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Abstract:  
 
Organic matter plays an important role in the transport and precipitation of germanium (Ge) in coal-
hosted Ge deposits. In this paper, Ge isotopes of coal samples and their combustion products were 
analyzed in order to investigate the potential use of Ge isotopes as tracers of Ge sources and 
enrichment mechanisms in coal. Germanium isotopic composition of various samples (mainly Ge-rich 
lignite) from the Lincang Ge deposit, Yunnan, Southwest China was analyzed using a continuous flow 
hydride generation system coupled to a Multi Collector Inductively Coupled Plasma Mass 
Spectrometer (MC-ICP-MS) and the standard-sample bracketing approach. Variations of 74Ge/70Ge 
ratios are expressed as δ74Ge values relative to NIST SRM 3120a Ge standard solution. Ge-rich 
lignite samples show large Ge isotopic fractionation (δ74Ge values range from − 2.59‰ to 4.72‰), and 
their δ74Ge values negatively correlate with Ge concentrations. Lignite samples with low Ge 
concentrations (< 500 ppm) tend to show positive δ74Ge values, while δ74Ge values of lignite samples 
with high Ge concentrations (> 1000 ppm) are close to zero or negative. Along stratigraphic sections, 
Ge is mainly concentrated in the top or the bottom of the coal seam, such that high values of δ74Ge 
are usually found in the middle part of the coal seam. Interlayered hydrothermal chert and limestone 
samples in Ge-rich coal seams also show moderate fractionation (δ74Ge values range from − 0.14‰ to 
2.89‰ and from 0.55‰ to 1.87‰, respectively). The overall variations of δ74Ge values of Ge-rich 
lignite and organic-rich chert samples can be well described by a Rayleigh fractionation model, 
indicating that preferential enrichment of light Ge isotopes in coal in an open system might be the main 
factor controlling Ge fractionation in Ge-rich lignite. The germanium isotopic composition of 
hydrothermal chert (and possibly limestone) might also record the competitive fractionation produced 
by precipitation of quartz and sorption of coal. Elevated Ge concentrations and/or δ74Ge values of 
some chert, limestone, sandstone, and claystone samples may be attributed to the mixing with Ge-rich 
organic matter. Furthermore, similar to the fractionation of Zn, Cd and Hg isotopes observed between 
refinery dust or gas and slag, high temperature coal combustion also fractionates Ge isotopes, with 
the Ge isotopic compositions of soot being distinctly lighter (up to 2.25 per mil) than those of cinder. 
The distinct enrichment of potential hazardous elements (i.e., Pb, Cd, and As) and Ge in soot after 
coal combustion, as well as the common enrichment of Ge in sulfide minerals (e.g. sphalerite), 
highlights the possibility of using Ge isotopes as useful tracers of sources of heavy metal pollution 
caused by high temperature industrial processes (coal combustion and Pb-Zn refining) in the 
environment.  
 

http://dx.doi.org/10.1016/j.chemgeo.2011.05.011
http://archimer.ifremer.fr/
mailto:qihuawen@vip.gyig.ac.cn


P
le

as
e 

no
te

 th
at

 th
is

 is
 a

n 
au

th
or

-p
ro

du
ce

d 
P

D
F

 o
f a

n 
ar

tic
le

 a
cc

e
pt

ed
 fo

r 
pu

bl
ic

at
io

n 
fo

llo
w

in
g 

pe
er

 r
ev

ie
w

. T
he

 d
ef

in
iti

ve
 p

u
b

lis
h

er
-a

ut
he

nt
ic

at
ed

 v
e

rs
io

n 
is

 a
va

ila
b

le
 o

n 
th

e 
pu

b
lis

he
r 

W
eb

 s
ite

 

 2

Research Highlights 

► Ge-rich coal samples show large Ge isotopic fractionation. ► Rayleigh fractionation and mixing 
control the overall variations. ► High temperature coal combustion fractionates Ge isotopes. ► Ge 
isotopes can be used as tracers in terms of pollution studies. 

 
Keywords : Germanium; Coal; Stable isotope fractionation; Water–rock interaction; Geochemical 
tracer 
 
 
 

1. Introduction 
 
Germanium (Ge) is a trace component in the Earth’s crust and natural waters (Bernstein, 
1985; Taylor and McLennan, 1985). Germanium substitutes for Si in silicate mineral lattices 
and is widely dispersed in the crust. Depending on its geochemical environment, Ge shows 
either siderophile, chalcophile, and organophile behavior, and is consequently enriched in (1) 
iron meteorites and iron oxides, (2) zinc-rich and copper-rich sulfide ore deposits, and (3) 
some coal deposits (Bernstein, 1985; Pokrovski and Schott, 1998a; Höll et al., 2007; Qi et 
al., 2007; Seredin and Finkelman, 2008). In rivers that are distant from industrial regions and 
sources of coal combustion, the Ge/Si atomic ratio is about 0.6×10– 6. Both Ge 
concentration and Ge/Si ratios are increased in most hydrothermal waters (Arnórsson, 1984; 
Mortlock and Froelich, 1986; Mortlock et al., 1993; Pokrovski and Schott, 1998a, 1998b; 
Evans and Derry, 2002). The unique nature of Ge makes Ge isotopes potentially useful 
tracers of rock weathering processes, coupled Ge and Si geochemical cycling, and the origin 
of hydrothermal sulfide deposits and Ge-rich deposits in coal mines.  
 
Over the past few years, new advances in Ge isotope systematics have been made 
regarding (1) the measurement of Ge isotopic compositions of geological and extraterrestrial 
materials, such as igneous rocks, marine sediments, seafloor hydrothermal fluids, 
hydrothermal Fe-oxyhydroxides, terrestrial high-temperature geothermal fluids, sphalerite, 
and iron meteorites (Rouxel et al., 2006; Siebert et al., 2006; Luais, 2007); and (2) theoretical 
prediction of germanium isotope fractionation (Li et al., 2009; Li and Liu, 2010). These 
preliminary studies have revealed striking Ge isotopic fractionation (up to 4 per mil for 
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74Ge/70Ge ratios) and provided the foundation for using Ge isotopes as new geochemical 72 

tracers.  73 

As one of the most important Ge-bearing deposits (Höll et al., 2007), coal-hosted Ge 74 

deposits represent an unusual reserve of >1000 tons with Ge concentrations up to 3000 ppm, 75 

mainly distributed in Russian Far East (Seredin and Danilcheva, 2001; Seredin and Finkelman, 76 

2008), and Western Yunnan and Inner Mongolia in China (Zhang et al., 1987; Zhuang et al., 77 

1998a,1998b; Qi et al., 2004, 2007a, 2007b; Zhuang et al., 2006; Du et al., 2009; Hu et al., 78 

2009). Since Ge has the highest organic affinities of all elements in coal (Valkovic, 1983), 79 

coal-hosted Ge deposits have been regarded as the best example of ore deposits where the 80 

organic matter played an important role in their formation (Seredin and Danilcheva, 2001). 81 

However, despite its importance, there are still active debates regarding the sources of Ge and 82 

the importance of hydrothermal enrichment during coal formation. In this study, we report a 83 

comprehensive study of Ge isotopic composition of Ge-rich lignite samples from the Lincang 84 

Ge Deposit, Yunnan, Southwest China, which in turn provides important constraints on the 85 

mechanisms of Ge isotopic fractionation during water (hydrothermal solution) and rock (coal) 86 

interaction in organic-rich geological environments. We also investigated potential Ge isotope 87 

fractionation during coal combustion in order to explore the possibility of using Ge isotopes 88 

as robust tracers of anthropogenic sources of Ge (i.e. from fossil fuel burning) in the 89 

environment. 90 

 91 

2. Geological setting and sample collection 92 

The Lincang Germanium Deposit (LGD), including the Dazhai and Zhongzhai ore 93 

blocks, is located in the Bangmai Basin of Lincang County, Yunnan Province, Southwest 94 

China (Fig. 1). Hu et al. (2009) described the regional geological background and the 95 

geological characteristics of this deposit in detail. The Bangmai Basin, with an area of 16.4 96 

km2, is a 10-km long and 4.5-km wide half graben, controlled by NW and EW-trending faults 97 

and is filled by the Miocene Bangmai Formation with a maximum thickness of 1142m. The 98 

lower part of the Miocene Bangmai Formation is mainly composed of diluvial and alluvial 99 

granitic clastic rocks, overlain by an upper sequence of sandstones, siltstones, coal seams and 100 

diatomites. The upper sequence is further divided into seven units (N1b
2– 8), three of which are 101 
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coal-bearing (N1b
2, N1b

4 and N1b
6). The coal seams in these units mainly consist of low 102 

maturity lignite and a few bituminous coals. All these near-horizontal sequences, bearing 103 

fewer and thinner coal seams, are found in the east limb, while only a few sequences with 104 

steeply dipping (up to 75°) and thicker coal seams are preserved in the western limb. The 105 

Bangmai Formation was deposited onto the Middle Triassic Lincang granitic batholith, which 106 

is lithologically composed of biotite- and two-mica granites. 107 

The proven Ge reserve of the LGD is more than 1000 tons. Prospecting data show that 108 

the concentrations of Ge in the coal seams of the LGD change both vertically and laterally. 109 

