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In recent yearsmineral exploration has concentrated on concealed deposits in regolith-covered terrains. In China,
the regolith-covered landscapes mainly include desert windblown sand basins, desert peneplains, semi-arid
grassland, loess plateaus, forestry land, alluvial plains and laterite terrains. These diverse regolith-covered
areas represent geochemical challenges for mineral exploration in China. This paper provides an overview of re-
cent progress on mechanisms of metal dispersion from the buried ore deposits through the transported cover to
the surface and penetrating geochemical methods to detect the anomalies. Case studies show that, in arid and
semi-arid desert sand-covered terrains, sampling of fine-fraction (−120 mesh, b0.125 mm) clay-rich horizon
soil is cost-effective for regional geochemical surveys for sandstone-type uranium, gold, and basemetal deposits.
Fine-fraction sampling, selective-leaching and overburden drilling geochemical methods can effectively indicate
the 210 gold ore body at Jinwozi goldfield. In alluvium-covered terrains, fine-grained soil sampling (−200mesh,
b0.074 mm) combined with selective leaching geochemistry shows clear ring-shaped anomalies of Cu and Ni
over the Zhouan concealed Cu–Ni deposit. In laterite-covered terrains, the anomalies determined by the fine-
fraction soils and selective leaching of absorbed metals on coatings of Fe–Mn oxides coincide well with the
concealed deposit over the Yueyang ore deposits at the Zijin Au–Cu–Ag field. Nanoparticles of hexagonal crystals
mainly native copper, gold and alloys of Cu–Fe, Cu–Fe–Mn, Cu–Ti, and Cu–Au were observed in gases, soils and
ores using a transmission electron microscope (TEM). The findings imply that nanoparticles of gold and copper
maymigrate through the transported cover to the surface. Uranium is converted to uranyl ions [UO2

2+] under ox-
idizing conditions whenmigrating from ore bodies to the surface. The uranyl ions are absorbed on clayminerals,
because clay layers have a net negative charge,which needs to be balanced by interlayer cations. Nanoparticles of
Au and Cu and ion complexes of U aremore readily absorbed onto fine fractions of soils containing clays, colloids,
oxides and organic matters. Thus, fine-grained soils enriched with clays, oxides and colloids are useful media for
regional geochemical surveys in regolith-covered terrains and in sedimentary basins. Fine-fraction soil sampling
combined with selective leaching geochemistry is effective for finding concealed ore bodies in detailed surveys.
Penetrating geochemistry at surface sampling provides cost-effective mineral exploration methods for delinea-
tion of regional and local targets in transported cover terrains.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Geochemical exploration has played an important role in mineral
discoveries, particularly due to China's National Geochemical Mapping
Program — Regional Geochemistry-National Reconnaissance (RGNR).
The program is almost covering all the outcropping mountainous
and hilly areas (approximately 6 million km2) mainly using stream
sediment sampling (Xie et al., 1997). However, the diverse regolith-
iences (Beijing), Beijing 10083,
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covered terrains provide an additional geochemical challenge for min-
eral exploration in China. In recent years, nation-wide mineral explora-
tion activities are now concentrating on concealed deposits in regolith-
covered terrains. Particularly in the new century, interest was kindled
by the discoveries of the large porphyry copper deposits and large
sandstone-type uranium deposits in Gobi desert terrains extending
from northern China northward into Mongolia. For example the large
copper porphyry deposit located at Tuwu in the Eastern Tianshan Gobi
(Fig. 1) (Wang et al., 2007a), the large copper and gold porphyry de-
posits located at Oyuu Tolgoi, about 80 km from the Chinese border
into Mongolia (www.ivanhoe-mines.com) and large sandstone-type
uranium deposits at the Turpan–Hami Basin (Quan and Li, 2002) and
at Ordos Basin (Dahlkamp, 2009).
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Fig. 1. Regolith-covered terrains with locations of case studies and some typical large ore deposits in Chinese covered terrains.

Table 1
Main features of different types of regolith-covered terrains.

Types of regolith Estimated total surface (km2) Cover thickness range (m) Climate & vegetation

Gobi desert (A) 1,435,000 A fewmeters to tens of meters at desert peneplains,
more than 10 m at desert basins

i) Arid;
ii) Average rainfall less than 200 mm;
iii) Barren, sparse vegetation, shrub & alhagi-rich

Semi-arid grassland (B) 323,900 A few meters to tens of meters, an average of less
than 10 m

i) Semi-arid continental climate;
ii) Average rainfall of 300 mm;
iii) Dominated by grass;
iv) Chestnut soil well-developed;

Loess (C) 385,000 A few meters to more than 600 m, an average of
50–80 m

i) Semi-arid to semi-humid;
ii) Average rainfall of 500 mm;
iii) Broad-leaved and coniferous forests of temperate
zone, farmland;

Forest terrain (D) 391,000 A few meters to tens of meters, an average of less
than 10 m

i) Humid;
ii) Average rainfall of 500–1000 mm;
iii) Arbor-rich, humus well-developed;
iv) Large areas of perpetually frozen soil;
v) Broad-leaved and coniferous forests of frigid zone
vi) Marsh areas widely distributed;

Alluvial plain (E) 996,200 A few meters to hundreds of meters, with a
maximum of more than thousands of meters

i) Monsoon climate of medium latitudes;
ii) Average rainfall of 500–1000 mm;
iii) Farmland;

Laterite (F) 463,000 A few meters to tens of meters, an average of less
than 10 m

i) Subtropical to tropical rain forest;
ii) With average rainfall of 1800 mm;
iii) Broad-leaved forest;
iv) Soils enriched in iron and aluminum oxides.

