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Abstract

Germanium (Ge) is a scarce, but not an extremely rare element in the Earth's crust (about 1.6 ppm Ge crustal average). Principal
geochemical substitutions and mineral associations of Ge include Si, C, Zn, Cu, Fe, Sn, and Ag. Most Ge is dispersed through
silicate minerals due to the substitution of Ge4+ for the geochemically similar Si4+. Ge is unusual in that it exhibits siderophile,
lithophile, chalcophile and organophile behaviour in different geologic environments. Only minor variations in Ge concentrations
are known from different igneous rocks, siliceous sedimentary rocks, and their metamorphic equivalents. Carbonates and
evaporites show a depletion to the crustal average of Ge. There is a tendency for Ge to be slightly enriched in silicate minerals of
late magmatic differentiates (e.g., muscovite granites), rocks that crystallize in the presence of a high volatile concentration (e.g.,
pegmatites, greisens) and late hydrothermal fluids, accounting for ore deposits. Ge does not form specific ore deposits; rather it
occurs in trace and minor amounts in various ore deposit types. Grades of a few tens to several hundred ppm Ge are known in
sulphide deposits: volcanic-hosted, massive sulphide Cu–Zn(–Pb)(–Ba) deposits; porphyry and vein–stockwork Cu–Mo–Au
deposits; porphyry and vein–stockwork Sn–Ag deposits; vein-type Ag–Pb–Zn deposits; sediment-hosted, massive sulphide Zn–
Pb–Cu(–Ba) deposits; carbonate-hosted Zn–Pb deposits, and polymetallic, Kipushi-type Cu–Pb–Zn–Ge deposits. Low-iron
sphalerite is the most important of all minerals containing Ge. Other sulphur minerals, e.g., enargite, bornite, tennantite–
tetrahedrite, luzonite, sulvanite, and colusite, are significant Ge sources in some deposits. At high S activities, the thiocomplex
[GeS4]

4− can give rise to the formation of thiogermanate minerals, e.g., argyrodite, briartite, renierite, and germanite, which can
form elevated Ge concentrations, above all in Kipushi-type deposits. Ge concentrations due to sorption processes in iron
hydroxides and oxides refer to those in oxidation zones of sulphide ore deposits, especially at the Apex Mine, USA, and Tsumeb,
Namibia, as well as to iron oxide ores, particularly in banded iron formations (BIF). Lignite and coal deposits show germanium
grades that vary by several orders of magnitude, both regionally and within particular deposits, from levels less than the Ge
abundance in the Earth's crust up to a few thousands ppm Ge. This Ge enrichment is effected by chemisorptive processes on
relatively stable organo-complexes, e.g., lignin and humic acids.

Currently, Ge is recovered as a by-product from sphalerite ores, especially from sediment-hosted, massive Zn–Pb–Cu(–Ba)
deposits and carbonate-hosted Zn–Pb deposits, from polymetallic Kipushi-type deposits, and lignite and coal deposits in China and
Russia. Figures for worldwide Ge reserves are not available.
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1. Introduction

The element Ge was first detected by the German
chemist Clemens Winkler in 1886 in the silver
sulphide mineral argyrodite from Freiberg, Saxony,
Germany (Weisbach, 1886). The existence of an
element intermediate in properties between the metal
Sn and the non-metal Si was predicted in 1871 and
named eka-silicon by the Russian chemist Dmitrii
Ivanovich Mendeleev. Ge is a chemical element in
subgroup IVa of the periodic table (C–Si–Ge–Sn–Pb).
It is greyish-white, metallic in appearance, and metallic
in a number of physical properties. Its electrical
properties are between those of a metal and an
insulator; some of its compounds have properties
similar to non-metals. The oxidation states of Ge are
+2 and +4, with the +4 state forming the common and
stable compounds; the tendency towards quadrivalency
is very strong. Most divalent Ge compounds (e.g.,
GeO and GeS) are not stable under atmospheric
conditions (Bernstein, 1985; Adams and Thomas,
1994).