Germanium mineralization occurs in the coal seams of the basal coal-bearing unit (N1b
2) of 110 

the Bangmai Formation (Fig.2). The Ge-mineralized coal seam is interlayered with cherts and 111 

siliceous limestones in Zhongzhai, while the other coal seams in the upper two coal-bearing 112 

units (N1b
4 and N1b

6) are not interbedded with cherts and siliceous limestones, and are not 113 

enriched in Ge. The major and trace element composition, as well as O- and C-isotopic 114 

compositions of these cherts and siliceous limestones are similar to those of hydrothermal 115 

sediments, indicating formation by hydrothermal sedimentation (Qi et al., 2004; Hu et al., 116 

2009). The main Ge ore bodies are mainly distributed in the west limb of the Bangmai Basin 117 

(Fig.2). The equant or elongated orebodies are usually located at fault intersections (Fig.1). 118 

The mineralized area in Dazhai is 600 m long and 400 m wide, with an area of 0.25 km2. The 119 

stratiform or lentiform orebodies, with an average thickness of 4 m (up to 14.3 m), measure 120 

470 m×400–800 m in area (Li, 2000). Germanium concentrations of coal samples from the 121 

mineralized coal seams range from a few tens of ppm to about 2500 ppm, with an average of 122 

850 ppm, and Ge appears to be concentrated at the top and the bottom of coal seams, and 123 

where coal seams are in contact with cherts or siliceous limestones (Qi et al., 2004; Hu et al., 124 

2009). 125 

The Ge-rich lignite samples are mainly half-bright and half-dull coal with massive 126 

structures, which have high huminite (60%–80%, mainly corpohuminite), and low semifusite 127 

group (2% to 10%, mainly fusovitrite), stable group (2% to 3%, including cutinitem, resinite, 128 

small sporinite, alginite and funginite), and mineral component (2% to 10%) contents. Ge-free 129 

lignites are lithologically similar to Ge-rich lignites, but with lower huminite contents (usually 130 

less than 70%) and banded or massive structures (Han et al., 1994; Zhuang et al., 1998a). The 131 
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results of total elemental analysis of selected raw coal samples with various Ge concentrations 132 

from the LGD indicate that the major elemental compositions of Ge-rich lignite samples from 133 

the first coal-bearing unit (N1b
2) are similar to those of Ge-free lignite samples from the 134 

second coal-bearing unit (N1b
4), while Ge-free lignite samples tend to show lower carbon, and 135 

higher sulfur and oxygen contents, when compared to those contents of Ge-rich lignite 136 

samples (Table 1). 137 

Minerals identified by XRD semiquantitative analysis of Ge-rich lignite samples from 138 

this deposit consist mainly of quartz, kaolinite, pyrite, and minor potassic feldspar, illite, 139 

calcite, gypsum and barite, while the mineral phases of Ge-free lignite samples consist mainly 140 

of pyrite and quartz (Table 2). No discrete Ge minerals have been observed in the deposit. 141 

Results of EPMA, TEM-EDX, sequential extraction, and floating experiments (heavy media 142 

separation) of coal samples collected from the same coal-bearing unit of the Dazhai ore block 143 

show that Ge occurs predominantly (up to 80%) in huminites (low-reflectance humic 144 

materials in lignite) (Zhang et al., 1987; Zhuang et al., 1998b; Hu et al., 2009). Hence, Ge in 145 

mineralized coal seams from the LGD is mainly associated with organic matter. 146 

Based on the geological and geochemical characteristics of the LGD and the fact that the 147 

solubility of Ge and Si positively increases with temperature (Pokrovski and Schott, 1998a, 148 

1998b), Qi et al. (2004) and Hu et al. (2009) proposed that circulating hydrothermal fluids 149 

leached abundant Ge and other elements from Ge-rich granites in the basement. Such 150 

hydrothermal fluids were then discharged into the basin, mainly along fault intersections, to 151 

form stratiform cherts and siliceous limestones by depositing Si and Ca and forming Ge-rich 152 

coal via interaction between Ge in the fluids and organic matter in the coal seams during 153 

diagenesis. 154 

38 samples of Ge–rich coal were collected from the recent strip-mine benches of the coal 155 

seams (main ore bodies) in the basal coal-bearing unit (N1b
2), at different portions (the top, 156 

middle and bottom) of the coal seams at Dazhai (DZ series samples) and at Zhongzhai (ZZ 157 

series samples), respectively. The sampling channels (grooves on the surface of coal seam) 158 

were generally 0.15-m wide × 0.20-m long × 0.10-m deep. Furthermore, 5 sandstone samples 159 

from the roof and partings of Ge ore-bodies, 10 hydrothermal chert samples and 5 160 

hydrothermal limestone samples interlayered with Ge-bearing coal seams in the basal 161 
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coal-bearing unit (N1b
2), and 5 granite samples from the outlying Bangmai Basin were also 162 

collected and analyzed. In order to investigate possible Ge isotope fractionation during coal 163 

combustion, we analyzed 2 soot samples (which were directly collected from the stockroom 164 

of the power plant at Zhongzhai as the raw product from Ge-rich coal combustion), 2 cinder 165 

samples (solid waste of combustion of Ge-rich coal, collected from the dump of power plant), 166 

and various ashes of Ge-rich lignite prepared after ashing at 600°C for 24 h in a muffle 167 

furnace. 168 

 169 

3. Analytical techniques 170 

 171 

3.1. Sample dissolution and chemical purification 172 

 173 

Less than 100 mg of sample was accurately weighed into PTFE digestion vessels. 174 

Samples were first reacted with 10 ml of concentrated HNO3 at 120 °C for more than 48 h 175 

and taken to dryness on a hot plate at 120 °C. If black organic C residue remained, an 176 

additional 15 ml of concentrated HNO3 were used. Final digestion of the dry residue obtained 177 

after HNO3 dissolution was performed using 1 ml of concentrated HF and 5 ml of milli-Q 178 

water. The solution was heated for more than 24 h in the sealed PTFE containers on a hot 179 

plate at a temperature of 120 °C and solutions were shaken periodically. The solution along 180 

with insoluble precipitates were transferred into a polypropylene centrifuge tube and diluted 181 

with milli-Q water to obtain a final solution of ~1 N HF. The supernatant containing Ge and 182 

other soluble fluoride complexes was then loaded on an anion-exchange chromatographic 183 

column filled with 1.8 ml of AG1-X8 resin (Bio-Rad, Hercules, CA, USA, 100–200 meshes) 184 

following previously published methods (Rouxel et al., 2006). After adsorption of Ge on the 185 

column, 10 ml of 1 N HF and 2 ml of H2O was passed through the column to elute the 186 

remaining matrix. Germanium was then eluted using 12 ml of 3 N HNO3 and the solution was 187 

taken to dryness at temperature less than 80°C. After evaporation, the residue was dissolved 188 

in 3–5 ml of 0.28 N HNO3 at 80°C for more than 1 h. The final solution was then ready for 189 

isotope analysis.  190 

 191 
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3.2. HG-MC-ICP-MS analysis 192 

 193 

Germanium concentration and isotopic ratios were measured using a Thermo-Scientific 194 

Neptune MC-ICP-MS coupled with continuous flow hydride generation (HG) system 195 

operating at the Pôle Spectrométrie Océan (PSO) of the French Research Institute for 196 

Exploitation of the Sea (IFREMER). The instrumental operating conditions and data 197 

acquisition parameters are essentially those used in previous studies of Ge isotopes (Rouxel et 198 

al., 2006). A small aliquot of sample solution was taken and diluted 3–10 times by addition of 199 

0.28 N HNO3 for Ge concentration analysis, then the raw sample solution was diluted 200 

according to Ge concentration for Ge isotope measurement. Under typical conditions, a 201 

minimum of 2 ml of solution was analyzed at a concentration ranging from 5 to 50 ppb. The 202 

amount of Ge used per analysis varied between 10 and 100 ng for most data presented in this 203 

study. Instrumental mass fractionation was corrected using the standard-sample bracketing 204 

approach, which involves the measurement of standard (NIST SRM3120a Ge standard 205 

solution in this case) before and after each sample. The isotopic results are reported using 206 

notation as: 207 

(1) 208 

 209 

where X equals 74, 73, or 72. The standard isotopic values correspond to the average values 210 

of the NIST SRM3120a Ge standard solution analyzed before and after the sample at the 211 

same concentration (within 10%). As discussed in Escoube et al. (submitted for publication), 212 

the δ74Ge value for bulk silicate Earth is defined at around 0.59±0.18(2σ) ‰ relative to 213 

NIST3120a. 214 

Internal “Ge-Spex WHOI” Ge standard solution (Spex CertiPrep, Lot# 11-160GE, 215 

[Ge]=100μg/g in 2% HNO3) was used following the same dissolution and chemical 216 

purification processes as ordinary samples, and yielded Ge recovery ratios of 86.9%–98.1% 217 

and δ74Ge values ranging from –0.66‰ to –0.80‰, which are indistinguishable from the 218 

direct measured δ74Ge value (–0.64‰) within an uncertainty of 0.2‰ (Escoube et al., 219 

submitted for publication), indicating there is no Ge isotopic fractionation during the sample 220 

preparation processes (Table 3).  221 
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 222 