A, B, C, D, E and F have the same meanings with those in Fig. 1.
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Fig. 2. Sketch showing seven occurrence types of ore deposits. A—exposed, B—concealed in bed rocks, C—covered by residuum, D—buried by transported soils, E—covered by post-
mineralization covers, F—concealed by volcanic or sedimentary rock and overlying regolith, G—hosted by sedimentary rocks and overlying regolith.
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Traditional geochemical methods, for example, litho- and stream-
sediment geochemistry, are inadequate because mineral deposits are
covered by various cover materials (e.g. Quaternary regolith) where
rock or stream sediment samples are not available. A variety of new
approaches corresponding to numerous successful case studies have
been introduced, such as the geogas method (Cao, 2001; Kristiansson
and Malmqvist, 1982; Kristiansson et al., 1990; Malmqvist and
Kristiansson, 1985; Malmqvist et al., 1999; Ren et al., 1995; Tong et al.,
1991; Tong and Li, 1999; Wang et al., 1995a, 1997, 2006a, 2006b;
Wang, 1999; Xie et al., 1999; Ye et al., 2004), enzyme leach (Bajc,
1998; Clark and Meier, 1990; Clark, 1993; Clark et al., 1997; Hall,
1998; Williams and Gunn, 2002; Yeager et al., 1998), mobile metal ion
(Gray et al., 1999; Mann et al., 1995), sequential leaching of mobile
forms of metals in overburden (Wang, 1998a; Xie and Wang, 2003),
electrogeochemical (Antropova et al., 1992; Ryss and Goldberg, 1973;
Smith et al., 1993; Luo et al., 1999, 2008) and biogeochemical methods
(Anand et al., 2007; Erdman and Olson, 1985; Ozdemir, 2005), there-
fore, the term deep-penetrating geochemistry was coined at the right
time (Wang, 1998a, 1998b; Xie and Wang, 2003; Cameron et al., 2002,
2004).

We have little understanding of vertical migration mechanisms of
different elements from buried ore bodies upwards through diverse
transported covers to the surface. In this paper, the authors will give
an overview of recent typical case histories in different covered terrains
of China on metal migration mechanism that penetrates the exotic
cover and on the most successful exploration protocols for representa-
tive case studies.

2. Regolith-covered terrains and concealed mineral deposits in
China

2.1. Diverse regolith-covered terrains in China

China lies between latitudes 18° and 54° N, and longitudes 73° and
135° E. Consequently China's regolith-covered terrains vary significant-
ly as shown in Fig. 1. The regolith-covered terrains mainly include arid
deserts (Gobi desert), loess plateaus, forest and swamps, alluvial plains,
semi-arid grasslands and laterite. Northern and north-western China is
dominated by windblown sand-covered terrains including the arid de-
sert basins, desert peneplains, semi-arid grassland and loess plateaus,
Table 2
Summary of the four deposits in the case studies.

Mineral deposit Tonnage (ton) Type Dat

210 Au deposit 10 Ductile-shear type Au deposit 199
Zhou'an Cu–Ni deposit 445,900 Post-magmatic hydrothermal

Cu–Ni deposit
200

Yueyang–Bitian Ag–Au–U
deposit

1000 Epithermal Ag–Au deposit 199

Ordos uranium deposit 20,000 Sandstone-type U deposit 200
where the soils are composed mostly of windblown sand. This could
dilute the contents of mineralized elements and mask the signals of
mineralization.Most area of Northeast China iswell developedwith for-
est and swamp and covered by thick soils with high concentrations of
organic materials. East China is covered by alluvial soils that conceal
bedrocks and any ore deposits. South China is predominated by laterite
terrain where red earth and laterite are enriched in many elements by
the process of chemical decomposition of these rocks and residual con-
centrations. These diverse regolith-covered terrains are under-explored
or even unexplored; in addition, they are the current geochemical chal-
lenges for mineral exploration in China (Table 1).
2.2. Categories of mineral deposits

Fig. 2 illustrates the major categories of mineral deposits in light of
exploration geochemistry. Type A is exposed deposit and type B is
concealed by outcropping bedrocks. The other five are concealed by
post-mineralization cover such as sedimentary rocks, volcanic rocks
and regolith.