Ge has no known biological role in humans; it is
considered as an essentially non-toxic element, except
for a few compounds (e.g., GeO2, GeH4, GeCl4, and
GeF4). Ge dissolved in the ppm range in drinking water
can, however, cause chronic diseases (Gerber and
Leonard, 1997). It has little or no effect upon the
environment, because it usually occurs only as a trace
element and is used in very small quantities in
commercial applications (Brown, 2002; Butterman and
Jorgenson, 2005).

Ge occurs chiefly in Zn sulphide ores (sphalerite and
wurtzite). Pyrometallurgical processing of Zn ores has
now largely been replaced by hydrometallurgical Zn
production (Fillipou, 2004). In the hydrometallurgical
process, some elements, especially Ge, are intolerable
impurities for the electrolytic recovery of Zn, and must
be removed from the solution prior to Zn extraction. The
permissible limit is 0.002 to 0.05 mg Ge/l in the liquid
(Graf, 1996), allowing Ge recovery from Zn concen-
trates at Zn processing plants. Ge can be extracted by
fractional distillation of the volatile GeF4. Other
technologies are used to extract Ge from Ge–Cu–Pb
sulphide ores, coal ash, flue dust and slag.

World refinery production of primary germanium
(from ores, coal ash and flue dust, generated in the
combustion of Ge-bearing lignites and coals at power
stations) (USGS, 2004, 2005):
Year
 1998
 1999
 2000
 2001
 2002
 2003
 2004

Ge (t)
 39
 37
 41
 38
 39
 44
 50
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This primary supply of Ge from ores and coal ash and
flue dust was well below the level of worldwide Ge
consumption since about 35% of the total Ge consumed
is produced from recycled materials. During the
manufacture of most electronic and optical devices,
more than 60% of the Ge metal used is routinely
recycled as new scrap. Such recycled new scrap
continued to grow and remained a significant supply
factor (about 30 t of Ge worldwide). Little Ge returns as
old scrap because there is a low unit use of Ge in most
electronic and infrared devices. About 2 t of Ge were
estimated to be consumed as old scrap in 2004.
Germanium was also released from government and
non-government stockpiles in recent years. Thus, about
1.8 t of Ge were released from the U.S. National Defense
Stockpile in 2003 (George, 2004; USGS, 2005).
Demand for Ge increased in 2004 because of increases
in infrared applications, especially in automobiles as
safety devices. World consumption matched the total
supply (about 100 t Ge per year).

USGS (2005) reported price statistics for the United
States as follows:
Price (US$ per kg), producer,
yearend,
2000
 2001
 2002
 2003
 2004
Ge metal zone refined
 1250
 890
 620
 380
 640

GeO2, electronic grade
 800
 575
 400
 245
 410
Free-market prices for Ge and GeO2 peaked in 1996
and declined until 2003.

Ge has the following uses, but in each case, only
small amounts are required. The worldwide end use
pattern for Ge was estimated to be as follows (George,
2004; USGS, 2004, 2005; Butterman and Jorgenson,
2005):

– 35%: Polymerisation catalysts (GeO2 is used mainly
in Asia, e.g., Japan, as a polymerisation catalyst for
the production of polyethylene terephthalate (PET), a
commercially important plastic. New types of
materials, e.g., Ti- and Al-based PET catalysts, are
expected to replace the relatively expensive Ge as
catalyst).

– 25%: Infrared optics (GeO2 is added to glass to
increase the index of refraction. Since the oxide is
transparent to infrared radiation, it has found use in
optical instruments, e.g., in microscope objective
lenses and wide-angle camera-lenses. Infrared night-
vision devices: Germanium lenses and windows can
be used in infrared optical systems, principally for
military guidance and weapon-sighting applications,
in the same way that ordinary glass lenses and
windows are used in visible-light optical systems.
The use of Ge optics has increased in a wide range
of applications, including television electronics as a
component of diodes, satellite systems and person-
nel detection equipments in poor visibility environ-
ments, for fire department thermal-imaging systems,
and for automobiles with Ge-based night-vision
systems).