3.3 Ge concentration analysis 223 

 224 

We weighed 50 mg of sample into PTFE digestion vessel. Samples were first dissolved 225 

by 1 ml concentrated HF and 3 ml concentrated HNO3 at a temperature of 195°C for 48h and 226 

distilled to dryness on a hot plate. The residue was then re-dissolved in 2 ml concentrated 227 

HNO3 at a temperature of 130°C for 10 h. After cooling, 500 ng Rh was added into the 228 

solution as an internal standard. The final solution was adjusted to 50 ml by the addition of 229 

the distilled deionized water and was determined directly by a ELAN DRC-e ICP-MS at the 230 

Institute of Geochemistry, Chinese Academy of Sciences. Digestion and analysis of 231 

international reference material GSR-1 was performed following the same procedures. 232 

Analytical precision of Ge concentration was estimated to be better than 8%. 233 

 234 

4. Results 235 

The analytical results (including duplicate analysis) of the Ge isotope compositions of 236 

different samples of various types from the LGD are presented in Table 3, as well as the 237 

USGS coal standard CLB-1 and the “Ge-Spex WHOI” standard solution. A comparison of 238 

δ74Ge values of the samples from the LGD with other published values for Earth and 239 

planetary materials is presented in Fig. 3. 240 

 241 

4.1 Ge isotope composition of Ge-rich lignite 242 

Ge-rich lignite samples from the LGD show a large spread in Ge concentrations, ranging 243 

from 2.64 to 2585 ppm, and their δ74Ge values vary from –2.59‰ to 4.72‰, yielding an 244 

overall range of 7.31 per mil for all data available (Fig.3). The δ74Ge values are negatively 245 

correlated with Ge concentrations, and δ74Ge values decrease with increasing Ge 246 

concentrations in Ge-rich lignite (Fig. 4). For Ge-rich lignite samples from the Dazhai ore block, 247 

δ74Ge = −0.0018 [Ge]+2.45, r = 0.85, n = 16; For these samples from the Zhongzhai ore block, 248 

with an exception of one sample (ZZ-53),  δ74Ge = −0.0008 [Ge]+2.85, r = 0.67, n = 21. Lignite 249 

samples with low Ge concentrations (< 500 ppm) tend to show positive δ74Ge values, while 250 

δ74Ge values of lignite samples with high Ge concentrations (> 1000 ppm) are close to zero or 251 
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negative. 252 

Moreover, δ74Ge values and Ge concentrations show opposite covariant trends in 253 

different profiles of coal seams from the LGD. In cross-section A at Dazhai, the coal seams 254 

are about 10 m in thickness with sandstones in the hanging wall and siltstones in the footwall. 255 

Germanium is notably concentrated in the lower portion of the coal seams (Fig.5a), while 256 

δ74Ge values show a peak of 3.55‰ in the middle portion (Fig.5b). In cross-section B at 257 

Zhongzhai, thin coal seams with siliceous limestone as hanging wall rock and sandstone as 258 

footwall rock were interlayered with sandstone. Germanium is clearly concentrated at the top 259 

and the bottom of the upper thin coal seam (Fig.5c), while δ74Ge values generally increased 260 

(up to 4.72‰) in the middle of three thin coal seams in this section (Fig.5d). In cross-sections 261 

C and D, the coal seams were interbedded with chert and/or claystone at Zhongzhai (Fig.5e 262 

and Fig.5g). Ge-rich lignite samples close to chert show higher Ge concentrations (between 263 

1382 and 2431 ppm) and lower δ74Ge values (between 0.49‰ and 1.59‰), compared to those 264 

values in section B.  265 

 266 

4.2 Ge isotope composition of hydrothermal chert and limestone 267 

The Ge concentrations of 10 hydrothermal chert samples from the LGD range from 21.6 268 

to 356 ppm, and two samples (ZZ-57 and ZZ-19) with high Ge concentrations (167 and 356 269 

ppm) also show high values of loss on ignition (LOI) (8.70% and 13.31%, 270 

respectively)(Fig.6a). The δ74Ge values of these cherts vary from – 0.14‰ to 2.89‰, with a 271 

total range of 3 per mil, basically similar to the range of Ge isotopes reported for deep sea 272 

cherts and radiolarites by Rouxel et al. (2006) (Fig.3). With an exception of two samples 273 

(ZZ-57 and ZZ-19), the most Ge-rich chert samples tend to have the lowest 　74Ge values 274 

(δ74Ge = −0.0676 [Ge] + 2.94, r = 0.75, n = 8) (Fig.6b). 275 

The 5 limestone samples contain 40.5 to 93.8 ppm Ge, while their δ74Ge values range 276 

from 0.55‰ to 1.87‰. Both Ge concentrations and δ74Ge values of these limestones are 277 

positively correlated with values of LOI (δ74Ge = 0.0193 [Ge]+ 0.028, r = 0.79; LOI = 0.1676 278 

[Ge] − 4.08, r = 0.87; n = 5) (Fig.6a and b). 279 

 280 

4.3 Ge isotope composition of granite, sandstone and claystone 281 
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5 granite samples from the Bangmai Basin show homogeneous Ge concentrations 282 

(between 1.21 and 1.69 ppm) and δ74Ge values (between 0.55‰ and 0.70‰), and their Ge 283 

isotope compositions are within the range of the estimated δ74Ge value for Bulk Silicate Earth 284 

(BSE) (Rouxel et al., 2006; Escoube et al., submitted for publication).  285 

Ge concentrations (about 1.3 ppm) and δ74Ge values (between 0.77‰ and 0.80‰) of two 286 

sandstone samples (DZ-1 and ZZ-18, Fig.5a and c) from the roof and bottom of coal seam 287 

basically are similar those of the granite, while the other 3 sandstone samples (ZZ-11, ZZ-13, 288 

and ZZ-14, Fig.5c) show elevated Ge concentrations (between 3.48 and 8.67 ppm) and δ74Ge 289 

values (between 1.63‰ and 2.64‰). 290 

1 claystone sample (ZZ-50) collected from the claystone interlayer within a coal seam 291 

(Fig.5e and f) contains 415 ppm Ge with a lighter Ge isotope composition (δ74Ge value of 292 

0.18‰) relative to the BSE. 293 

 294 

4.4 Ge isotope composition of coal ash, soot and cinder 295 

The δ74Ge values of 11 coal ash samples (ashed at 600°C) of Ge-rich lignite from the 296 

LGD range from – 0.31‰ to 4.15‰, basically similar to values of their corresponding raw 297 

coals. The differences between δ74Ge values of raw coal and corresponding ash samples are 298 

generally less than 0.59‰ (Table 3 and Fig. 7). The two soot samples from the LGD have 299 

extremely high Ge concentrations (between 1.11% and 2.20%) and lower δ74Ge values 300 

(between 1.25‰ and 1.52‰), while the two cinder samples show lower Ge concentrations 301 

(10.1–23.0 ppm), but higher δ74Ge values (2.69‰–3.50‰) (Fig. 8).  302 

 303 

5. Discussion 304 

5.1 Closed-system equilibrium fractionation model for Ge isotope variation in Ge-rich 305 

lignite 306 

Based on Urey model (or Bigeleisen-Mayer equation) and high level quantum chemistry 307 

calculations, Li et al. (2009) estimated the equilibrium fractionation factors (α) in several Ge 308 

isotope systems, including the dominant aqueous Ge(OH)4 and GeO(OH)3
− species in 309 

seawater, Ge-bearing organic complexes (e.g. Ge-catechol, Ge-oxalic acid and Ge-citric acid), 310 

and Ge in quartz- (or opal-), albite-, K-feldspar-, olivine- and sphalerite-like structures. 311 
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According to these estimated equilibrium fractionation factors (α), the light Ge isotope (70Ge) 312 

will be preferentially enriched in organic matter (αorganic-Ge(OH)4<1), while the heavy Ge isotope 313 

(74Ge) will be slightly enriched in quartz (αquartz-Ge(OH)4>1), relative to coexisting aqueous 314 

Ge(OH)4. Germanium isotope fractionations defined as [1000 Ln(α)] between 6-coordinated 315 

Ge-bearing organic complexes and Ge(OH)4(aq) and between quartz and Ge(OH)4(aq) can be 316 

up to –4.9‰ and 1.1‰ at 25°C, respectively.  317 

If we approximate the equilibrium fractionation factor between coal and water 318 

(αCoal-Ge(OH)4) as identical to the fractionation factor between Ge-catechol and water 319 

(αGe-catechol-Ge(OH)4), we can further deduce that the Ge isotope compositions of coal-associated 320 

quartz will be distinctly heavier (up to 6‰ at 25°C) than those of coal in the case of an 321 

isotopically closed system at equilibrium. However, our analyzed δ74Ge values of cherts 322 

(between –0.14‰ and 2.89‰) are obviously lower than those of Ge-rich lignite samples with 323 

low Ge concentration (up to 4.72‰). Moreover, a closed-system equilibrium fractionation 324 

model also could not explain the negative correlation between Ge concentration and δ74Ge 325 

values of Ge-rich lignite samples, and the opposite covariant trend between δ74Ge values and 326 

Ge concentrations in different profiles from the LGD. 327 

 328 

5.2 Open system Rayleigh fractionation model for Ge isotope variation in Ge-rich lignite 329 

For non-traditional isotope systems, the isotopic fractionation during reduction of Se(VI) 330 

and Cr(VI) in solution (Johnson et al., 1999; Ellis et al., 2002), sorption of Ge (IV) on 331 

goethite (Galy et al., 2002), and adsorption of aqueous monosilicic acid onto iron oxide 332 