Deposits of type A, with outcropping mineralization and wall rocks
are the easiest to be discovered by prospectors even with naked eye
due to natural exposure at the Earth's surface. Ore bodies could be
intersected by drainage systems and the components of ore bodies
can be mechanically transported into stream sediments. Therefore,
basic litho-geochemical and stream sediment geochemical surveys are
effective for identifying these anomalies.

Type B deposits are concealed in host rocks. The signals of minerali-
zation can be recognized by their alteration signatures, or by rock geo-
chemical surveys for leakage halos and by analysis of pathfinder trace
elements.

Type C deposits are covered by a veneer of residuum. Although the
probability of finding this deposit by direct observation is greatly
reduced, the release of metals during chemical weathering can lead
to dispersion ofmineralization elements in the residuum. Soil geochem-
ical surveys here are effective to find this kind of ore deposit. The
weathering products of typeA, B and C are easily transported into drain-
age systems andwill give rise to a detectable anomaly. Thus there is also
an excellent chance of discovering these deposits with regional recon-
naissance stream sediment geochemical surveys
e (year), depth (m), method of discovery References

3, 10–20 m, regional geochemical survey Chen et al. (1999)
6, 400–700 m, airborne magnetic anomalies Wang et al. (2006a, 2006b); Yan et al.

(2011)
0, 170–460 m, regional geochemical survey Chen et al. (1997, 1998); Wang et al.

(2009)
0, b100 m, radiometric survey Liu et al. (2006); Dahlkamp (2009)



Fig. 3. Simplified geological model of the Jinwozi gold ore body covered by windblown sand indicated by drilling.
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The type D deposits are completely covered by exotic transported
soils. Here, geochemical exploration techniques on either a regional or
detailed basis, as presently practiced, offer little promise of discovery, al-
though there has been some success with the sampling of groundwater,
vegetation, basal caliche layers and vapors.

The type E deposit is concealed by various post-mineralization
covers which include volcanic and sedimentary rocks, alluvium and
weathered cover. The thick sequence of overlying covers will complete-
ly mask both underlying prospective bedrock sequences and expres-
sions of concealed deposits. Here, geochemical exploration techniques
presently available are unlikely to succeed.

The type F deposits are hosted at the bottom of volcanic rocks, above
which transported cover is also well-developed.

The type G deposits are hosted by sedimentary rocks. Most
sandstone-type uranium deposits at the basins belong to this type.

Types of D, E and F, G are unlikely to be detected by conventional
geochemical methods as now generally practiced. However, the re-
source potential of concealed deposits could be greater than that of
the exposed deposits, so the development of methods for their discov-
ery is the real geochemical challenge for the present and future.

3. Case studies

This section gives 4 typical case studies from the above-mentioned
regolith-covered terrains in China (Table 2). The reasons for choosing
these four case studies are that they could provide the readerwith a per-
spective of both regional- and local-scale geochemical exploration for
different types of concealed deposits. Sampling, preparation and
Table 3
Results of X-ray powder diffraction analysis of different soil fractions in the Jinwozi area.

Grain size (mesh) Minerals (%)

Quartz Orthoclase Plagioclase Calcite

+20 32.4 15.4 17.6 8.3
−20–+40 19.7 11.3 12.9 15.5
−40–+60 18.7 6.3 18.1 9.4
−60–+80 23.9 4.0 9.5 11.4
−80–+100 15.4 3.2 10.1 15.3
−100–+120 13.9 5.5 8.6 21.9
−120 13.6 3.5 5.9 19.8
laboratory analysis carried out for this study can be found in Wang
(1998b, 1999), Wang et al. (1997, 2007a, 2007b, 2011, 2014) and
Zhang et al. (2013).
3.1. The Jinwozi goldfield — covered by windblown sand

The 210 gold deposit lies in the Jinwozi goldfield in the Gobi desert
in Xinjiang, north-western China (Fig. 1). The gold veins mainly occur
within a ductile shear zone that trends northeast and dips northwest
at 10–40°. Metamorphosed tuff, volcanoclastic rocks and sandstone
are the major host rocks of the 210 deposit. The main wall rock alter-
ations are sericitization, pyritization, silicification and chloritization. Na-
tive gold, electrum, pyrite and arsenopyrite are the major ore minerals,
and chalcopyrite, sphalerite and galena are the minor ones (Lin et al.,
2014a). The deposit is covered by four to several tens of meters of Ter-
tiary to Quaternary regolith and sediments as indicated by drilling
(Fig. 3). The sequence of the regolith materials from bottom to top can
be summarized as follows: weathered bedrock, coarse sand, sand and
gravel, sandy clay and desert crust of gravel (Wang et al., 2007a).

