareous marble appearing as
colloid crystals, on which there are concentric cones with
different size ranging from 100 �m to 2 cm, and accom-
panied by the first-generation pyrrhotite (Po I) and the
second-generation arsenopyrite (Apy II) (Fig. 2(b)); Py III
exists in the tectonic zones of the Yanshanian neutral-acid
hypabyssal rocks superposed above the skarn formed at
earlier stages appearing mainly in an euhedral-subhedral
granular texture {100} or {100}+ {111} with a grain size
of 300 �m–5 mm, and coexists with the second-generation

Figure 2. Characteristics of four generations of pyrite paragenetic minerals from Laozuoshan gold deposit. (a) Pyrite (Py I) is encapsulated by
spheroidal aggregates of FeS2 (Py II), which has been metasomatized by arsenopyrite (Apy II) at the edge; (b) Spheroidal aggregates of FeS2 (Py II) are
penetrated by later-formed hydrothermal fluid; (c) Coarse euhedral pyrite (Py III) is metasomatized by later-formed pyrite (Py IV) and pyrite (Py III)
metasomatized by chalcopyrite (Ccp II) and sphalerite; (d) fine and euhedral pyrite (Py IV) is distributed between marcasite bands (Mrc II); Py I-first-
generation pyrite; PyII-spheroidal aggregates of FeS2; Py III-third-generation pyrite; Py IV-fourth-generation pyrite; Po I-first-generation pyrrhotite;
Po II-second-generation pyrrhotite; Apy II-second-generation arsenopyrite; Ccp I-first-generation chalcopyrite; Ccp II-second-generation chalcopyrite;
Sp-sphalerite.
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chalcopyrite (Ccp II), the second-generation pyrrhotite
(Po II), the third-generation arsenopyrite (Apy III) and the
first-generation sphalerite (Sp I) (as shown in Fig. 2(c));
Py IV and Py III, as minerals formed at the early stage
of metasomatism, are produced from the same place
and coexists mainly with the second-generation marcasite
(Mrc II), appearing mainly in an euhedral-subhedral gran-
ular texture {100}+ {111} and {210}+ {111} with a grain
size of 10–200 �m (Fig. 2(d)).

4. EXPERIMENTAL METHODS
At the Analysis and Testing Center, Northeastern Uni-
versity, the micro-morphological characteristics of nano-
micron-sized spheroidal aggregates of FeS2 were observed
using an Ultra Plus Field Emission Scanning Electron
Microscopy, and the distribution characteristics of col-
loidal pyrite components were analyzed using an Energy
Dispersive Specrometer (EDS).
At Institute of Mineral Resources, Chinese Academy of

Geological Sciences, the major and trace element contents
in nano-micron-sized spheroidal aggregates of FeS2 con-
tained in the ore were analyzed using a JXA-8230 electron
microprobe. Test conditions: accelerating voltage: 20 kV,
beam flux: 0.2 nA, beam spot: 5 �m.
At the Geological Laboratory, Central South Uni-

versity, a micro diffraction test on nano-micron-sized

spheroidal aggregates of FeS2 was conducted using a
D/Max Rapid IIR micro-XRD. Test conditions: CuK�
ray (�= 0�154 nm); accelerating voltage: 40 kV, current:
250 mA, collimator diameter: 0.1 mm, exposure time:
20 min.

5. RESULTS
5.1. Microscopic Morphology of Spheroidal

Aggregates of FeS2

The spheroidal aggregates of FeS are mainly distributed at
the edge of pyrrhotite or arsenopyrite, appearing as balls or
spheroids in the optic microscope (Figs. 3(a–b)). There is
cement filled among spheroidal aggregates. Parts of pyrite
crystallized in early stages form into spheroids encapsu-
lated by girdles outside (Figs. 3(a–c)). It can be observed
that spheroidal aggregates of FeS2 have been metasom-
atized or penetrated by arsenopyrite (Figs. 3(c–d)), and
that spheroidal aggregates of FeS2 are metasomatized
and corroded by mineralized hydrothermal fluid formed
later, resulting in fragmentary morphology of aggregates
(Figs. 3(b–d)).
FE-SEM was used to observe the internal characteristics

of spheroidal aggregates of FeS2 (Fig. 4). It is observ-
able that the first-generation pyrite (Py I) is encapsu-
lated by spheroidal aggregates of FeS2, and the contact
boundary between them is evident (Fig. 4(b)); nano-sized