(Delstanche et al., 2009) have been shown to follow a Rayleigh fractionation process. In 333 

particular, Galy et al. (2002) deduced that a similar fractionation mechanism might be 334 

expected to occur during Ge sorption onto organic matter. In this section, we calculate the Ge 335 

isotopic fractionations produced by a Rayleigh fractionation process during Ge sorption onto 336 

coal (i.e. complexation of Ge in solution with organic functional groups in coal, see 337 

Manskaya et al., 1972; Bernstein, 1985; Pokrovski and Schott, 1998b) and during the 338 

precipitation of quartz. 339 

For open system isotopic exchange, the Ge isotopic ratio of the solution from which Ge 340 

is precipitated in coal can be described by the following equation (Rayleigh, 1896): 341 



 13

 
74 70

1

74 70

i

/

/

Ge Ge
f

Ge Ge


   
  

                          (2) 342 

where [74Ge/70Ge]i and 74Ge/70Ge represent the initial and instantaneous isotopic ratio of Ge in 343 

solution; and f is the fraction of Ge remaining in solution (1–f is the fraction of Ge 344 

precipitated). Cast in terms of δ74Ge values, for the isotopic composition of the solution 345 

(δ74Gesolution), Equation (2) becomes: 346 

δ74Gesolution = (1000 + δ74Gei)*f (α − 1) −1000            (3) 347 

where δ74Gei is the initial Ge isotopic composition of solution. Then, the instantaneous δ74Ge 348 

value of coal (δ74Gecoal) is given by: 349 

δ74Gecoal=δ
74Gesolution+(α －1)*1000                  (4) 350 

and the δ74Ge values for the accumulated or total coal (δ74Gecoal,Tot) at any time is expressed 351 

by: 352 
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Similarly, Ge isotope fractionation produced by Rayleigh fractionation processes during 354 

precipitation of quartz also can be calculated using the foregoing equations. 355 

For calculations, we assumed that α is constant and that δ74Gei is 1.70‰, which is close 356 

to the Ge isotopic composition (δ74Ge value of 1.50‰) for low temperature hydrothermal 357 

solution formed in volcanic environments (Rouxel et al., 2008). The mean random vitrinite 358 

(or huminite in lignite) reflectance (Rm in %) of Ge-rich lignite samples from the LGD range 359 

from 0.39% to 0.60% (0.48% on average, n = 27), and based on the relationship between Rm 360 

and maximum burial temperature (Tmax in °C) (Barker and Pawlewicz, 1986), the calculated 361 

Tmax values vary from 33.1°C to 88.4°C, with an average of 60°C (n = 27; Table 4). The 362 

values of αCoal-Ge(OH)4 (approximated by αGe-catechol-Ge(OH)4) and αquartz-Ge(OH)4 were calculated from 363 

the formula (1000 Lnα=A 106/T2+B) in Li et al. (2009) at T = 50 °C. Simulative results show 364 

that: (1) both the instantaneous δ74Ge values of solution and coal increase with fraction of Ge 365 

precipitated in coal and show a greater range (more than 14 per mil) during the sorption of Ge 366 

in coal (Fig. 9a); (2) while precipitation of quartz will lead to decreasing of instantaneous 367 

δ74Ge values of solution and quartz (Fig. 9b). 368 

Considering that (1) the contents of humic acids in Ge-rich lignite samples from the 369 
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LGD range from 11.58% to 33.39%, (2) the quantity of Ge absorbed (Geabsorb in μg) on humic 370 

acids extracted from peat is positively correlated with Ge concentration ([Ge]solution in g/L) in 371 

solution (Geabsorb = 1.80 [Ge]solution – 29.64, r = 0.98, n = 6) (Zhang et al., 1987), and (3) Ge in 372 

mineralized coal seams from the LGD is mainly associated with organic matter, we can 373 

simply deduce that quantity of Ge absorbed in coal ([Ge]coal) will also be positively correlated 374 

with Ge concentration in solution ([Ge]solution). The relation between [Ge]coal and the initial Ge 375 

concentration in solution ([Ge]i) can be expressed as: 376 

[Ge]coal=k*[Ge]solution= k*[Ge]i*f                       (6) 377 

with k being the partition coefficient factor between solution and coal. 378 

Then, Eq. (4) can be written as: 379 

δ74Gecoal= (1000 + δ74Gei)*f (α − 1) −1000 + (α －1)*1000         (7) 380 

Replacing f with [Ge]coal/ k*[Ge]i, δ
74Gecoal can be related to [Ge]coal by 381 

74 1*[ ]coal coalGe A Ge B                            (8) 382 

where 383 
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For Ge-rich lignite samples derived from the same hydrothermal source, A and B can be 
385 

regarded as constants. The calculated values of α between organic-complexes and 
386 

Ge(OH)4(aq) are less than 1 (Li et al., 2009), and α–1 is a negative value, therefore δ74Gecoal 
387 

value will be negatively correlated with [Ge]coal. This is fully consistent with the observed 
388 

negative correlation between δ74Ge values and Ge concentrations of Ge-rich lignite samples 
389 

from the LGD (Fig. 4). 
390 

An initial Ge solution concentration of 30 ppb and a constant attenuation coefficient of 391 

3ppb/m were chosen to schematically monitor the variation of instantaneous [Ge]solution and 392 

[Ge]coal along the migratory direction of Ge plume, when ascending hydrothermal solution 393 

penetrates coal seam. Using Eq. (3) and Eq. (4), we can also simultaneously simulate the 394 

variation of instantaneous δ74Gesolution and δ74Gecoal. The results (Fig. 10) indicate that both 395 

[Ge]solution and [Ge]coal decrease from the bottom to the top, while the values of δ74Gesolution and 396 

δ74Gecoal increase from the bottom to the top of a particular coal seam. Such an opposite 397 
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covariant trend between [Ge]coal and δ74Gecoal is consistent with the actual variation of δ74Ge 398 

values and Ge concentrations of Ge-rich lignite samples in the mid-lower part of cross-section 399 

A from the LGD (Fig.5a and b). 400 

There are many factors controlling the distribution of Ge in coal, such as thickness of the 401 

coal seam, depth of burial of the coal seam, permeability of the country rocks, ground water 402 

level, initial Ge concentration of the Ge-bearing solution, migratory direction of the 403 

Ge-bearing solution, the width of the front edge of the Ge-bearing solution, as well as the 404 

distance between the coal seam and central passage of the Ge-bearing solution (Smivnov, 405 

1977; Yudovich, 2003; Qi et al., 2007a). The combination of these factors might vary among 406 

different parts of one particular coal seam within the same coal deposit. Generally, Ge tends 407 

to be concentrated at the top or the bottom of a coal seam, obeying ‘Zilbermints Law’ 408 

(Yudovich, 2003). For thin coal seams interlayered with sandstone, such as the coal seams in 409 

cross-section B (Fig.5c), when Ge-bearing solution reached the coal seam, the high 410 

permeability of sandstone favors rapid migration and diffusion of Ge-bearing solution through 411 

the sandstone, and the coal samples from the bottom of the upper coal seam and those from 412 

the top of the lower coal seam, which distributed near the interlayered sandstone, have more 413 

opportunity to interact with Ge-bearing solution and tend to enrich more Ge relative to coal 414 

samples in the middle. A similar scenario may have also occurred in the upper part of section 415 

A from the LGD. As mentioned earlier, coal samples near the top or the bottom will 416 

preferentially incorporate the light Ge isotope (70Ge), producing a remaining aqueous solution 417 

with a lower Ge concentration but enriched in heavy Ge isotopes. When this remaining 418 

aqueous solution interacted with coal samples in the middle part of the coal seam, those coal 419 

samples will consequently show lower Ge concentrations and elevated δ74Ge values as shown 420 

in Fig. 5c and d. 421 

 422 

5.3 Ge isotope variation in other samples from LGD 423 

Germanium concentrations in hydrothermal chert and limestone samples from the LGD 424 

are two orders of magnitude higher than those in sedimentary carbonate rocks (0.09 ppm on 425 

average, Bernstein, 1985) and in deep-sea cherts (0.23–1.02 ppm, Kolodny and Halicz, 1988; 426 

0.39–1.08 ppm, Rouxel et al., 2006). The distinct correlation between LOI and Ge 427 
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concentration of limestone samples indicate the addition of Ge-rich organic matter. The Ge 428 

isotopic compositions of limestone samples are basically similar to those of chert samples 429 

(Table 1 and Fig.3), indicating the equilibrium fractionation factors (α) between calcite and 430 

Ge(OH)4(aq) might be close to that between quartz and Ge(OH)4(aq). The opposite Ge 431 

isotopic fractionation factors between quartz, coal and aqueous Ge(OH)4 suggest that the 432 

precipitation of Ge in quartz will suppress Ge isotopic fractionation caused by sorption of 433 

coal. This might be the reason why the measured Ge isotopic fractionations (about –0.1 to 1.3 434 

per mil) between chert and nearby Ge-rich lignite samples in Fig.5f and Fig.5h are less than 435 

that expected from the equilibrium fractionation model (up to 6‰ at 25°C). Therefore, the Ge 436 

isotopic composition of chert might record the competitive fractionation produced by 437 

precipitation of quartz and sorption by coal. 438 

The difference in the measured isotopic composition for reactant and product most 439 

closely match that of the true fractionation factor at the beginning of the reaction (Johnson et 440 

al., 2004). Using the calculated values (0.99557 and 1.000921) of α at T= 50°C along with the 441 

minimum δ74Ge value (–2.59‰) of coal and the maximum δ74Ge value (2.89‰) of chert, we 442 

can approximately deduce the ‘true’ initial δ74Ge values of Ge-bearing solution range from 443 