Studies having been conducted since 1999 were aimed at under-
standing the geochemical dispersion in order to find a wide-spaced
sampling method to delineate geochemical provinces and a detailed
geochemical sampling method for locating the ore bodies. The field ex-
perimental results show that gold tends to be concentrated in the fine-
grained soil fraction (−120 mesh, b0.125 mm) at a depth of
150–300 mm. Powder diffraction analysis was applied to acquisition
of mineral compositions (Table 3).
Kaolinite Illite Chlorite Amphibole Gypsum

0.4 5.4 1.9 0.9 14.6
0.6 7.6 3.3 – 24.3
0.6 7.1 3.5 – 30.6
0.9 10.6 3.7 – 31.0
1.3 13.8 5.2 1.5 24.7
2.2 18.8 8.6 0.7 16.4
2.9 26.8 11.2 0.8 9.0



Fig. 4. Geochemical provinces delineated by fine-fraction (−120 mesh) sampling at a density of 1 sample/100 km2 (Wang et al., 2007b).
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Therefore, in eastern Tianshan region, fine-grained fraction
(−120 mesh) of regolith samples at a depth of 150–300 mm enriched
in clay minerals (Table 3) was collected at a density of 1 sample per
100 km2. The samples were analyzed by XRF and ICP-MS after a hot 4-
acid treatment. Geochemical provinces in the Jinwozi goldfield and
Shiyingtan region were delineated (Fig. 4) (Wang et al., 2007b).
Table 4 summarizes the statistical parameters.
Table 4
Statistical parameters of regolith samples collected in eastern Tianshan.

Elements Minimum Maximum Average St. dev. Background

Ag 13.0 1171.0 60.7 67.5 37.0
As 1.5 197.8 9.8 7.5 6.7
Au 0.1 306.5 3.0 9.8 2.0
Cu 3.8 101.2 20.3 8.6 13.2
Hg 2.8 706.6 10.2 24.1 4.4
Mo 0.3 40.0 1.3 1.3 0.7
U 0.9 12.8 3.2 1.0 2.1

Note: Ag, Au, Hg in ng/g, others in μg/g.

Fig. 5. Regional geochemical anomalies delineated by fin
Furthermore, samples of fine-grained soil fractions (−160 mesh,
b0.088 mm) at a depth of 150–300 mm were taken at a density of 1
sample/6 km2 at the Jinwozi goldfield. The samples were subjected to
the analysis of XRF and ICP-MS after a 4-acid treatment. The results
show a significant NE-trending gold anomaly coincident with the
ductile-shear zone hosting the 210 gold deposit (Fig. 5).

Samples of different soil fractions at different depths (A N 0.833 mm
(+20 mesh), 0.088 mm (160 mesh) b B b 0.833 mm (+20 mesh),
C b0.088 mm (−160 mesh) mm in Fig. 6) were taken along a transect
over the 210 deposit using improved Rotary Air Blast (iRAB) drilling.
XRF and ICP-MS after a 4-acid treatment were used to obtain geochem-
ical contents. A gold geochemical pattern indicated that thefine-grained
fraction (grain-size b 0.088 mm (−160 mesh), C in Fig. 6) delivers
stronger (with most Au anomalous value N 10 ppb) and relatively con-
secutive anomalies over the deposit compared to those of relatively
coarse grained fractions (with most Au anomalous value between 3
and 10 ppb) (A and B in Fig. 6), and that gold is concentrated at the bot-
tom and at the surface with low concentrations in themiddle (Lin et al.,
2014b). In addition, samples of grain-size smaller than 0.088 mm
e-fraction sampling at a density of 1 sample/6 km2.



Fig. 6.Geochemical patterns of gold delineated by different fractions of soil samples at different depths over the 210 deposit (notation: X axis—sample number, Y axis—gold concentration
(ppb), A: N0.833 mm (+20 mesh), B: 0.088 mm (160 mesh) b B b 0.833 mm (20 mesh), C: b0.088 mm (−160 mesh)).
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(160mesh) have the highest background value of Au at 8.2 ng/g and the
biggest contrast of background and anomaly. Contrarily, samples of
grain-size between 160mesh and 20meshhave both the smallest back-
ground value of Au at 3.8 ng/g and the contrast of background and
anomaly.

The above results show that sampling offine fraction of soil ismore ef-
fective in delineation of regional and local gold geochemical anomalies for
windblown sand regolith-covered deposits. Robertson (1999) has obtain-
ed similar results in the northeast Yilgarn Craton of Western Australia.
The fine-grained size may vary from area to area for the case studies in
this paper. The fine-grained fraction is generally defined as soil grain
minus 100 mesh (0.150 mm) enriched clay minerals in this paper.

3.2. Zhou'an Cu–Ni deposit— covered by sedimentary rocks and alluvial soils

The Zhou'an Cu–Ni deposit is located 29 km south of Tanghe County,
Henan province. The ore-bearing ultramafic complex with extensive
alteration has been intruded into Mesoproterozoic and Neoproterozoic
metamorphic strata. The stratiform ore bodies, mainly at the top and
bottom of the complex, were formed by post-magmatic hydrothermal
processes (Mi et al., 2009). The complex and its ore bodies are buried
under Cenozoic strata and Quaternary alluvial soils at a depth of more
than 400 m (Fig. 7). Traditional geochemical surveys are useless under
these circumstances. However, airbornemagnetic anomalies contribut-
ed largely to the discovery of the Zhou'an Cu–Ni deposit. It is an ideal
area for a deep-penetrating geochemistry study as there have been no
signs of any exploitation and contamination (Zhang et al., 2013).

