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Abstract The Shazi anatase ore deposit in Qinglong, Guizhou Province, is a large-sized anatase deposit that has
been recently explored. The characteristics of major oxides in the ore are similar to those of modern laterite weath-
ering crust and laterite in the laterite-type gold deposits in the western part of Guizhou Province. Studies on the REE
characteristics of basalts and anatase ores in the study region showed that both of them do have extremely strong
affinities. There are two groups of trace elements in the ores, i.e., Au-Ag-As-Sb-Hg-Tl association and
Sc-TiO,-Cu-Fe-Mn association, reflecting that the formation of anatase ore is related to the formation of siliceous
claystone at the early stage of eruption of the Emeishan basaltic magma. The siliceous claystones are the major

country rocks for the formation of laterite-type gold ores and anatase ores. In the region anatase ores are rich in Sc
and the basalts enriched in Fe, Mn, Ti and Sc are the material source of metallogenesis.
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1 Introduction

The Shazi anatase ore deposit was discovered in
2007 by Profs. Nie Aiguo in Qinglong, Guizhou Prov-
ince. From 2007 to 2011 a general survey and detailed
geological work had been conducted on this deposit. It
has been basically verified that the ore reserves of this
anatase ore deposit are 2306.09x10° ton and the quan-
tity of TiO, resource is 102.48x10° ton, with an aver-
age TiO, grade of 4.39%. It is indicated that the Shazi
anatase ore deposit belongs to a large-scale eluvial
-type anatase ore deposit. Before the discovery of the
Shazi anatase ore deposit, there had been found the
metasedimentary-type and hydrothermal rework-
ing-type anatase ore deposits only in the Yangtizis-
han-Moshishan area, Inner Mongolia, China (Zhao et
al., 2008, 2006). This is the first discovery of anatase
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ore in the Emeishan basalt-weathering eluvial soil
profile in Guizhou Province, marking the first discov-
ery of a large-sized eluvial-type anatase ore deposit,
which makes such a history come into an end that
there is no anatase ore resource in Guizhou Province.
This discovery is of great practical significance for the
reevaluation of ore resources in Southwest Guizhou
Province and has also made a certain contribution to
exploration of anatase resources and research on their
origin both at home and abroad.

Anatase ore is one of the ore types of critical
shortage in China and one of the 14 kinds of strategic
ore reserves on which China relies seriously (Wu and
Zhang, 2006; Cao, 1996; Gao and Wang, 2008).
Theoretical research on the newly discovered Shazi
anatase ore deposit in Qinglong has just begun and
there still exist many blind zones in research. To carry
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out studies on the geochemical characteristics of this
anatase ore deposit will promote deep-going investi-
gations into the rules of transport, enrichment and
metallogenesis of anatase ore and also are of great
significance in constraining their origins.

Ten ore-exposed drill core assemblage samples
were collected randomly from the Shazi anatase ore
deposit in Qinglong for bulk oxide analysis, 13
ore-exposed drill core assemblage samples were col-
lected from the same deposit for REE and trace ele-
ment analysis, and 7 basalt samples were taken from
the mining district for REE and trace element analysis.
Then, analysis and discussion were conducted on the
above analytical results. It is concluded that this ana-
tase ore deposit is rich in Sc and is of great economic
significance.

2 Geology of the ore deposit

There have been already explored three anatase
orebodies of industrial value, which are arranged in a
N-E-S direction and are numbered consecutively: No.
1 anatase orebody, No. 2 anatase orebody and No. 3
anatase orebody (Nie et al., 2011). Through phase
analysis it can be seen that the independent minerals
of this anatase ore deposit do not occur as commonly
observed ilmenite and rutile, but occur in the form of
anatase which is not usually observed. The discovered
anatase orebodies are distributed in the Quaternary
cumulates derived from weathering of basalts in the
karst negative-relief fluid bowls on the Maokou For-
mation limestones at the altitude of 1450-1350 m
above sea level, forming eluvial claystone-type ores.
Ore minerals are mainly anatase and ilmenite; opague
minerals are mainly sericite, chlorite, kaolinite, quartz
and secondly are mica, plagioclase and ferrous mud.
Ore structures are: as observed by naked eyes, the ores
are earthy-yellow, pale brown, grey in color and
loosely earthy. The ores exhibit mainly earthy massive
structure, secondly massive, faviform, brecciated
structures. As observed under microscope, some limo-
nite is distributed as fine veins along ore fissures, thus
making the ores exhibiting fine-vein structure either.
The ore textures are dominated by muddy texture,
micro-scaly texture, blastoporphyritic texture, micro-
crystalline texture, pseudomorphic texture, alteration
intergradular-intersertal texture, fine sand texture, and
alteration aleuritic texture. It is primarily considered
that this anatase ore deposit belongs to the eluvial
slope-type anatase ore deposits associated with Eme-
ishan basaltic magma eruption.