1.84‰ to 1.97‰. 444 

Compared to the low Ge concentrations (about 1.3 ppm) and δ74Ge values (between 445 

0.77‰ and 0.80‰) of the two sandstone samples from the roof and the bottom of the coal 446 

seam, the elevated Ge concentrations (between 3.48 and 8.67 ppm) and δ74Ge values (between 447 

1.63‰ and 2.64‰) of sandstone samples in middle part of coal seam may also be attributed 448 

to the addition of organic matter.  449 

 450 

5.4 Ge isotope fractionation during coal combustion 451 

The mobility of trace elements during combustion depends on their affinities and 452 

concentrations, physical changes and chemical reactions of these elements with other volatile 453 

elements, and combustion technology (temperature, time of exposure, type of ash generation, 454 

etc) (Querol et al., 1995). For any particular coal, combustion temperature might be one of the 455 

most important factors controlling elemental behavior during coal combustion. If combustion 456 

temperature is higher than the melting point or boiling point of one element, the element will 457 
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be vaporized. The ashing temperature of our analyzed coal ash samples (600°C) is less than 458 

the melting point of Ge metal (937°C). Therefore, there is no distinct loss of Ge and Ge 459 

isotope fractionation during low temperature ashing. This means that low temperature ashing 460 

might be an alternative way to enhance Ge concentrations and to overcome matrix effects 461 

from high organic carbon content during analysis of organic-rich geological samples with low 462 

Ge concentrations. 463 

However, for high temperature combustion, this situation may be quite different. In a 464 

typical coal-fired power station, combustion takes place in a furnace operating at temperatures 465 

> 1400°C (Clarke, 1993). Similar to the fractionation of Zn, Cd and Hg isotopes between dust 466 

or gas and slag from Pb–Zn refinery plants (Cloquet et al., 2006, 2008; Sivry et al., 2008; 467 

Sonke et al., 2010), high temperature coal combustion also fractionates Ge isotopes, with Ge 468 

isotopic compositions of soot (volatile component) are distinctly lighter (up to 2.25 per mils 469 

for δ74Ge) than those of cinder (solid residue). The elements associated with sulfides, sulfates 470 

and organic matter in coal show the highest extraction rates during combustion (Querol et al., 471 

1996). As mentioned earlier, Ge is mainly associated with organic matter in coal, and similar 472 

to the fractionation of Cd(0) during evaporation (Wombacher et al., 2004), the distinct Ge 473 

isotope fractionation between soot and cinder samples might also be attributed to 474 

evaporation-condensation processes during high temperature coal combustion. 475 

Both Ge and some potentially hazardous elements (i.e. Zn, Pb, As, and Cd) were 476 

classified in the same moderately volatile group, and these elements tend to be enriched in the 477 

fly ash and depleted in bottom ash (Clarke, 1993). Depending on the raw concentration of 478 

those elements in coal or Pb–Zn ore (mostly sphalerite), Ge and other potentially hazardous 479 

elements (Zn, Pb, As, and Cd) might be preferentially and simultaneously enriched in dust or 480 

soot during high temperature coal combustion and Pb-Zn refining processes. Our analytical 481 

results show that the concentrations of Zn, Pb, As, and Cd in Ge-rich soot from the LGD can 482 

be up to 9060 ppm, 5681 ppm, 406 ppm, and 119 ppm, respectively (Table 5). The average Ge 483 

concentration (5.7 ppm) in USA coals is higher than that (1.6 ppm) of the upper continental 484 

crust (Taylor and McLennan, 1985; Finkelman, 1993), and Ge is commonly enriched in 485 

sphalerite (Ge concentrations range from a few ppm to about 3000 ppm, Bernstein, 1985 and 486 

reference therein). Therefore, Ge isotopes have great potential to be a tracer of sources of Ge 487 
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and other heavy metal pollution caused by high temperature industrial processes (coal 488 

combustion and Pb-Zn refining) in the environment. 489 

It has been also shown that rivers draining industrial regions with significant coal 490 

combustion are contaminated with Ge leached from fly ash particles, resulting in Ge/Si ratios 491 

up to tenfold above the naturally weathered background (Froelich et al., 1985). For example, 492 

large rivers such as Mississippi, St. Lawrence, Changjiang and Danube have Ge/Si ratios well 493 

in excess of 1×10–6 (mol/mol) which has been attributed to significant coal combustion and 494 

associated Ge mobilization in their watersheds (Mortlock and Froelich, 1987). Hence, 495 

considering the generally positive 　74Ge values observed in coal, which is in marked contrast 496 

with the generally negative 　74Ge values in sulfide-rich ore deposits (Escoube et al., 497 

submitted for publication), Ge isotopic compositions of rivers and probably coastal oceans 498 

should provide a useful mean to discriminate anthropogenic Ge sources in the environment. 499 

 500 

6. Conclusions 501 

Large Ge isotopic fractionation (up to 7.31‰) and a negative correlation between δ74Ge 502 

values and Ge concentrations were found in the Ge-rich lignite samples from the Lincang Ge 503 

deposit. Lignite samples with low Ge concentrations (<500 ppm) tend to show positive δ74Ge 504 

values, while δ74Ge values of lignite samples with high Ge concentrations (>1000 ppm) are 505 

close to zero or negative. In profiles, Ge mainly concentrated in the top or the bottom, such 506 

that high values of δ74Ge are usually found in the middle part of coal seams. The δ74Ge values 507 

of interlayered hydrothermal cherts and limestones in Ge-rich coal seams range from –0.14‰ 508 

to 2.89‰ and from 0.55‰ to 1.87‰, respectively. The variations in δ74Ge values of Ge-rich 509 

lignite and chert samples can be well described by an open-system Rayleigh fractionation 510 

model, indicating that preferential enrichment of the light isotope (70Ge) in coal might be the 511 

main factor controlling Ge fractionation in Ge-rich lignite, while the Ge isotopic composition 512 

of hydrothermal chert (and possibly limestone) in the coal seam might record the fractionation 513 

produced by dynamic equilibrium between precipitation of quartz and sorption to coal. 514 

Moreover, elevated Ge concentrations and/or δ74Ge values of some chert, limestone, 515 

sandstone, and claystone samples may be attributed to the addition of Ge-rich organic matter. 516 

Furthermore, the distinct Ge isotopic fractionation between soot and cinder (up to 2.25 per 517 
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mil for δ74Ge) indicate high temperature coal combustion also fractionates Ge isotopes. The 518 

distinct enrichment of potentially hazardous elements (i.e., Pb, Cd, and As) and Ge in soot 519 

from coal combustion, as well as the common enrichment of Ge in sphalerite, highlight the 520 

possibility of Ge isotopes as a tracer of sources of heavy metal pollution caused by high 521 

temperature industrial processes (coal combustion and Pb-Zn refining) in the environment. 522 
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Table 1 Ge content and elemental analysis results of raw lignite samples from the Lincang Ge 

deposit 

Note: a Ge concentrations were analyzed by ICP-MS; b The concentrations of hydrogen and 

oxygen have been calibrated by moisture content; c Ge-free lignite samples were collected from 

the second coal-bearing unit (N1b
4), while Ge-rich lignite samples were collected from the first 

coal-bearing unit (N1b
2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample No. Sample type Ge a 
(ppm) 

N 
(%)

C 
(%)

S 
(%)

H b 
(%)

O b 
(%)

Moisture 
(%) 

Ash yield 
(%) 

Total

DZ-4 Ge-rich lignite 65.8 1.53 64.66 0.63 3.95 11.27 10.08 5.90 98.02

DZ-5 Ge-rich lignite 130 1.56 63.74 0.64 4.00 10.71 9.79 7.25 97.69

DZ-9 Ge-rich lignite 1942 1.40 62.94 1.87 3.94 10.86 9.44 6.94 97.39

ZZ-6 Ge-rich lignite 385 1.96 60.92 0.45 3.83 11.68 9.39 12.27 100.5

ZZ-9 Ge-rich lignite 48.0 1.73 60.77 0.47 3.84 10.42 9.17 13.22 99.62

ZZ-12 Ge-rich lignite 240 1.72 67.04 0.47 3.91 12.26 9.92 4.39 99.71

ZZ-22 Ge-rich lignite 2234 1.19 65.75 0.60 3.95 10.93 10.53 6.77 99.72

ZZ-46 Ge-rich lignite 1382 1.38 66.84 0.57 4.16 11.28 9.26 4.77 98.26

ZZ-48 Ge-rich lignite 2431 0.91 63.82 0.51 4.15 10.08 7.94 10.05 97.46

ZZ-64 c Ge-free lignite 0.422 1.14 53.82 6.42 3.88 15.69 8.30 11.34 100.59

ZZ-66 c Ge-free lignite 0.029 1.40 65.81 0.60 4.22 12.50 9.65 3.46 97.64

ZZ-68 c Ge-free lignite 0.201 1.17 53.52 5.42 3.72 15.84 9.11 10.53 99.31
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Table 2 With an exception of organic component, the semiquantitative XRD analysis of mineral content of raw coal samples from the Lincang Ge deposit 

Sample No. Ge (ppm) a Mineral association (%) 

DZ-9 1942 pyrite + quartz + kaolinite + (trace)? 