Sampling of fine-grained fraction of soil (−200 mesh, b0.074 mm)
at a depth of 100–300 mm coupled with selective leaching (Wang,
1998a, 1998b) was utilized on 5 traverse lines over the Zhou'an
concealed Cu–Ni deposit. A clear ring-shaped anomaly of Cuwas identi-
fied right over the deposit (Fig. 8). In addition, Tables 5 and 6 summarize
the analytical results of X-ray diffraction and statistical parameters of
fine-grained soil samples at the Zhou'an deposit respectively.



Fig. 8. Ring-shaped anomaly of Cu over the Zhou'an Cu–Ni deposit (Wang et al., 2012).

Fig. 7. Simplified geological model of the Zhou'an Cu–Ni deposit and its hosting ultramafic
complex under Cenozoic strata and Quaternary alluvial soils at a depth of more than
400 m.

Table 5
Results of X-ray diffraction of fine-grained soil samples at the Zhou'an deposit.

Sample no. Minerals (%)

Quartz Montmorillonite Orthoclase

1 43–47 30 5
2 44–49 30 3
3 55–59 25–30 3
4 55 25–30 3
5 53–50 30 3–5
6 48–52 25–30 3
7 44–45 30 3
8 52–53 25–30 3
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3.3. Yueyang Bitian Ag–Au–U deposit at Zijin in a laterite terrain

The Zijin copper–gold ore field is one of the main Cu–Au producers
in Fujianprovince, southeastern China (Fig. 1) (Yu et al., 1995). Different
types of deposits, including the Yueyang Bitian epithermal Ag–Au–Uore
deposit, the Zijinshan middle-low temperature hydrothermal Cu–Au
deposit and the Luoboling porphyry Cu–Mo deposit are distributed
from the southwest to thenortheast (Fig. 9). TheBitianAg–Au–Udepos-
it is completely covered by volcanic rocks overlain by laterite. Fine-
grained soil fraction (−200 mesh, b0.074 mm) samples at a depth of
50–200 mm were taken on a traverse across the deposit (Zhang et al.,
2013). XRF and ICP-MS after a 4-acid treatment for total digestion and
selective sequential leach were used. Fig. 10 shows that the anomalous
distribution of the fine fraction soils after 4-acid and aqua regia extrac-
tion and ammonium citrate plus hydroxylamine hydrochloride extrac-
tion of the coatings of Fe–Mn oxides (FMM) coincide well with the
concealed deposit and the contrast of background and anomaly is
strong. From the southwest to the northeast, anomalies of analyzed
elements show horizontal zoning: (As–Sb–Hg–Ag–Au–U) → (Ag–Au–
Pb–Zn–Bi–Cu) → (Mo–Cu–Zn–U–W), which spatially correlates to the
corresponding mineral deposits.
3.4. Sandstone uranium deposits in basins

Regional geochemical stream sediment surveys have been used to
investigate hilly and mountainous areas. Basins and adjacent areas
have long been neglected. Researchers in China commenced regional
geochemical survey in basins in 1999 under the project ‘Low density
deep-penetrating geochemical survey in arid desert of eastern Tianshan
region’ using fine fraction clay-rich soil samples (−120 mesh,
b0.125 mm) at a depth of 200–400 mm combined with sequential se-
lective leach (Wang et al., 2011). Summaries of parameters of geochem-
ical data can be found in Table 4. This has obtained satisfactory results at
Terpan–Hami Basin, northwestern China (Fig. 11) (Wang et al., 2007b,
2011). A known U deposit, Shihongtan, occurred among the resultant
anomalies and two prospective areas for sandstone U deposits were
targeted.

Fine fraction samplingwas also applied to a regional uranium survey
in the Ordos Basin with an area of 23,104 km2 (Yao et al., 2012). The
Ordos sandstone-typeUdeposit occurs in Jurassic sandstone, and is cov-
ered by Cretaceous strata and soil. The designed sampling densitywas 1
site/4 km2. The fine fraction (−100 mesh, b0.147 mm) of the catch-
ment soil samples at a depth of around 150 mm was collected in the
field and later sieved to −200 mesh (b0.074 mm) in the laboratory
for total analysis and selective leach by XRF and ICP-MS (Yao et al.,
2012). Table 7 summarizes the statistics of geochemical data from fine
fraction soil samples at Ordos Basin, Inner Mongolia, northern China.
The resultant anomalies can be closely correlated to the belt of sand-
stone uranium mineralization (dashed line in Fig. 12).
Plagioclase Illite Kaolinite Calcite

5–10 5 1–2 1
5–10 3 1–2 1
5 1–2 1–2 1
5–10 – 1–2 1
5–10 – 2–3 –
10 3 2–3 –
10 1–2 2–3 3–5
5–10 1–2 2–3 1–2



Table 6
Statistical parameters of fine-grained soil samples at the Zhou'an deposit.