– 20%: Fiber-optic systems (Ge is used as a component
(dopant) within the core of optical fibers for the
telecommunication consumer sector).

– 12%: Electronics/solar electrical applications (SiGe-
based chips are more energy-efficient than traditional
Si-based chips. They offer high switching frequency
and low energy consumption. The low-voltage
operation of SiGe devices, coupled with high levels
of integration achievable with SiGe technology,
including more stability over a wider range of
temperatures, have triggered their increased adoption
in wireless devices, optical communication systems,
hard disk drives, automotive chips and global
positioning systems (GPS). Ge substrates are also
used for space solar cells).

– 8%: Other uses (e.g., phosphors (in fluorescent
lamps), metallurgy (numerous alloys containing
Ge) and chemotherapy (toxic effects against certain
microorganisms).

The use pattern in the U.S.A. was significantly
different from that worldwide; it was estimated to be
fiber-optics, 40%; infrared optics, 30%; electronics/solar
electrical applications, 20%; and others (phosphors,
metallurgy, and chemotherapy), 10% (USGS, 2005).
The significant shifts in the pattern of germanium use in
the U.S.A. during the last two decades are documented
by Butterman and Jorgenson (2005).

Although some metallic compounds that contain
Ga, In, Se, and Te, can be substituted for Ge, the pure
element is more reliable than competing materials in
many high-frequency and high-power electronics
applications. There is growth potential for Ge in the
thin-film application for digital video discs, SiGe
chips, Ge-based semiconductors, and other electronic
devices. The potential replacement of GaAs by SiGe in
wireless telecommunication devices portends a bright,
long-term future for Ge. A new metallic material
consisting of Ge, Ga, and Yb, could be ideal for space
probes that endure a wide range of temperatures.
Research continues on Ge-on-insulator substrates as a
replacement for Si on miniaturized chips and on Ge-
base solid-state light-emitting diodes (LED). (George,
2004; USGS, 2004, 2005; Butterman and Jorgenson,



Table 1
Germanium distribution on Earth and in major rock types

Material Ge [ppm]
(mean)

Reference

Earth 13.8 Dasch (1996)
Earth's core 37 Dasch (1996)
Primitive mantle 1.1 Dasch (1996)
Oceanic crust 1.5 Taylor and McLennan (1985)
Continental crust 1.6 Taylor and McLennan (1985)
Ultramafic rocks 1.3 Faure (1998)
Mafic rocks 1.4 Faure (1998)
Granite 1.3 Faure (1998)
Shale 1.6 Faure (1998)
Sandstone 0.8 Faure (1998)
Carbonate rocks 0.2 Faure (1998)
Deep-sea clay 2.0 Faure (1998)

Table 2
Germanium concentrations in water

Locality Type of water Ge [ppb] Reference

Global Sea water 0.07 Faure (1998)
Global River water 0.06 Mortlock and

Froelich (1986)
Former UdSSR Mine water 0.5–48 Goleva and

Vorobyeva (1967)
Massiv Central,
France

Thermal water <56 Criaud and
Fouillac (1986)

Central Caucasus Thermal water 33–140 Kraynov (1967)
Waimangu, New
Zealand

Thermal water 46–94 Koga (1967)

Steamboat
Springs, USA

Thermal water 293 El Wardani (1957)

Geyser field,
Iceland

Thermal water <24 Arnorsson (1984)

Azerbaijan Oilfield water
(NaCl–HCO3)

<85 Nuriyev et al.
(1968)
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2005; http://www.the-infoshop.com/study/fs22376_
silicon_germanium.html).