DZ-19 116 quartz + kaolinite? 

DZ-26 237 pyrite (59.5) + kaolinite (13.2) + illite (10.6) + K-feldspar (7.1) + quartz (5.9) + gibbsite (2.7) + gypsum (1.2) + ? 

DZ-28  pyrite (42.6) + quartz (23.2) + kaolinite (12.8) + plagioclase (8.2) + gypsum (4.8) + barite (3.7)  

ZZ-6 385 quartz (79.3) + calcite (20.7)+? 

ZZ-10 419 quartz (74.0) + kaolinite (26.0) 

ZZ-17 33.8 quartz (81.8) + kaolinite (18.2)+? 

ZZ-21 1742 quartz (41.5) + sanidine (27.7)? + illite (30.8)? 

ZZ-52 2585 quartz (59.9) + kaolinite (40.1) + ? 

ZZ-64 b 0.422 pyrite (69.8) + quartz (13.8) + chlorite (7.7) + kaolinite (6.1) + calcite (2.7)? 

ZZ-68 b 0.201 pyrite (83.7) + quartz (15.0) + gypsum (1.3) + calcite?+? 

ZZ-72 b 0.081 pyrite (78.0) + quartz (14.5) + kaolinite (4.7) + montmorillonite (2.8) + ? 

Note: a Ge concentrations were analyzed by ICP-MS; b Ge-free lignite samples were collected from the second coal-bearing unit (N1b
4), while Ge-rich lignite samples 

were collected from the first coal-bearing unit (N1b
2). ? stands for unidentified or not sure mineral phases.  
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Table 3 Germanium isotopic compositions of various samples from the Lincang Ge Deposit and 

USGS coal standard sample and Spex Ge standard solution used during HG-MC-ICPMS 

analysis. 

Sample No. Sample type 
Ge a 

(ppm) 
LOI b

(%)
Ash yield

(%) 
δ74Ge
(‰)

2σ
δ73Ge
(‰)

2σ
δ72Ge 
(‰) 

2σ 
δ74/72Ge 

(‰) 
2σ

DZ-1 sandstone 1.30   0.80 0.20 – 0.15 0.98 0.29 0.11 0.50 0.10

ZZ-11 sandstone 5.76   2.64 0.09 2.05 0.11 1.36 0.05 1.28 0.05

ZZ-13 sandstone 3.48   1.90 0.09 1.43 0.11 0.97 0.05 0.93 0.05

ZZ-14 sandstone 8.67   1.63 0.03 1.20 0.04 0.83 0.02 0.81 0.02

ZZ-18 sandstone 1.31   0.77 0.08 0.79 2.50 0.41 0.44 0.36 0.39

 Duplicate    0.69 0.08 0.42 0.60 0.25 0.16 0.44 0.20

 Duplicate    0.65 0.05 0.39 0.17 0.22 0.07 0.43 0.05

LC-3 Two-mica granite 1.69   0.66 0.05 0.42 0.17 0.34 0.07 0.32 0.05

 Duplicate    0.63 0.08 – 0.07 2.50 0.35 0.44 0.28 0.39

 Duplicate    0.67 0.08 0.50 0.60 0.28 0.16 0.39 0.20

LC-4 Two-mica granite 1.63   0.70 0.08 0.31 0.60 0.36 0.16 0.34 0.20

 Duplicate    0.69 0.08 0.09 2.50 0.33 0.44 0.36 0.39

 Duplicate    0.71 0.05 0.49 0.17 0.38 0.07 0.33 0.05

LC-1 Biotite granite 1.39   0.60 0.05 0.47 0.17 0.31 0.07 0.29 0.05

 Duplicate    0.57 0.08 – 0.84 2.50 0.35 0.44 0.22 0.39

 Duplicate    0.63 0.08 0.25 0.60 0.33 0.16 0.30 0.20

LC-2 Biotite granite 1.21   0.59 0.08 0.52 0.60 0.27 0.16 0.32 0.20

 Duplicate    0.42 0.08 – 1.48 2.50 0.14 0.44 0.28 0.39

 Duplicate    0.59 0.05 0.64 0.17 0.35 0.07 0.24 0.05

LC-6 Biotite granite 1.34   0.55 0.08 0.39 0.60 0.27 0.16 0.28 0.20

 Duplicate    0.48 0.08 – 1.95 2.50 0.24 0.44 0.24 0.39

 Duplicate    0.59 0.05 0.45 0.17 0.23 0.07 0.36 0.05

ZZ-81 Chert 5.55 4.06  2.89 0.09 2.16 0.11 1.45 0.05 1.44 0.05

 Duplicate    2.90 0.13 2.29 0.42 1.51 0.20 1.38 0.22

ZZ-38 Chert 21.6 0.26  0.61 0.03 0.46 0.04 0.31 0.02 0.30 0.02

 Duplicate    0.64 0.13 0.61 0.42 0.40 0.20 0.25 0.22

 Duplicate    0.79 0.08 0.39 0.15 0.48 0.05 0.31 0.05

ZZ-45 Chert 25.3 1.50  2.15 0.03 1.62 0.04 1.11 0.02 1.05 0.02

 Duplicate    2.16 0.13 1.70 0.42 1.11 0.20 1.04 0.22

 Duplicate    2.24 0.08 1.48 0.15 1.20 0.05 1.05 0.05

ZZ-27 Chert 25.3 1.50  0.77 0.13 0.35 0.42 0.40 0.20 0.37 0.22

 Duplicate    0.75 0.05 0.48 0.17 0.35 0.07 0.39 0.05

ZZ-61 Chert 28.6 1.60  0.89 0.03 0.65 0.04 0.47 0.02 0.42 0.02

 Duplicate    0.85 0.13 0.65 0.42 0.52 0.20 0.33 0.22

 Duplicate    0.93 0.08 0.48 0.15 0.54 0.05 0.39 0.05

ZZ-87 Chert 33.6 6.35  1.29 0.03 0.97 0.04 0.67 0.02 0.62 0.02

 Duplicate    1.25 0.13 0.99 0.42 0.69 0.20 0.55 0.22

 Duplicate    1.28 0.08 0.75 0.15 0.70 0.05 0.57 0.05

ZZ-88 Chert 34.9   – 0.14 0.03 – 0.14 0.04 – 0.06 0.02 – 0.08 0.02

 Duplicate    – 0.24 0.13 – 0.18 0.42 – 0.04 0.20 – 0.20 0.22

 Duplicate    – 0.14 0.08 – 0.33 0.15 0.00 0.05 – 0.14 0.05

ZZ-84 limestone 40.5 2.60  0.55 0.03 0.38 0.04 0.26 0.02 0.29 0.02

 Duplicate    0.49 0.13 0.36 0.42 0.26 0.20 0.23 0.22

 Duplicate    0.55 0.08 0.18 0.15 0.36 0.05 0.20 0.05

ZZ-79 Chert 42.6 2.10  0.37 0.03 0.24 0.04 0.18 0.02 0.19 0.02

 Duplicate    0.37 0.13 0.28 0.42 0.25 0.20 0.12 0.22

 Duplicate    0.40 0.08 0.07 0.15 0.27 0.05 0.13 0.05
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ZZ-91 limestone 46.1 4.05  1.42 0.03 1.03 0.04 0.72 0.02 0.69 0.02