Figure 3. Different morphological characteristics of spheroidal aggregates of FeS2 shown under microscope. (a) Spheroidal aggregates of FeS2 are
distributed at the edge of pyrrhotite; (b) Several spheroidal aggregates of FeS2 are distributed as colloidal crystals at the edge of pyrrhotite (Po I), and
modified by fluid later; (c) Spheroidal aggregates of FeS2 are metasomatized by arsenopyrite, so residual crystals of pyrrhotite (Po I) are observable on
the contact zone; (d) Spheroidal aggregates of FeS2 are penetrated by arsenopyrite (Apy II), and fissures are filled by carbonate minerals; PyII-spheroidal
aggregates of FeS2, Po I-first-generation pyrrhotite; Apy II-second-generation arsenopyrite; Cb-carbonate minerals.

6542 J. Nanosci. Nanotechnol. 17, 6539–6548, 2017



Delivered by Ingenta to: Tsinghua University
IP: 127.0.0.1 On: Thu, 22 Jun 2017 02:21:44

Copyright: American Scientific Publishers

Meng et al. The Genesis of Nano-Micron-Sized Spheroidal Aggregates of FeS2 in the Laozuoshan Gold Deposit

Figure 4. Microscopic morphological characteristics of spheroidal
aggregates of FeS2. (a) Morphological characteristics of Py I and PyII;
(b) Relatively euhedral pyrite (Py I) encapsulated in spheroidal aggre-
gates of FeS2, 6000×; (c) Nanocrystalline grains with different levels of
crystallization inside spheroidal aggregates of FeS2, 50000×; (d) Phase
belt classification for carbonate minerals around the fissure of spheroidal
aggregates of FeS2, 30000×; (e) Morphology of spheroidal aggregates
of FeS2 at the transition zone, 2000×. Py I-first-generation pyrite,
Py II-spheroidal aggregates of FeS2; Po I-first-generation pyrrhotite; Cal-
calcite; Cb-carbonate minerals; m-nanocrystalline grain; n-euhedral crys-
talline grain.

crystalline grains of pyrite, part of which are euhedral,
are aggregated and form the kernel of spheroidal aggre-
gates of FeS2, with a crystalline grain size of 50–300 nm
(Area n in Fig. 4(c)); around the fissure of spheroidal
aggregates of FeS2 (Fig. 4(d)), there are three phase
belts, namely, the FeS2 nanocrystal accumulation zone (I),
clacite (II) and carbonate minerals (III) from left to right,
which are classified according to their phase characteris-
tics, and the contact boundary is evident without meta-
somatism. No clear crystal shape can be found from the
crystalline grains inside the FeS2 nanocrystal accumulation
zone (Fig. 4(d)); crystallized grains are visible at the tran-
sition zone between two girdles with a grain size <1 �m,
and on both sides of the transition belt, crystalline grains
have different levels of crystallization and are cemented
by carbonate minerals (Fig. 4(e)).

Spheroidal aggregates of FeS2 have a zonal edge
(Fig. 5(a)). For spheroidal aggregates of FeS2 as shown in
Area E of Figure 5(a), the boundary between the transition
zone and the girdle is evident, and the crystalline grain size
decreases gradually from the nanocrystalline grain accu-
mulation zone to the transition zone, which is filled incom-
pletely (Area H in Fig. 5(b)); at Area F in Figure 5(b),
part of grains are in the form of euhedral crystals after
crystallization (Area n in Fig. 5(c)).

Figure 5. Morphological characteristics of spheroidal aggregates of
FeS2. (a) Zonal edge of spheroidal aggregates of FeS2; (b) Morphologi-
cal characteristics of spheroidal aggregates of FeS2 at the transition zone;
(c) FeS2 nanocrystalline grains with different levels of crystallization;
Py II-spheroidal aggregates of FeS2; H-transition zone; m-nanocrystalline
gains; n-euhedral crystalline grains.

The above results show that the cementation indicated
as above is the result of aggregation and growth of
nano-micron-sized FeS2 crystalline grains; the density of
nanocrystalline grains is uneven; there are unfilled areas
on the transition zone between girdles, and grains have
different levels of crystallization.