Through process mineralogical studies it has
been found that the contents of anatase (the molecular
formula is TiO,) are about 4.42%. Electron micro-
probe compositional analysis revealed that anatase
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contains as much Ti, O and Si as 51.37%, 47.72%, and
0.91%, respectively. Microscopic observation shows
that anatase displays yellowish-green, yellow-
ish-brown, adamantine and port oily lusters, and they
are cubic dipyramid-shaped and xenomorphic granular.
As observed under polarizing microscope, anatase is
distributed mainly in seriously altered basalts, it is
xenomorphic granular, dentritic and muddy in shape
and is of close intergrowth with quartz, feldspar and
muddy material and are enclosed in gangue minerals
or are distributed in quartz and feldspar fissures. It
also intergrows with ferruginous material and is
probably derived from the decomposition of
melanocratic minerals during the process of rock al-
teration. Therefore, its grains are fine. In the artificial
heavy concentrates an extremely small amount of
granular anatase (about 0.15%) can be observed under
stereomicroscope, but when observed under polarizing
microscope anatase grains which are less than 47.2
mm in size account for 96.35% and the grains which
are less than 23.6 mm account for 75.37%. It can be
seen that the dissemination extent of anatase is rela-
tively small. This kind of anatase occurs as micro-fine
particles in soils derived from weathering of the Eme-
ishan basalts.

3 Major element geochemical characteristics

Oxide bulk analysis was conducted of ten
ore-exposed drill-core composite samples from this
ore deposit and the analytical results are listed in Table
1. The major characteristics are presented as follows:

(1) The total amount of major oxides such as
Si0,, Al,O;, Fe,O3 and TiO, in the ore is within the
range of 81.64%—88.15% and this feature is approxi-
mate to that of laterite in the laterite-type gold ores in
the western part of Guizhou and also to that of the
laterite weathering crust in Guizhou (Wang et al.,
2000; Gao et al., 2002), though the content of TiO, is
relatively high.

(2) Iron in the ores is all present in the form of
Fe,0s, indicating that the ores were strongly weath-
ered and completely oxidized.

(3) The content of SiO, is all less than 55%,
indicating that the ores are clayey ores.

(4) There is a positive correlation between TiO,
and Fe,O5 and the correlation coefficient is 91.06%,
reflecting that anatase has a relationship of coexis-
tence (association) with Fe-bearing minerals in the
protolith.

(5) There is a positive correlation between TiO,
and Al,O; and the correlation coefficient is 86.21%,
reflecting that anatase has a relationship of coexis-
tence (association) with clay minerals in the protolith.
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Table 1 Analytical results for the major elements and relevant coefficients of the Shazi anatase ore deposit,
Qinglong, Guizhou Province