 Duplicate    1.23 0.13 1.01 0.42 0.65 0.20 0.58 0.22

ZZ-60 limestone 65.7 5.67  0.90 0.03 0.66 0.04 0.47 0.02 0.42 0.02

 Duplicate    0.75 0.13 0.49 0.42 0.34 0.20 0.41 0.22

ZZ-77 limestone 87.4 14.10  1.82 0.03 1.34 0.04 0.94 0.02 0.88 0.02

 Duplicate    1.74 0.13 1.39 0.42 0.93 0.20 0.81 0.22

ZZ-58 limestone 93.8 9.10  1.87 0.03 1.37 0.04 0.95 0.02 0.91 0.02

ZZ-57 Chert 167 8.70  0.79 0.03 0.55 0.04 0.41 0.02 0.38 0.02

ZZ-19 Chert 356 13.31  1.48 0.03 1.10 0.04 0.76 0.02 0.72 0.02

ZZ-50 Claystone 415   0.18 0.08 0.07 0.10 0.09 0.06 0.09 0.04

 Duplicate    0.22 0.10 0.13 0.06 0.11 0.03 0.11 0.09

ZZ-26 Ge-rich lignite 2.64  19.55 3.64 0.08 3.41 0.60 1.84 0.16 1.79 0.20

 Duplicate    3.62 0.08 3.81 2.50 1.77 0.44 1.85 0.39

 Coal ash    3.74 0.14 3.29 0.08 1.90 0.06 1.84 0.04

ZZ-15 Ge-rich lignite 22.0  40.27 2.58 0.10 1.92 0.06 1.31 0.03 1.27 0.09

 Duplicate    2.58 0.08 1.94 0.10 1.32 0.06 1.26 0.04

 Coal ash    3.17 0.14 2.41 0.08 1.61 0.06 1.56 0.04

ZZ-16 Ge-rich lignite 27.0  12.40 2.75 0.10 2.08 0.06 1.40 0.03 1.34 0.09

 Duplicate    2.70 0.08 2.03 0.10 1.40 0.06 1.29 0.04

ZZ-8 Ge-rich lignite 27.1   2.63 0.10 2.03 0.06 1.36 0.03 1.27 0.09

 Duplicate    2.57 0.08 1.96 0.10 1.32 0.06 1.24 0.04

ZZ-17 Ge-rich lignite 34.0  16.78 1.51 0.08 1.12 0.10 0.64 0.06 0.87 0.04

ZZ-9 Ge-rich lignite 48.0  13.22 3.96 0.08 3.00 0.15 2.03 0.05 1.92 0.05

 Duplicate    3.88 0.08 2.93 0.09 2.00 0.06 1.88 0.05

 Coal ash    4.15 0.14 3.16 0.08 2.14 0.06 2.00 0.04

DZ-4 Ge-rich lignite 65.8  5.90 3.53 0.08 2.65 0.15 1.81 0.05 1.72 0.05

DZ-3 Ge-rich lignite 97.6  12.51 2.51 0.08 1.87 0.15 1.29 0.05 1.22 0.05

 Duplicate    2.47 0.08 1.88 0.09 1.34 0.06 1.13 0.05

DZ-0 Ge-rich lignite 98.8  13.75 2.00 0.08 1.51 0.15 1.03 0.05 0.97 0.05

 Duplicate    2.02 0.08 1.48 0.09 1.06 0.06 0.96 0.05

 Coal ash    2.13 0.14 1.64 0.08 1.10 0.06 1.03 0.04

DZ-5 Ge-rich lignite 130  7.25 3.55 0.08 2.67 0.09 1.83 0.06 1.72 0.05

 Duplicate    3.56 0.08 2.68 0.15 1.84 0.05 1.71 0.05

ZZ-7 Ge-rich lignite 141  14.54 1.88 0.08 1.37 0.15 0.96 0.05 0.92 0.05

 Duplicate    1.87 0.08 1.37 0.09 0.97 0.06 0.90 0.05

 Coal ash    1.80 0.14 1.34 0.08 0.91 0.06 0.89 0.04

DZ-2 Ge-rich lignite 186  23.55 1.75 0.08 1.25 0.15 0.89 0.05 0.86 0.05

 Duplicate    1.74 0.08 1.26 0.09 0.89 0.06 0.85 0.05

DZ-26 Ge-rich lignite 237  19.87 1.69 0.08 1.27 0.15 0.87 0.05 0.82 0.05

 Duplicate    1.70 0.08 1.25 0.09 0.88 0.06 0.82 0.05

ZZ-12 Ge-rich lignite 240  4.39 4.72 0.08 3.53 0.09 2.41 0.06 2.30 0.05

 Duplicate    4.69 0.08 3.51 0.15 2.42 0.05 2.26 0.05

DZ-24 Ge-rich lignite 256  10.09 0.49 0.08 0.31 0.09 0.27 0.06 0.22 0.05

 Duplicate    0.50 0.08 0.36 0.15 0.30 0.05 0.21 0.05

 Coal ash    0.47 0.14 0.32 0.08 0.24 0.06 0.23 0.04

ZZ-103 Ge-rich lignite 317   1.90 0.08 1.34 0.10 0.99 0.06 0.91 0.04

ZZ-104 Ge-rich lignite 334   2.32 0.08 1.71 0.10 1.18 0.06 1.13 0.04

ZZ-6 Ge-rich lignite 385  12.27 1.92 0.08 1.50 0.15 1.00 0.05 0.92 0.05

 Duplicate    1.88 0.08 1.38 0.09 0.98 0.06 0.90 0.05

ZZ-34 Ge-rich lignite 402  8.31 1.60 0.08 1.13 0.09 0.84 0.06 0.76 0.05

 Coal ash    1.49 0.14 1.09 0.08 0.77 0.06 0.72 0.04

ZZ-10 Ge-rich lignite 419  15.13 2.69 0.08 1.94 0.09 1.41 0.06 1.28 0.05
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 Duplicate    2.79 0.08 1.89 0.15 1.47 0.05 1.31 0.05

DZ-6 Ge-rich lignite 835  9.85 0.79 0.08 0.47 0.09 0.42 0.06 0.36 0.05

 Duplicate    0.84 0.08 0.42 0.15 0.51 0.05 0.33 0.05

 Coal ash    0.86 0.14 0.61 0.08 0.44 0.06 0.43 0.04

DZ-8 Ge-rich lignite 975  11.20 0.54 0.08 0.19 0.15 0.33 0.05 0.21 0.05

ZZ-25 Ge-rich lignite 1105  7.33 3.81 0.08 2.65 0.15 2.01 0.05 1.80 0.05

DZ-7 Ge-rich lignite 1127  10.35 0.23 0.08 – 0.03 0.15 0.18 0.05 0.05 0.05

DZ-18 Ge-rich lignite 1233  16.33 – 0.39 0.08 – 0.51 0.15 – 0.15 0.05 – 0.25 0.05

DZ-15 Ge-rich lignite 1352  15.93 – 0.74 0.08 – 0.46 0.10 – 0.37 0.06 – 0.36 0.04

 Duplicate    – 0.61 0.08 – 0.55 0.10 – 0.31 0.06 – 0.30 0.04

 Coal ash    – 0.43 0.14 – 0.39 0.08 – 0.23 0.06 – 0.20 0.04

ZZ-53 Ge-rich lignite 1363  13.99 – 2.59 0.08 – 2.01 0.10 – 1.32 0.06 – 1.27 0.04

 Duplicate    – 2.54 0.10 – 2.00 0.06 – 1.35 0.03 – 1.19 0.09

 Duplicate    – 2.81 0.08 – 2.05 0.10 – 1.42 0.06 – 1.39 0.04

ZZ-46 Ge-rich lignite 1382  4.77 0.68 0.08 0.50 0.10 0.36 0.06 0.32 0.04

 Duplicate    0.66 0.10 0.44 0.06 0.35 0.03 0.31 0.09

DZ-13 Ge-rich lignite 1395  10.27 0.44 0.08 0.33 0.10 0.22 0.06 0.22 0.04

 Duplicate    0.42 0.10 0.27 0.06 0.23 0.03 0.19 0.09

DZ-14 Ge-rich lignite 1531  14.77 – 0.18 0.08 – 0.17 0.10 – 0.09 0.06 – 0.09 0.04

 Duplicate    – 0.20 0.10 – 0.20 0.06 – 0.09 0.03 – 0.11 0.09

DZ-12 Ge-rich lignite 1535  13.23 – 0.13 0.10 – 0.16 0.06 – 0.06 0.03 – 0.07 0.09

 Duplicate    – 0.13 0.08 – 0.19 0.10 – 0.08 0.06 – 0.05 0.04

ZZ-21 Ge-rich lignite 1742  2.81 1.59 0.14 1.17 0.08 0.82 0.06 0.78 0.04

DZ-9 Ge-rich lignite 1942  6.94 – 0.42 0.10 – 0.36 0.06 – 0.20 0.03 – 0.22 0.09

 Duplicate    – 0.42 0.08 – 0.37 0.10 – 0.22 0.06 – 0.20 0.04

 Coal ash    – 0.31 0.14 – 0.28 0.08 – 0.17 0.06 – 0.14 0.04

ZZ-51 Ge-rich lignite 2020  9.73 1.19 0.08 0.87 0.10 0.61 0.06 0.57 0.04

ZZ-22 Ge-rich lignite 2234  6.77 0.79 0.14 0.55 0.08 0.41 0.06 0.38 0.04

ZZ-49 Ge-rich lignite 2319  12.19 0.75 0.08 0.53 0.10 0.39 0.06 0.37 0.04

ZZ-48 Ge-rich lignite 2431  10.05 0.49 0.08 0.31 0.10 0.27 0.06 0.22 0.04

ZZ-52 Ge-rich lignite 2585  5.77 0.98 0.08 0.69 0.10 0.52 0.06 0.46 0.04

 Duplicate    0.86 0.08 0.60 0.10 0.50 0.06 0.36 0.04

 Coal ash    1.26 0.14 0.90 0.08 0.66 0.06 0.60 0.04

ZZ-1# soot 21974   1.52 0.08 1.14 0.10 0.81 0.06 0.71 0.04

ZZ-2# soot 11107   1.25 0.08 0.92 0.10 0.69 0.06 0.56 0.04

ZZ-3# cinder 23.0   2.69 0.08 1.95 0.10 1.24 0.06 1.45 0.04

 Duplicate    2.79 0.08 2.03 0.10 1.25 0.06 1.54 0.04

ZZ-4# cinder 10.1   3.50 0.08 2.60 0.10 1.75 0.06 1.74 0.04

             