5.2. Component Analysis
Spheroidal aggregates of FeS2 are determined for their
components using an electron microprobe, as shown in
Figures 4(a)(�– 13©). The results are as shown in Table I,
which shows that the contents of Fe and S are 45.48–46.65
wt%, 50.86–53.28 wt% respectively, 45.84 wt% and 52.91
wt% on average, falling within FeS2 series; in the kernel
of spheroidal aggregates of FeS2, the content of As is rela-
tively low but remarkably high at the edge; the contents of
Ni and Pb in spheroidal aggregates of FeS2 is lower than
the detection limit; the distribution of Co and Cu is irreg-
ular; Au is mainly distributed in the kernel of spheroidal
aggregates of FeS2, with a low content ranging from 0.01
wt% to 0.05 wt%.
See Figure 6 for the distribution testing on elements

as shown in Figure 4(a). The test is targeted to two ele-
ments, namely, Fe and S. Test shows that the intensity of
S weakens at the edge of spheroidal aggregates of FeS2,
and the content of Fe is comparatively even (Figs. 6(b–c));
the distribution of Co is irregular (Fig. 6(d)), C, O and
Si are similarly distributed, mainly at the fissure or edge
of spheroidal aggregates of FeS2 (Figs. 6(e, f and i));
Ca and Sb are similarly distributed, mainly in carbonates
(Figs. 6(g–h)).
The results show that Fe and S are two major elements

in spheroidal aggregates of FeS2; at the edge or inside the
fissure of spheroidal aggregates of FeS2, low temperature
minerals such as carbonates (e.g., calcite and siderite) or
chalcedony dominate.
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Table I. Electron microprobe analysis of spheroidal aggregates of FeS2 (wt%).

Sample no. Positions S Fe Co Cu Zn Sb As Ag Au Ni Pb Total Fe/S

1 Exterior zone 50.86 45�64 0.04 0.01 0.05 0.01 0.07 0.01 <mdl <mdl <mdl 96.69 0.52
2 The band 3 52.98 45�61 0.08 0.05 <mdl 0.06 0.01 <mdl <mdl <mdl <mdl 98.79 0.49
3 The band 2 53.11 45�48 0.11 0.01 <mdl <mdl <mdl <mdl <mdl <mdl 0.01 98.72 0.49
4 The band 1 52.23 46�03 0.03 <mdl 0.01 0.01 0.02 <mdl <mdl <mdl <mdl 98.33 0.51
5 The kernel 52.90 46�65 0.09 <mdl 0.07 0.01 0.04 0.01 0.01 <mdl <mdl 99.78 0.51
6 The kernel 53.19 45�8 0.05 0.01 0.08 <mdl 0.04 <mdl <mdl <mdl <mdl 99.17 0.49
13 The kernel 53.09 45�86 0.07 0.20 0.14 <mdl 0.20 <mdl 0.01 <mdl 0.01 99.58 0.50
7 The kernel 53.28 46�20 0.07 0.06 <mdl 0.09 0.04 <mdl 0.03 <mdl <mdl 99.77 0.50
8 The kernel 52.95 46�14 0.04 0.01 0.03 0.06 0.02 0.01 0.04 <mdl <mdl 99.30 0.50
9 The kernel 52.95 45�55 0.09 0.03 0.02 0.07 0.08 0.02 0.03 <mdl <mdl 98.84 0.49
10 The band 1 53.21 45�75 0.06 0.01 0.03 0.01 0.06 0.01 <mdl 0.02 <mdl 99.16 0.49
11 The band 2 53.21 45�92 0.07 0.02 <mdl <mdl 0.04 0.01 <mdl <mdl <mdl 99.27 0.50
12 Exterior zone 52.82 46�24 0.08 0.01 0.05 0.03 0.08 <mdl 0.05 <mdl <mdl 99.36 0.50

Note: <mdl = below minimum detection limit.

5.3. Mineral Characteristics
A determination was conducted on the structure of crystals
at Points b, c and d, and the result is as shown in Figure 7.
The crystal face diffraction peaks of pyrrhotite (200),

(203), (206) and (220), mainly composed of monocline
pyrrhotite (Fe7S8� (Point b in Fig. 7), are remarkably
sharp. The main phases in spheroidal aggregates of FeS2

are pyrite + marcasite (Figs. 7(c–d)). As viewed from the

intensity of diffraction peaks, the crystal face diffraction
intensity of pyrite (200) and (311) in the center is remark-
ably higher than that at the edge; the crystal face diffrac-
tion intensity of marcasite (110) and (120) is lower than
that at the external girdles. The results show that at
the spheroidal aggregates of FeS2, pyrite enjoys a good
crystallization in the center, accompanied by less marca-
site; marcasite at the edge enjoys a better crystallization