Sample No. Analytical result (107%)
SiO, AlLO; TFe,03 TiO, CaO MgO K,O Na,O MnO, P,0s LOSS
ZK5501 34.26 21.08 23.10 4.71 0.20 0.32 0.52 0.02 0.29 0.35 12.78
ZK5902 30.26 24.23 23.95 4.97 0.06 0.17 0.35 0.04 0.32 0.49 13.62
ZK21-2 32.16 21.40 23.74 4.71 0.90 1.39 1.30 0.46 0.16 0.27 12.02
ZK903 26.60 24.19 25.82 5.03 0.07 0.13 0.44 0.03 0.25 0.37 14.04
ZK104 41.08 19.70 19.45 3.93 0.26 0.51 0.61 0.01 0.21 0.35 11.80
ZK1103 51.22 16.09 16.94 3.90 0.20 0.34 1.48 0.02 0.07 0.52 7.78
ZK1701 46.10 15.26 18.18 3.42 1.35 1.30 0.87 1.02 0.12 0.47 10.34
ZK23-1 36.96 21.45 20.89 3.80 0.25 0.47 0.67 0.05 0.26 0.39 12.68
ZK5003 29.62 23.38 25.52 5.16 0.08 0.20 0.52 0.04 0.32 0.39 13.74
ZK5401 43.28 18.34 16.31 3.80 0.82 0.92 0.64 0.02 0.22 0.40 12.32
SiO, 1
AlLO; -0.9538 1
TFe,03 -0.9519 0.8915 1
TiO, -0.8732 0.8621 0.9106 1
CaO 0.4397  -0.6426  -0.4822  -0.5812 1
MgO 0.3583 -0.5439  -0.4025 -0.5013 0.9518 1
K,O 0.5877  -0.6138  -0.4414  -0.3802 0.3961 0.5054 1
Na,O 0.2632 -0.4969 -0.1892 -0.3921 0.8563 0.7733 0.3264 1
MnO, -0.7782 0.8309 0.6643 0.6443 -0.5577  -0.5574 -0.8700 -0.4905 1
P,0s 0.4967 -0.3826 -0.4181 -0.3050 -0.0719 -0.2736 0.0773 0.0619 -0.2446 1
LOSS -0.8982 0.8727 0.7472 0.6637 -0.3519  -0.3269 -0.8262 -0.3070 0.9062 -0.4715 1
Laterite in the
dl:;grsiittes ape egs‘;l‘in 5150 2239 1093 1.56 0.22 0.13 0.97 0.16 0.13 0.02 9.50
Guizhou
Laterite weathering 5, 35 5y 8.55 1.16 0.20 1.38 1.97 0.10 0.02 0.04 12.07

crust, Guizhou

Note: Laterite in the laterite-type gold deposits in the western part of Guizhou (Wang et al., 2000); laterite weathering crust in Guizhou (Liao et al., 2004).

4 REE geochemical characteristics

Thirteen ore-exposed drill -core composite sam-

ples randomly were selected from this deposit for
REE analysis, and 7 basalt samples were taken from
the mining district for REE analysis. The analytical
results are listed in Table 2. The REE patterns of ba-
salt samples and ores in three orebodies in the mining
district are established (Figs. 1-2) and their character-
istics are described as follows:

(1) The total REE amount (3 REE) of basalts in
the mining district is (183.53-215.86)x10"® and that of
basalts in the western part of Guizhou is
(144.73-265.500)x10° (Mao et al., 1992), and their
abundances vary within the range of abundances of
basalts in the western part of Guizhou. The chron-
drite-normalized REE patterns of basalts in the mining
district are of right-inclined type. The LREE values of
the samples are (125.15-144.40)x10°, their HREE
values are (58.38-71.46)x10®, and their LREE/HREE

ratios vary within the range of 1.92-2.25, indicative of
relative LREE enrichment. Basalts in the western part
of Guizhou are sodium-modified basalts, and in the
more alkaline media the LREE tend to separate from
the HREE, thus leading to relative LREE enrichment.
(2) The total REE amount (3.REE) of ores in the
three orebodies in the mining district is relatively
high, mostly within the range of (163.56-370.26)
x10°. The total REE amount of some samples is
(402.26-702.67)x107, indicating REE enrichment to
different degrees in the ores. The chondrite-
normalized REE patterns of basalts in the mining dis-
trict are of right-inclined type and most samples have
much similarity to the basalts in the mining strict, in-
dicating that both of them have strong affinities (Wang
et al., 1989). The LREE values are within the range of
(112.57-529.15)x10® and the HREE values are within
the range of (35.52-244.26)x10°; the LREE/HREE
ratios vary between 1.41 and 4.01 with an average
value of 2.71, indicative of LREE enrichment. That is
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to say, anatase was formed in a more alkaline envi-
ronment, thus leading to further separation of LREE
from HREE.