Elements Minimum Maximum Average St. dev. Background

Co 7.5 74.9 14.4 5.26 13.7
Cr 54.9 354.4 79.9 20.79 77.5
Cu 15.7 92.3 24.8 7.29 23.5
Ni 17.3 82.2 30.8 7.75 29.7
Pb 16.8 190.6 28.9 12.82 27.3
Zn 35.4 279.5 60.3 23.80 57.0
TFe2O3 3.09 11.87 4.80 1.18 4.59

Note: TFe2O3 in %, others in μg/g.
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4. Migration mechanism of elements through transported cover

4.1. Overview of migration mechanism

Dispersion of metals from concealed mineralization can superim-
pose anomalies on the transported cover at or near surface. It is gener-
ally thought that trace elements are transported to the surface by one
or more of the following mechanisms: (i) groundwater flow
(Cameron, 1998; Cameron et al., 2002, 2004; van Geffen et al., 2012;
Leybourne and Cameron, 2006, 2008, Noble et al., 2013b),
(ii) capillary action (Anand et al., 2014), (iii) ionic diffusion, (iv) self-
potential effect (Smee, 1983; Govett et al., 1984; Goldberg, 1998;
Hamilton, 1998; Hamilton et al., 2001, 2004a, 2004b; Timm and
Moller, 2001), (v) vaporization, (vi) biology (Dunn, 2007; Anand et al.,
2014), (vii) as components of gases, and (viii) transportation by gases
(Kristiansson and Malmqvist, 1982; Nilson et al., 1991; Ren et al.,
1995; Wang et al., 1995a, 1995b, 1997; Tong et al., 1998; Xie et al.,
1999; Noble et al., 2013a, 2013b; Anand et al., 2014). For thin residual
cover, any of themechanisms can contribute to upwardmetal transport.
For exotic cover, or a thick sequence of various overlying post-
mineralization rocks and transported regolith, themechanismofmetals
migrating upward from buried deposits penetrating through the cover
to the surface is still not fully understood. The above-mentioned con-
ceptual models play an important role in understanding the migration
mechanism of elements. Although these interpretations focus on the
forces driving element migration, they do not discuss the element
behavior or metal occurrences during the migration. For instance, an
inert element, such as gold, which commonly occurs as dense native
grains, would find upward migration difficult.

From the late 1990s to the2010s, it was realized that nano-scale gold
particles may migrate vertically with gas flow and nanoscale metal
particles were observed in geogas and soil samples (Wang et al., 1997;
Cao et al., 2009; Deditius et al., 2011; Hough et al., 2011; Tong et al.,
1998). It still cannot be proved that these nano-scale metal particles
come directly from the ore bodies, as bacteria near the surface could
Fig. 9. Typical types of epithermal Ag–Au–U,middle–low temperature hydrothermal Cu–Au, and
area.
also form nano-particles (Banfield and Nealson, 1997; Lower et al.,
2001). Recently, nano-scale crystal particles formed in the endogenic
processes have been observed (Hough et al., 2008; Noble et al., 2009;
Wang and Ye, 2011; Ye et al., 2012). This finding has provided new
insight into metal migration mechanism (Wang and Ye, 2011). Nano-
geochemistry is one of the most significant research frontiers in geo-
chemical exploration of concealed terrains.

4.2. Nanoparticle migration of native gold and copper through exotic cover

Deep-penetrating geochemical surveys have revealed that anoma-
lies exist at surface over mineral deposits covered by transported rego-
lith. Recently, nanoparticles of metals were widely observed in geogas,
soil and ore using a transmission electron microscope (TEM) equipped
with an energy dispersive spectroscope (EDS). The observationwas im-
plemented at the Laboratory of Microscopy of Peking University. The
model of the TEM used in the observation is H9000NAR whose dot res-
olution is 0.18 nm, lattice resolution is 0.1 nm, minimum spot diameter
is 0.8 nm, and accelerating voltage at work is 100–300 kV. And the TEM
is equippedwith an energy dispersive X-ray spectroscope (EDS), thede-
tecting instrument with ultra-thin window can identify each element
whose atomic number falls into the range of 5–92. Components of the
particles are determined by the EDS without provision of quality frac-
tion. A spot diameter of b0.2 μm was used in the observation.

Particle diameters ranging from 10 to 200 nm (generally tens of nm)
with crystal structurewere observed by the TEM. These particles tend to
form clusters like a bunch of grapes. In situ analysis by EDS shows that
the particles are composed of native copper and alloys of Cu–Fe, Cu–
Fe–Mn, Cu–Ag, Cu–Cr, and Cu–Ni and with Si, Al, Ca, O and P from the
copper–nickel deposit and Au, Cu–Au, Cu–Fe, and Cu–Ti from the gold
deposit. Fig. 13 shows nanoscale hexagonal crystals of Cu and Au alloy
from geogases and soil at the Jinwozi goldfield. Fig. 14 shows nanoscale
hexagonal crystals of Cu–Ti alloy in (A) geogas, (B) soil and (C) ore at
the Zhou'an Cu–Ni deposit. The nanoscale copper and gold particles
have hexagonal crystal shape and ordered arrangements of atoms that
indicate that they are from the concealed endogenic deposit.