CLB-1 USGS coal    1.22 0.08 1.08 0.15 0.63 0.05 0.59 0.05

CLB-1 USGS coal    1.44 0.09 1.22 0.11 0.72 0.05 0.72 0.05

CLB-1 USGS coal    1.24 0.08 1.06 0.15 0.62 0.05 0.61 0.05

 Duplicate    1.18 0.08 1.04 0.09 0.60 0.06 0.57 0.05

CLB-1 USGS coal    1.17 0.10 1.03 0.06 0.59 0.03 0.58 0.09

 Duplicate    1.20 0.08 1.05 0.10 0.62 0.06 0.58 0.04

Ge-Spex* Standard solution    – 0.66 0.13 – 0.39 0.42 – 0.37 0.20 – 0.29 0.22

 Duplicate    – 0.68 0.09 – 0.51 0.11 – 0.37 0.05 – 0.32 0.05

Ge-Spex* Standard solution    – 0.70 0.13 – 0.39 0.42 – 0.37 0.20 – 0.33 0.22

 Duplicate    – 0.79 0.03 – 0.61 0.04 – 0.41 0.02 – 0.38 0.02

Ge-Spex* Standard solution    – 0.80 0.08 – 0.58 0.15 – 0.42 0.05 – 0.38 0.05

 Duplicate    – 0.72 0.08 – 0.50 0.09 – 0.37 0.06 – 0.35 0.05

Ge-Spex* Standard solution    – 0.66 0.10 – 0.51 0.06 – 0.35 0.03 – 0.31 0.09
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 Duplicate    – 0.68 0.08 – 0.50 0.10 – 0.34 0.06 – 0.34 0.04

Ge-Spex Standard solution    – 0.64 0.09 – 0.59 0.11 – 0.32 0.05 – 0.32 0.05

Note: a Ge concentrations were analyzed by ICP-MS. b LOI: loss on ignition, data after Hu et al., 2009. Ge-Spex* 

indicate the standard solution underwent same dissolution and chemical purification processes as ordinary 

sample did. 

 

 

Table 4 The analyzed random vitrinite reflectance and Ge concentrations of lignite samples from 

the Lincang Ge deposit 

Sample No. Ge (ppm) Spots analyzed Rmin（%） Rmax（%） Rmean（%） Tmax 
a（℃）

DZ-0 98.8 31 0.46 0.56 0.52 70.0  

DZ-2 186 41 0.50 0.66 0.59 86.2  

DZ-3 97.6 42 0.42 0.55 0.49 62.4  

DZ-4 65.8 42 0.34 0.50 0.41 39.5  

DZ-5 130 41 0.41 0.49 0.45 51.5  

DZ-6 835 42 0.39 0.52 0.44 48.6  

DZ-7 1127 42 0.42 0.55 0.47 57.0  

DZ-8 975 42 0.43 0.53 0.49 62.4  

DZ-18 1233 41 0.34 0.42 0.39 33.1  

DZ-21  41 0.44 0.60 0.51 67.5  

DZ-26 237 45 0.36 0.47 0.43 45.6  

ZZ-6 385 40 0.44 0.49 0.46 54.3  

ZZ-7 141 40 0.55 0.67 0.60 88.4  

ZZ-9 48.0 45 0.41 0.52 0.47 57.0  

ZZ-10 419 41 0.54 0.62 0.59 86.2  

ZZ-12 240 41 0.40 0.50 0.46 54.3  

ZZ-15 22.0 43 0.45 0.57 0.49 62.4  

ZZ-16 27.0 42 0.47 0.60 0.53 72.5  

ZZ-17 34.0 42 0.41 0.55 0.47 57.0  

ZZ-21 1742 41 0.42 0.55 0.46 54.3  

ZZ-22 2234 44 0.52 0.62 0.56 79.5  

ZZ-46 1382 42 0.45 0.57 0.50 65.0  

ZZ-48 2431 44 0.40 0.52 0.44 48.6  

ZZ-49 2319 42 0.45 0.55 0.49 62.4  

ZZ-51 2020 41 0.33 0.43 0.39 33.1  

ZZ-53 1363 41 0.37 0.47 0.43 45.6  

ZZ-55  31 0.48 0.61 0.54 74.8  

ZZ-64 b 0.422 40 0.36 0.45 0.4 36.4  
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ZZ-66 b 0.029 41 0.4 0.49 0.46 54.3  

ZZ-68 b 0.201 41 0.4 0.48 0.44 48.6  

ZZ-72 b 0.081 40 0.41 0.49 0.45 51.5  

Note: a Tmax values were calculated using the equation Ln(Rmean) = 0.0078Tmax  1.2 (Barker and 

Pawlewicz, 1986); b Ge-free lignite samples were collected from the second coal-bearing unit 

(N1b
4), while Ge-rich lignite samples were collected from the first coal-bearing unit (N1b

2). 

 

 

Table 5 Melting and boiling point of various elements and their concentration in soot and cinder 

samples from the Lincang Ge deposit (ppm). 

ZZ-1# ZZ-2# ZZ-3# ZZ-4# ZZ-5# 
 

Melting point 
°C 

Boiling point 
°C soot soot cinder cinder cinder 

Ga 29.78 2403 1080 731 6.11 4.36 11.3 

Sn 231.9 2270 1330 738 1.07 1.11 1.64 

Bi 271.3 1560 253 265 0.231 0.166 0.138 

Tl 303.5 1457 124 86.9 0.176 0.107 0.441 

Cd 321 767 119 93.9 0.05 0.031 0.081 

Pb 327 1755 5681 3841 2.18 0.826 3.51 

Zn 420 907 9060 6850 33.1 13.6 28.2 

As 615 814 406 271 11.2 10.1 10.8 

Sb 631 1380 2159 1460 16.3 7.69 16.2 

Ge 937 2830 21974 11107 23 10.1 45.6 

Cu 1083 2567 72.2 77.2 17 26.9 23.7 

Be 1278 2970 767 1020 213 357 398 

Mo 2617 4612 69.5 32.2 11.2 13.2 9.16 

W 3410 5660 2100 1480 890 1010 836 

Data of melting and boiling point of various elements were taken from 

http://www.chemicalelements.com/index.html. The elemental concentrations were analyzed by 

ICP-MS. 
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Figure Number and Figure Captions 

 

Fig. 1 Simplified regional geological map of the Bamgmai Basin, Yunnan, Southwest China 

(modified after Hu et al., 2009). 

 

Fig. 2 Geological cross-sections of the Lincang Ge deposit (after Li, 2000; Qi et al., 2004). 

 

Fig. 3 Summary of Ge isotopic composition of various samples from the Lincang Ge deposit, 

as well as other Earth and planetary materials in literatures. The vertical bar represents the 

estimated Ge isotopic composition (δ74Ge = 0.59 ± 0.18‰) of Bulk Silicate Earth (BSE) 

(Escoube et al., submitted for publication). Data sources: a this study, b Luais (2007), c Rouxel 

et al. (2008), and d Rouxel et al. (2006). 

 

Fig. 4 Scatter diagram of Ge concentration vs. Ge isotopic composition of Ge-rich lignites 

from the Lincang Ge deposit. A negative correlation can be found between Ge concentrations 

and δ74Ge values. For Ge-rich lignite samples from the Dazhai ore block, δ74Ge = –0.0018 

[Ge]+2.45, r=0.85, n=16; while for these samples from the Zhongzhai ore block, with an 

exception of one sample (ZZ-53),  δ74Ge = –0.0008 [Ge]+2.85, r=0.67, n=21. 

 

Fig. 5 Vertical variations of Ge concentration and Ge isotope composition in profiles of coal 

seams from the Lincang Ge deposit. Horizontal dashed lines represent lithologic boundaries. 

In coal seams, Ge is mainly concentrated in the top or the bottom, while high values of δ74Ge 

occur in the middle. The vertical bar represents the estimated Ge isotopic composition 

(δ74Ge=0.59±0.18‰) of Bulk Silicate Earth (BSE) (Escoube et al., submitted for publication). 

 

Fig. 6 Scatter diagram of Ge concentration vs. Ge isotopic composition and loss on ignition 

(LOI) of Ge-rich chert and limestone samples from the Lincang Ge deposit. LOI Data from 

Hu et al. (2009). 

 

Fig. 7 Scatter diagram of Ge isotopic compositions of raw coal and corresponding coal ashes 
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of Ge-rich lignite samples from the Lincang Ge deposit. 

 

Fig. 8 Scatter diagram of Ge concentration vs. Ge isotopic composition of soot and cinder 

samples from the Lincang Ge deposit. 

 

Fig. 9 Germanium isotopic fractionations produced by Rayleigh fractionation processes 

during sorption of Ge in coal and precipitation of quartz, as a function of the proportion of Ge 

removed. An initial solution Ge isotopic composition of δ74Gei=1.7‰ was selected, and 

equilibrium fractionation factors (αCoal-Ge(OH)4 and αquartz-Ge(OH)4) were calculated at T=50  ℃

from formula in Li et al. (2009). αCoal-Ge(OH)4 is approximated by αGe-catechol-Ge(OH)4. 

 

Fig. 10 Schematic model based on Rayleigh fractionation used to explain the relationship 

between Ge concentration and Ge isotope composition along the migratory direction of a 

vertical Ge plume that represents ascending hydrothermal solution penetrating a coal seam. 

An initial solution Ge isotopic composition of 1.7‰ and initial solution Ge concentration of 

30ppb for solution was chosen, and αCoal-Ge(OH)4=0.99557. 
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Fig. 5 



 36

 

 

Fig. 6 
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Fig. 7 

 

 

 

 

Fig. 8 
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Fig. 9 
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Fig. 10 
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