(3) The 6Eu values of basalts in the mining dis-
trict are 0.86—0.95, all less than unity, and the basalts
show weak negative Eu anomalies. Their 6Ce values
are 0.92-0.97, all less than unity, indicating that the
major minerals plagioclase and pyroxene in the basalts
simutaneously crystallized in proportion. The JSEu
values of ores in the three orebodies are 0.79—-0.93, all
less than unity, indicative of weak negative Eu anoma-
lies. Their 8Ce values are 0.48—1.44, mostly within the
range of 0.48—0.88 and a few are within the range of
1.01-1.44. It can be seen that the values vary over a
relatively wide range. It is indicated that ore-forming
materials of the deposit sourced from basalts, but in
the process of metallogenesis, the decomposition of
pyroxene took place in the low-temperature and
low-pressure weakly alkaline waterbody (Winchell,
1953; Doucet and Synthese, 1967) and in the process
of weathering the depletion extent is different very
obviously.
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Fig. 1. REE distribution patterns of basalts in the Shazi anatase ore-
field, Qinglong.
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Fig. 2. REE distribution patterns of ores from the Shazi anatase ore

deposit, Qinglong.
5 Trace element geochemical characteristics

Trace element analysis was carried out on 13
ore-exposed drill-core samples which had been se-
lected randomly from the ore deposit and the analyti-
cal results are listed in Table 3. The average trace ele-
ment values were statistically calculated, compared
with those of the continental upper crust to work out
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the element concentration clark values. By compari-
son of 24 trace elements, Au, Ag, As, Hg, Sb, TL, V, Ti,
Fe, Mn, Sc, Th, Cu, Cr and Co are obviously enriched.
Correlation analysis was conducted of those obviously
enriched trace elements in the ores. Their correlativi-
ties are listed in Table 4.

As viewed from the above statistical results, it
can be seen that anatase ores have the following es-
sential characteristics:

(1) Coherent elements such as Au, Ag, As, Hg,
Sb, T1, V, U, Pb, Fe, Mn, Th, Cu, Cr and Co are rela-
tively enriched in the ores, but are not enriched to
such an extent that they can be comprehensively util-
ized.

(2) According to the results of correlativity
analysis for trace elements in the ores (N=13), with
the correlation coefficient of 0.6 at the positive corre-
lation level, the coherent elements can obviously be
divided into two groups:

Group I: Au-Ag-As-Sb-Hg-Tl1 association. This
element association is the same as the trace element
association in the laterite-type gold ores in the south-
western part of Guizhou Province, reflecting that the
formation of anatase is consistent with that of the sili-
ceous claystones vastly distributed at the top of the
Maokou Formation limestones at the early stage of
eruption of regional-background Emeishan basaltic
magmas. Those siliceous claystones are the major
country rocks for the formation of the laterite-type
gold ores and anatase ores.

Group II: Sc-TiO,-Cu-Fe-Mn association, re-
flecting the characteristic geochemical environment of
a confined waterbody under regional background con-
dition, i.e., the confined waterbody in the strong oxi-
dation environment on the earth’s surface, basaltic
eruptive material rich in Fe, Mn, Sc and Ti fell into the
waterbody and hydrolyzed to form a low-temperature
and low-pressure and weakly alkaline water environ-
ment (Nie, 2008; Chen et al., 2003; Cao, 1991). Fer-
rous iron in the original basalts was oxidized as triva-
lent iron to form limonite, divalent manganese in the
original basalts was oxidized as traivalent or tetrava-
lent manganese to form psilomelane, and titanium was
involved in the formation of anatase under sufficient
oxygen supply and low-temperature and low-pressures
conditions (Jackson et al., 2006; Chen and Ji, 1985).

6 The element (Sc) in the ores

The element Sc is obviously enriched in the ores
of the three orebodies and its contents vary over a
range of (24.7753.8)><10'6,with an average value of
40.3x10°, 3.7 times those of the continental upper
crust (Table 4). The atomic number of Sc is 21 and its
outer electronic configuration is 3d'4s”. In nature Sc
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is present stably in the form of Sc** (Liu et al., 1984).
Mainly unequivalently replacing Fe*"and Mg*", S¢®* is
present in pyroxene, hornblende and olivine (Lii et al.,
1992). In the mining district S¢’* is present mainly in
pyroxene minerals in basalts and coexists isomorphi-
cally with Fe, Mn and Ti. When the eruptive materials
of basaltic magmas fell into the waterbody, Sc**
would be released from rocks along with the weather-
ing and disintegration of pyroxene and other minerals,
forming Sc(OH); or Sc,03; which would be adsorbed
on colloidal clay minerals. That is why anatase in the
mining district is enriched in Sc. As Fe, Mn, Ti and Sc
are derived from the same basalt, the correlativities
between Sc and Ti, Fe and Mn are relatively high. The
coefficient of correlation between Sc and Fe is
+0.9155, that between Sc and Mn is +0.7268, and that
between Sc and Ti is +0.6568.