Themigrationmodel process illustrated in Fig. 15 can be interpreted
that 1) nano-crystal particles of Au and Cuwere formed in themineral-
ized process and released from the ore deposits by weathering during
exposure to the surface before covering by transported soils; 2) nano-
particles have gas-like characteristic with high diffusivity (Wu, 1998)
able enough to overcome gravity force to float in a liquid in under-
ground water saturated zone or in gases in arid terrains; 3) nano-
particles have properties with high surface area to volume ratio charac-
terized by a tremendous force able to adsorb onto surface of gas bubbles
by surface tension for diffusion with an ascending flow of gas or water
bubbles upward to the surface. Such gas bubbles may be derived from
porphyry Cu–Modeposit distributed from the southwest to the northeast in the Zijinshan



Fig. 10. Anomalies of Au and Ag over the Yueyang Bitian Ag–Au–U deposit at the Zijin Au–Cu field.
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the atmosphere and driven to the surface by barometric pumping
(Cameron et al., 2004), or be released from the oxidation of sulfide in
ore deposits, or frommantle degassing (Gold and Soter, 1980); 4) sedi-
mentary or volcanic rocks and overlying regolithwith fractures or pores
allow gases and gas-like nanoparticles to migrate upward through
covers to the surface; 5) arriving at the surface, some nano-particles
may be retained in soil pore gases, and some trapped by soil minerals
such as Fe and Mn oxides, clay minerals, colloids, soluble salts and sec-
ondary carbonates, and organic matters; and 6) lateral dispersion has
been taking place under the surface process of peneplanation. It can
be seen from Fig. 6 that high concentrations of gold exist in both coarse-
and fine-grained soil fractions at the interface of the bedrock and the
overlying soil cover, however, extensive gold anomalies distributed at
the surface merely occurred in the fine-grained fraction of soils



Fig. 11. Geochemical anomalies of U and Mo delineated by wide-spaced sampling of 1 site/100 km2 at Terpan–Hami Basin, northwestern China (Wang et al., 2007b).

Table 7
Statistics of geochemical data from fine fraction soil samples at Ordos Basin.

Elements Minimum Maximum Average St. dev. Background

Ag 40 190 58 11 56
As 3.1 11.8 7.1 1.3 7.1
Cu 9.8 42.9 15.8 3.4 15.2
Hg 4.2 56.7 12.2 5.7 11.0
Mo 0.3 2.1 0.5 0.3 0.4
Pb 14.2 26.7 19.3 2.2 19.2
U 1.4 7.8 2.5 0.7 2.3

Note: Ag, Hg in ng/g, others in μg/g.

Fig. 12.Geochemical map of U based on the regional geochemical survey in the Ordos Basin
et al., 2012).
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(Fig. 6). It can be seen from Fig. 5 that north–south-oriented width of
high concentrations of gold at the 210 deposit extends into 5 km, how-
ever we know that the altered belt of the 210 ore deposit hosted in the
ore-bearing ductile shear zone at Jinwozi gold field is confined in a lim-
ited space with a width of tens of meters. It implies that metal particles
were led to lateral dispersion after the upward vertical migration from
mineralization.

The findings provide nano-scale insight into migration mechanism
of deep-penetrating geochemistry and a new method for separation of
nanoparticles from soils to search for concealed deposits.
, Inner Mongolia, northern China (dashed line indicates U mineralization belt) (Wang



Fig. 13. Nanometer hexagonal crystals of Au–Cu–Bi alloy in geogas and Cu–Ti in soil observed by TEM with EDS over the 210 deposit (Wang and Ye, 2011; Wang et al., 2013).
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4.3. Complex uranium migration penetrating sedimentary cover

Why is uranium enriched in the near-surface or surface fine-grained
soil? The sequential selective leaching method was used to study the
occurrences of uranium in operationally defined forms, i.e., (i) water
extractable, (ii) adsorbed and exchangeable onto clay minerals, (iii) oc-
cluded in secondary carbonate, and (iv) adsorbed on coatings of Fe–Mn
oxides. This showed that uranium is largely adsorbed on clays, which
range from 17.9% to 40% (average 30.4%) of the total mineral content
of the soil, and occluded in secondary carbonate, which varies from
10.9% to 15.9% (average 13.9%) of the soil (Table 8). Fig. 16 shows
that clay minerals tend to increase in the finer soil fractions. The
−120 mesh (b0.125 mm) fraction contains the most clay, making up
to 40% of the totalmineral content. Thismay indicate that U is converted
to uranyl ions [UO2

2+] under oxidizing conditions and is absorbed on
clay minerals to accumulate in anomalous concentrations. Uranyl ions
[UO2

2+] are easily adsorbed onto clay interlayers. Clay layers have a
net negative charge, which is balanced by interlayer cations. Uranyl
ions may be converted into anionic hydroxide complexes [UO2(OH)42−]
at a high pH value. In the presence of carbonate, uranium is further
converted to a series of soluble carbonate complexes [UO2(CO3)34−] at
an alkaline pH.