Figure 6. Trace elements and backscattered electron images of spheroidal aggregates of FeS2 from the Laozuoshan gold deposit. (a) Backscattered
electron images of the test area; (b) Intensity of S weakens at the edge of spheroidal aggregates of FeS2; (c) Fe is distributed evenly in spheroidal
aggregates of FeS2; (d) The distribution of Co is irregular; (e) C is mainly distributed at the edge or in the fissure of spheroidal aggregates of FeS2;
(f) O is mainly distributed at the edge or in the fissure of spheroidal aggregates of FeS2; (g) Ca is mainly distributed at the edge or in the fissure of
spheroidal aggregates of FeS2; (i) Si is mainly distributed at the edge of spheroidal aggregates of FeS2.

6544 J. Nanosci. Nanotechnol. 17, 6539–6548, 2017
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Figure 7. In situ micro-XRD data graph. (a) The test area images of
spheroidal aggregates of FeS2; (b) The diffraction diagram of pyrrhotite;
(c) The diffraction diagram of spheroidal aggregates of FeS2 at the edge;
(d) The diffraction diagram of spheroidal aggregates of FeS2 kernel; Po-
Pyrrhotite; Py-Pyrite; Mrc-Marcasite.

condition, so marcasite dominates in the crystallization
products, accompanied by less pyrite.

6. DISCUSSION
6.1. Physicochemical Conditions for Mineralization
Temperature measurement for the fluid inclusion inside the
skarn mineralization zone of the Laozuoshan gold deposit
shows that the mineralization temperature ranges from
237.7 �C–480 �C. 38 The metal sulfide fluid inclusions
formed during the early and late mineralization periods
are mainly composed of CO2, H2O, CO, CH4, N2, Na

+,
NO−

3 , Cl
− and SO2−

4 , etc. This research area is formed
mainly from skarn by means of its mineralization, and dur-
ing the skarn mineralization periods, the pH value of fluid
ranges from 4.37 to 6.82, the Eh value ranges from −0.5
to −0.32, which imply a low-salinity, weak-acidity and
weak-reducibility mineralization condition.38 The stable
isotope geochemical test analysis shows the ore-forming
hydrothermal fluid from the Laozuoshan gold deposit is
mainly composed of magmatic water, possibly intermin-
gled with a small amount of surface water, and the ore-
forming matters mainly come from the mantle or upper
crust of the earth.40

As a product of the late skarn mineralization period,
spheroidal aggregates of FeS2 are generated from the tec-
tonic contact zone between migmatitic granite and skarn,
which is closely associated with the physicochemical
conditions for their formation. Once formed, part of

spheroidal aggregates of FeS2 are solved in fluid and fur-
ther metasomatized by fluid under the hydrothermal action
happened later. It follows that the physicochemical envi-
ronment of the mining area serves as basic conditions for
the formation of spheroidal aggregates of FeS2.

6.2. The Formation of Spheroidal Aggregates of FeS2

Based on the crystal nucleation theory, we can obtain a
formula about spherical crystal nucleus as below:41

�G=− 4
V
	r3kBT In
S�+4	r2� (1)

In formula (1), where G represents the total free energy
of the new interface and new volume produced when a
new phase is being formed, V represents the volume of
atomic groups, r represents the radius of crystal nucleus,
kB represents Boltzmann constant, S represents saturation,
� represents the surface free energy per unit area. As can
be obtained from Formula (1), when S > 1��G has a
positive limit value at r∗, the nucleation radius of crystal
nucleus, which is decided by d�G/dr = 0. When S is a
fixed value, all atomic groups that meet r > r∗ grows into
stable crystal nuclei with the decline in their free energy,
while crystal nuclei will be solved when r < r∗.

r∗ = 2V�
3kBT In
s�

(2)

As can be seen from Formula (2), nucleation can be
accelerated by increasing the saturation of solution to drop
the nucleation radius r∗. Impurities or seed crystals in the
metastable fluid can effectively drop the surface potential
barrier during nucleation; under the conditions of lower
super-saturation and super-cooling, heterogeneous nucle-
ation happens first on the surface of impurities or seed
crystals.42 Due to insufficient crystallization of foreign
matters or seed crystals caused by their nucleation in heaps
in a short time, nano-sized crystals are common. In gen-
eral, nano-sized crystals have high-index crystal surface,
higher surface free energy and larger specific surface area.
In the process of aggregation and growth, nano-sized crys-
tal grains become easier to aggregate with each another
under the hydrothermal drive.43