2. Distribution

The first comprehensive study of the geochemistry of
Ge was published by Goldschmidt and Peters (1933).
This was followed by other important publications by
Hörmann (1963, 1972) and Bernstein (1985). Dasch
(1996) calculated contents of 13.8 ppm Ge for the total
Earth, 37 ppm Ge for the Earth's core and 1.1 ppm Ge
for the primitive mantle. Taylor and McLennan (1985)
reported 1.5 ppm Ge for oceanic crust and 1.6 ppm Ge
for continental crust (Table 1). Thus, on a weight basis,
Ge is uncommon, but not an extremely rare element in
the bulk continental crust. It is more abundant than W
(1 ppm), Mo (1 ppm), Sb (0.2 ppm), Bi (0.06 ppm), and
In (0.05 ppm) (Taylor and McLennan, 1985). Theoret-
ically, the abundance of Ge in the Earth's crust should
permit the formation of large (>14,000 t Ge), or even
giant deposits (>140,000 t Ge), sensu Laznicka (1999),
who reported a crustal abundance of 1.4 ppm Ge.
However, the capacity of Ge to form deposits is limited
because of its geochemical properties. The concentra-
tion of Ge in one of the largest Ge-bearing deposits,
Tsumeb, with ∼2160 t Ge (Lombaard et al., 1986), is
not sufficient to allow Tsumeb to be classified as a
‘large’ deposit. The concentration of 14,000 t Ge would
only be exceeded if the ore volume containing Ge were
large enough, which might be possible in BIF ores or
giant coal fields.

2.1. Germanium hydrogeochemistry

Ge concentrations in different types of water are
shown in Table 2. Fresh (potable) water, river water and
seawater contain only 0.05 to 0.1 ppb Ge (Ershov and
Shcheglova, 1958; Sarykin, 1977; Froelich and
Andreae, 1981; Froelich et al., 1985; Mortlock and
Froelich, 1986; Faure, 1998; Reimann and de Caritat,
1998). Goleva and Vorobyeva (1967) found Ge contents
ranging from 0.001 to 0.1 ppm in mine waters from
various types of sulphide ore deposits, predominantly
dissolved as H2GeO3. The highest concentrations were
in waters with the lowest and highest pH values. Ge is
lost from solution by sorption on hydrous iron oxides. In
addition, Goleva and Vorobyeva (1967) reported high
Ge concentrations (up to 48 ppb) and the presence of Ge
humate complexes in some coalmine waters. Methyl-
germanium species have been detected in seawater
(Schink et al., 1975; Lewis et al., 1985). Oilfield waters
have low Ge contents, similar to seawater. Ge can be
transported as neutral hydroxide species [Ge4+

(OH)4
−(aq)]0 in dilute aqueous hydrothermal fluids at

pH values<8 over a temperature range of 20 to 350 °C.
The solubility of Ge and the Ge/Si ratios in thermal
waters increase with temperature and salinity (Bern-
stein, 1985; Melcher et al., 2003). Pokrovski and Schott
(1998) suggested that, in geological environments, Ge is
transported mainly as hydroxide and chloro-complexes
in hydrothermal fluids. In thermal water with high
alkalinity, high Na and low Ca contents, Ge concentra-
tions can be in excess of 100 ppb (El Wardani, 1957;
Kraynov, 1967). Bernstein (1985) concluded that Ge
will be most concentrated in hot, alkali-rich waters that
pass through thermally metamorphosed, organic-rich
(and Ge pre-enriched) sedimentary rocks. The distribu-
tion of Ge between melts and coexisting aqueous fluids
was studied by Bai and Koster van Groos (1999), who
concluded that the distribution coefficient DGe

http://www.thenfoshop.com/study/fs22376_silicon_germanium.html
http://www.thenfoshop.com/study/fs22376_silicon_germanium.html


Table 3
Compilation of defined germanium minerals after Strunz and Nickel
(2001), with supplements by Roberts et al. (2004) and Paar et al.
(2004)