Fig. 14. Nanometer hexagonal crystals of Cu–Ti alloy in (A) geogas, (B) soil and (C) ore observed by TEM with EDS at the Zhou'an Cu–Ni deposit (Wang and Ye, 2011).
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5. Discussion and conclusions

The diverse regolith-covered terrains are widely distributed in arid
desert peneplains, semi-arid grassland and loess plateaus in northern
and northwestern China, forest covered land in the extreme northeast
part of China, alluvial plains in eastern China and laterite in southern
China. These diverse regolith-covered terrains are unexplored or
under-explored, and are the current geochemical challenges for Chinese
mineral exploration.

Geochemical exploration research in regolith-covered terrains in
China has made great progress both in migration mechanisms and
methods during the latest 20 years. Nanoparticles of Cu and Au were
widely observed in gases, soils and ores, because these metals occur as
native forms whereas U occurs as complex uranyl ions in regolith. This
implies that the migration mechanism for different metal elements may
be different. Nano-crystals of Cu and Au, formed and liberated from the
ore bodies, may migrate with an ascending flow of gases upward to the
surface. On arriving at the surface, some of the particles persist in the
soil gases and other particles are trapped by soil geochemical barriers
such as clays, oxide coatings and colloids. Uranium occurs as complex
uranyl ions under oxidizing conditions while migrating from ore bodies
to the surface and the ion complexes are absorbed onto clay minerals.

Nanoparticles and ion complexes are more readily absorbed onto
fine grains of soils with high contents of clays, colloids, oxides and or-
ganic matters. Thus, fine-fraction sampling of regolith combined with
selective leaching geochemistry can effectively and efficiently delineate



Fig. 15. The comprehensive geochemical model showing vertical migration and lateral dispersion of nano-particles of metals.
Modified from Wang et al., 2007b.

Table 8
Concentrations and percentage proportions of uranium in operationally defined sequen-
tial selective extraction forms in soil.

Samples Uranium contents (ppb) Percentage proportion of (%)

WEU ACU CU FMU T WEU/T ACU/T CU/T FMU/T

SHT34P0 53.8 954.6 381.3 35.5 2392.5 2.3 39.9 15.9 1.5
SHT34P1 26.7 407.9 228.4 26.4 1712.2 1.6 23.8 13.3 1.5
SHT32P0 57.8 976.9 378.2 47.7 2444.3 2.4 40.0 15.5 1.9
SHT32P1 22.2 331.7 203.4 28.3 1856.8 1.2 17.9 10.9 1.5
Average 40.1 667.8 297.8 34.5 2101.5 1.9 30.4 13.9 1.6

WEU: water extractable; ACM: adsorbed onto clay minerals; CM: soluble carbonate
complexes; FMM: adsorbed onto Fe–Mn oxide coatings; T: total U.
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geochemical anomalies associated with ore deposits covered by
transported cover.

In China,most of themineral deposits had been discovered by naked
eyes before 1980s. Exploration geochemistry has mademore important
contribution to the new mineral discoveries after 1980s. Fig. 17 shows
proportion of 817 new deposits discovered by follow-up exploration
for the targets delineated by different methods in China from 1981 to
2000 according to statistic results by the former Ministry of Geology
and Mineral Resources of the People's Republic of China. As time goes
by, mineral exploration in concealed terrains which occupy 42% of
China's territory is becoming important. Fig. 18 shows the number of
newly-discovered deposits within the targets delineated by geochemi-
cal methods in China from 1981 to 2008 according to statistics by the
China Geological Survey. 219 new ore deposits have been discovered
Fig. 16. Percentage proportion of clay minerals in different soil fractions of 10–20, 20–40,
40–86, 60–80, 80–100, 100–120, and −120 mesh (Wang et al., 2011).
at covered terrains from 1981 to 2008, occupying 25% of the total num-
ber of 881 new mineral deposits that have been discovered by geo-
chemical methods in China. In addition, for each period of 5 years, this
proportion remains at the level of about 20%–40%. The authors conclud-
ed that geochemical methods have played andwill playmore andmore
important role in mineral discoveries in covered terrains, because geo-
chemistry using laboratory analytical technology can recognize signals
from blind mineral deposits, which cannot be seen by human naked
eyes. Ore deposits still remain to be discovered by cost-effective surface
prospectingmethods but the future belongs to thosewho can effective-
ly and efficiently prospect concealed terrains.

We are still facing some questions: what is the mechanism for other
elements? Can the methods be applied to other kinds of mineral de-
posits? Is it effective for mineral exploration in other regolith-covered
terrains such as a loess plateau? Can this method become standardized
procedures for mineral exploration? Penetrating geochemistry could
step into a brand-new era only by answering the aforementioned and
other newly-presented questions.
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