Spheroidal aggregates of FeS2 in this mining area are
mainly aggregates of nano-micron-sized pyrite and marc-
asite, of which the nano-sized crystalline grains appear as
microspherulitic aggregates, and euhedral crystalline gains
are visible occasionally. Analysis suggests that in the mid-
dle and late skarnization periods, the concentration of ions
in fluid increases and the change in fluid environment leads
to a rise in the super-saturation or super-cooling of fluid,
in this case, Fe reacts with S to produce nano-micron-sized
FeS2 crystalline grains. Following the formation of crys-
tal nucleus, a crystal-medium interface takes shape. The
interface status (interface roughness, growth driving force,
and interface stability) has a direct effect on the crystal
growth process; during which part of the grains develop
into euhedral crystalline grains gradually.42
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6.3. Mechanism on the Formation of Spheroidal
Aggregates of FeS2

Generally, skarn deposits may experience steam-water
hydrothermal metasomatism several times before forma-
tion. In these courses, there is a great change in the
physicochemical conditions for rock or ore forming, which
leads to continuous evolution and alteration of metasmated
minerals.44�45 In the process of skarn deterioration, during
which the temperature of hydrothermal events goes down,
skarn minerals are formed at the early stage of metaso-
matism and low-salinity fluid formed later may reach its
steam pressure curve only when boiling happens for the
first time. Therefore, sulfide minerals are what are mainly
released at the deterioration stage. 46�47

In previous researches, the nano-sized grains of FeS2

grow in two ways: generally in the sedimentation envi-
ronment, nano-sized grains of FeS2 aggregate and form
framboidal pyrite, and the spherical micro crystals formed
grow further to form euhedral pyrite, as indicated in
Figure 8-pathway A;48–50 or nano-sized grains of FeS2

accumulate continuously to form a kernel, which grows
along its radius directions to form a girdle. When the
grain size of crystals outside the girdle increases and
becomes too large, the interface location between crys-
tal grains starts to be adjusted to form crystals with a
certain crystallization direction gradually so as to achieve

the lowest state of energy as a whole, as indicated in
Figure 7-pathway B.16

Nano-micron-sized spheroidal aggregates of FeS2 sam-
pled from Laozuoshan are closely correlated with mon-
ocline pyrrhotite and arsenopyrite, with a multi-girdle
structure, which is composed of nano-sized pyrite and mar-
casite, but their characteristics and growth means are dif-
ferent from colloidal and framboidal pyrite.
Based on the characteristics of Laozuoshan skarniza-

tion and the physicochemical conditions of this area, anal-
ysis suggests that at the sulfide mineralization stage of
the skarn mineralization periods, scattered grains in nano
size, which are located in a static fluid environment, enjoy
higher surface energy and are easy to aggregate together;
part of nano-sized grains of FeS2 are crystallized from
fluid, due to uneven distribution of pyrite (Py I) crystal-
lized in the early stage, adhere around the first-generation
pyrite and aggregate into kernels under the drive of surface
energy, as indicated in Figure 8-pathway C; the other part
of nano-sized grains of FeS2 aggregate together to form
kernels with the aid of free energy between crystal grains,
as indicated in Figure 8-pathway D. During the aggrega-
tion of microcrystals, a single microcrystal or the whole
aggregate tends to appears as a sphere so that they have
the lowest surface energy.19 With the changes in physico-
chemical conditions (Eh, pH or temperature) of fluid and

Figure 8. Growth pattern and formation mechanism diagram for nanocrystalline pyrite.
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the weakeness of its activity, nano-sized grains of FeS2

aggregate gradually to form girdles. At the late phase,
multi-component hydrothermal fluid rich in Fe2+, CO2−

3

and HCO−
3 enters into the gaps between girdles. Due to

super-saturation, part of ions are released from fluid after
crystallization, fill the gaps of girdles or fissures, or dis-
tribute at the edge of spheroidal aggregates of FeS2, with
a zonal distribution, as shown in Figures 3(b–d); the low-
temperature minerals produced are arranged in an order
of pyrite→ pyrite+marcasite→marcasite→ chalcedony
and carbonate minerals.