The nature of Sc is very close to that of REE. As
compared to La and Y, the ionic radius of Sc is par-
ticularly small. The alkalinity of hyroxides is ex-
tremely weak. Therefore, when hydroxides are mixed
with REE, it is possible to isolate Sc from ores by us-
ing the ammonia grading precipitation method or the
nitrate grading decomposition method. Sc can play a
fantastic role in metallurgical, electronic, chemical
and optical power and other material industries and it
has become a new star in the field of material science.
Sc is very expensive. Sophisticated Sc-purification
technologies are now available both at home and
abroad. A great success has been achieved on an ex-
perimental basis in extracting Sc from specimens with
a Sc content of 0.0017% (Feng and Zhang, 2005).The
total REE amount of this anatase ore deposit does not
reach the industrial grade of the weathering-crust ion
absorption-type REE ores, but the total REE amount
of some samples reaches (402.26-702.67)x10°, in-
dicative of a certain degree of mineralization. So Sc is
relatively high and can be comprehensively utilized.
With the development of anatase ores and the com-
prehensive untilization of Sc, the economic value of
Sc is different to estimate.

7 Conclusions

The following conclusions have been drawn from
the REE and trace element geochemical studies of
oxides in ores from the Shazi anatase ore deposit in
Qinglong.

(1) The total amount of major oxides SiO,, Al,Os,
Fe,05 and TiO; in the ores is close to that of oxides in
laterite in the laterite-type gold deposits in the western
part of Guizhou and in laterite weathering crust in
Guizhou, though the content of TiO; is relatively high.
The ores are strongly weathered and completely oxi-
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dized. There is a positive correlation between TiO,
and Fe,O; and the correlation coefficients are 86.21%,
respectively, reflecting that anatase is associated (co-
exists) with clay minerals in the protolith.

(2) According to the correlation analysis of trace
elements in the ores, the correlative elements can be
divided into two groups: Group I: Au-Ag-As-Sb-
Hg-T1 association. This element association is identi-
cal to the trace element association in the laterite-type
gold ores in the southwestern part of Guizhou, re-
flecting that the formation of anatase is consistent
with the formation of siliceous claystones vastly de-
veloped at the top of the Maokou Formation lime-
stones during the early stage of regional- background
Emeishan basaltic magmas. Siliceous claystones of
this type are the major country rocks for the formation
of laterite-type gold ores and anatase ores. Group II:
Sc-TiO,-Cu-Fe-Mn association, reflecting the charac-
teristic geochemical environment of the confined wa-
terbody under regional background condition, i.e., in
the confined waterbody in the strongly oxidized zone
on the Earth’s surface, eruptive materials from basalt
magmas enriched in Fe, Mn and Ti fell into the wa-
terbody, followed by hydrolysis, thus creating a
low-temperature and low-pressure weakly alkaline
water environment. Ferrous iron in the original basalts
was oxidized as trivalent iron to form limonite, and
divalent manganese in the original basalts was oxi-
dized as trivalent or tetravalent manganese to form
psilomelane. The formation of anatase took place in
the low-temperature and low-pressure weakly alkaline
water environment where oxygen gas supply is suffi-
cient.

(3) Research on the REE geochemical character-
istics of basalts and ores in the three orebodies in the
study region indicate that both basalts and ores have
extremely strong affinities. The ore-forming materials
of the deposit come from basalts. In the study region
the anatase ore deposit is enriched in Sc. Fe, Mn, Ti
and Sc which all sourced from the same type of ba-
salts, mainly from decomposition of pyroxenes in the
basalts. Therefore, Sc possesses a very strong correla-
tivity with Ti, Fe and Mn.
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