Mineral Formula Frequency

Sulphides
Argyrodite Ag8GeS6 (solid solution series

with canfieldite, Ag8SnS6)
Common

Putzite (Cu4.7Ag3.3)∑8GeS6 Unique
Briartite Cu2(Fe,Zn)GeS4 Common
Barquillite Cu2(Cd,Fe)GeS4 Unique
Renierite (Cu,Zn)11Fe2(GeAs)2S16 Common
Germanite Cu13Fe2Ge2S16 Common
Germanocolusite Cu13V(Ge,As)3S16 Rare
Ovamboite Cu10(Fe,Cu)3WGe3S16 Unique
Catamarcaite Cu2GeWS8 Unique
“Ge-stannoidite” Cu2Fe2ZnGe2S12 Unique
Morozeviczite (Pb,Fe)3Ge1−xS4 Rare
Polkovicite (Fe,Pb)3Ge1−xS4 Rare

Oxides
Argutite GeO2 Rare
Brunogeierite Fe2(Ge,Fe)O4 Unique
Eyselite FeGe3O7(OH) Unique

Hydroxides
Stottite FeGe(OH)6 Common
Manganostottite MnGe(OH)6 Rare

Sulphates
Itoite Pb3[GeO2(OH)2(SO4)2] Unique
Fleischerite Pb3Ge[(OH)6(SO4)2]·3H2O Unique
Schaurteite Ca3Ge[(OH)6(SO4)2]·3H2O Unique
Cararaite Ca3Ge(OH)6(SO4)(CO3)·12H2O Unique

Germanates
Otjisumeite PbGe4O9 Unique
Bartelkeite PbFeGe3O8 Unique
Carboirite FeAl2[(OH)2OGeO4] Unique
Germanium–

lepidomelane
(K,Na,H3O)2Fe6[Ge5Al3O20]
(Cl2(OH)2)(?)

Unique

Silicates
Mathewrogersite Pb7(Fe,Cu)Al3Ge

[(Si6O18)2|(OH, H2O)6]
Unique
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[concentration of Ge in the aqueous fluid divided by
concentration of Ge in the (granitic) melt] increases with
pressure and more so with a carbonate-rich than with a
(Na,K)Cl fluid. Glemser (1961) reported that Ge
compounds are more volatile than Si compounds at
high pressures in hot water vapour. The enrichment of
Ge in topaz, and to a lesser extent in fluorite and white
mica, associated with granitoids, and in F-bearing hot
springs, suggest that aqueous F-bearing Ge species,
perhaps [GeF6]

2− or related molecules, are present.
Enhanced formation of Ge–F complexes may be only
due to strongly acid (pH<3) F-rich solutions (Bernstein,
1985). The compound GeF4 is highly volatile (Rochow
and Abel, 1975). The enrichment of Ge in hydrothermal
sulphide deposits indicates that S-bearing Ge species
may also form in some hydrothermal fluids (Bernstein,
1985). At high S activities, the thiocomplex [GeS4]

4− is
responsible for the formation of thiogermanate minerals
(Bernstein, 1985).

There is a considerable literature about the geochem-
istry of magmatic gases and condensates from (recently)
active volcanos. Taran et al. (1995) reported among
other data 27 ppb Ge in gas condensate from the highest-
temperature fumarole of the Kudryavy Volcano, Iturup
Island, Kuril Arc, Russia. Shaderman et al. (1996)
informed about fumaroles from this volcano, indicating
a potential source of rare (Ge, Re, In, Tl, and Bi) and
noble (Au, Ag, and Pt) metals. Churakov et al. (2000)
presented results obtained from thermodynamic numer-
ical simulations for transport and deposition of ele-
ments, based on the data published by Taran et al. (1995)
from the Kudryavy Volcano. Their results concerning
Ge indicate: “At high temperatures, Ge is transported
mainly as sulphide GeS.… The change of the predom-
inant species takes place at 723 K, near which the GeF2,
GeCl2, and GeS2 species are almost equally important in
Ge transport”. At intermediate to low temperatures,
sulphide and chloride compounds are characteristic for
the transport of Ge, Sn, Pb, and Bi, whereas Si, Al, and
Be are transported mainly as fluorides and oxides. At
low temperatures, GeCl2 is substituted by GeCl4, while
SiO is replaced by SiO2. This may imply a separation
mechanism between Si and Ge.