6.4. Identification for Geological Environment
In a hydrothermal fluid, S and metal elements migrate
mainly in the form of hydrosulfide. With the changes in
physicochemical conditions (temperature, H2S concentra-
tion, oxidation-reduction potential and pH value of solu-
tion) of fluid, Sulfide may precipitate.51 An Eh-pH diagram
on Fe–S–O–H system can be obtained through thermody-
namic data calculation (Fig. 9).52 As can be seen from the
above figure, the range of pH-Eh values of the ore-forming
fluid from the Laozuoshan gold deposit falls within
the dominant range formed by FeS2 (shadowed area in
Fig. 9).

A large amount of H2S, SO2, H2O and CO2 are pro-
duced from ore forming fluid activities during skarn min-
eralization happened in this mining area; at the sulfide
stage, the solubility of H2S and the concentration of SO2−

4 ,
HS− and S2− increase with the drop in temperature.38�40

On such a weak-acidity and weak-reducibility condition,
the residual fluid may experience the following reactions:

H2S+FeS= FeS2+2H++2e (3)

Figure 9. Eh-pH Diagram for Fe–S–O–H system.

HS−+FeS= FeS2+H++2e (4)

2SO2−
4 +Fe2++16H++14e= 8H2O+FeS2 (5)

2SO2−
4 +Fe(OH)2+18H++14e= 10H2O+FeS2 (6)

After experiencing the above chemical process, FeS2

crystallizes, nucleates and aggregates into spheroidal
aggregates of FeS2 gradually.
Accompanied by monocline pyrrhotite and coexisting

with calcite and chalcedony, etc., spheroidal aggregates of
FeS2 are of low-temperature mineral assemblage, indicat-
ing that spheroidal aggregates of FeS2 are formed in a
fluid environment that has a relatively low temperature.
Schooen suggests that as the pH value ranges from 4 to 6,
FeS2 phase converts from marcasite to pyrite with the rise
in pH value.6�7

The Laozuoshan gold deposit has experienced skarn
mineralization, hydrothermal metasometism and alteration
in succession. As can be seen from their morphologi-
cal characteristics, spheroidal aggregates of FeS2 sampled
from Laozuoshan had suffered cuttings by later-formed
hydrothermal products (such as arsenopyrite, quartz and
calcite), which demonstrates spheroidal aggregates of
FeS2, as a product of the skarnization stage, were formed
at the early stage.
However, the hydrothermal activities are characterized

by their multiple phases during the skarnization pro-
cess. The continuous skarnization action makes a major-
ity of metal sulfides precipitate, and with the release of
a large amount of metal sulfides such as arsenopyrite and
pyrrhotite and the changes in the nature of solution, the
hydrothermal temperature drops and pyrite is released after
crystallization. In this case, the nature of the ore forming
fluid has a change from high temperature, medium acidity
to low temperature, weak acidity and weak reducibility.
Such a crystallization condition is more favorable for the
formation of marcasite, so marcasite is formed mainly at
the edge of girdle.

7. CONCLUSIONS
Based on the characteristics of spheroidal aggregates of
FeS2 sampled from Laozuoshan in combination of their
geochemical background, we analyzed their genesis and
concluded as below:
(1) Nano-micron-sized spheroidal aggregates of FeS2,
which are produced on the external contact zone between
migmatitic granite, calcic marble and calc-gneiss, is a
product of skarnization. Parts of the aggregates were
affected by hydrothermal actions happened later, and then
cut, encapsulated and metasomatized by arsenopyrite.
(2) Spheroidal aggregates of FeS2 have a size ranging
from 100 �m to 2 cm, featured by their multiple mor-
phologies such as single girdle, multi-kernel girdle and
multi-aggregate paragenesis through cementation. Inside
the spheroid, nano-sized crystal grains of pyrite and marc-
asite are aggregated, consisting of euhedral, subhedral and
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xenomorphic crystals, with a grain size of 50 nm–1 �m.
The components of the spheroids are relatively stable, but
a loss in S appears at the edge of the spheroids, where the
content of As increases significantly.
(3) The characteristics of spheroidal aggregates of FeS2

sampled from Laozuoshan reflects that during the
skarnization process of this mining area, the ore form-
ing fluid experienced a transition from high temperature,
medium acidity to low temperature, weak acidity; the fluid
is relatively stable, with a relatively high super-saturation
and lower temperature.
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