2.2. Mineralogy and crystal chemistry

Table 3 summarizes Ge minerals currently recog-
nised by the International Mineralogical Association
(Strunz and Nickel, 2001), supplemented by recent data
from Roberts et al. (2004) and Paar et al. (2004). In
contrast to Si, the number of Ge minerals is very limited.
Moreover, some of these minerals are extremely rare or
even unique to one locality. Argyrodite (7% Ge),
briartite (14% to 18% Ge), germanite (6% to 10%
Ge), renierite (4% to 8% Ge), and stottite (32% Ge) are
the only common Ge minerals. Argyrodite, the mineral
in which Ge was first discovered, has since been found
in several Ag-bearing deposits, e.g., in Sn–Ag deposits
of Bolivia (Moh, 1976; Bernstein, 1985; Cunningham et
al., 1991; Panteleyev, 1996). Briartite is the Ge
equivalent of the Sn-minerals stannite Cu2FeSnS4–
kësterite Cu2ZnSnS4 solid solution. It has been found at
Tsumeb, Namibia, and Kipushi, D.R. Congo, and a few
other localities, occurring mainly as microscopic



Table 4
Germanium concentrations in minerals from pegmatites, greisens and
skarns

Host mineral Rock types Ge [ppm] n Ref.

Topaz Pegmatite,
greisen

29–700 32 Oftedal (1963),
Schrön (1968),
Seim and Schweder
(1969)

Quartz Pegmatite,
greisen

0.85–7.1 9 Bernstein (1985)

Alkali feldspar Pegmatite,
greisen

2.4–7.8 26 Novokhatskiy
et al. (1967)

Orthoclase Pegmatite 2.2–6.0 3 Schrön (1968)
Plagioclase Pegmatite 7.0–9.5 2 Bernstein (1985)
Muscovite Pegmatite 16.5–62.7 4 Bernstein (1985)
Spodumene Pegmatite 5–28 4 Novokhatskiy

et al. (1967),
Higazy (1953)

Lepidolite Pegmatite 7.7–25 11 Novokhatskiy
et al. (1967)

Pollucite Pegmatite 15–18 2 Novokhatskiy
et al. (1967)

Epidote Skarn 1.1–10 21 Bernstein (1985)
Garnet Skarn 0.9–180 271 Bernstein (1985)
Clinopyroxene Skarn 1.1–80 67 Novokhatskiy

et al. (1967)

n=number of analyses.

Table 5
Exceptional germanium concentrations in oxide and hydroxide minerals

Host mineral Ge
[ppm]

Type of
mineralization

Reference

Hydrocassiterite 10,000 Porphyry and vein–
stockwork Sn–Ag

Moh (1977)

Hematite 7000 Apex mine:
oxidation zone

Bernstein (1985)

Goethite 5310 Apex mine:
oxidation zone

Bernstein (1985)

Cassiterite 3000 Porphyry and vein–
stockwork Sn–Ag

Bernstein (1985)

Magnetite 100 BIF and Lahn–Dill-
type deposits

Lange (1957),
Sarykin (1977)

Mn oxides and
hydroxides

10 hydrothermal veins,
oxidation zone

Voskresenskaya
et al. (1975)

150 R. Höll et al. / Ore Geology Reviews 30 (2007) 145–180
inclusions within tennantite (Bernstein, 1985). Germa-
nite and renierite constitute the richest known ores of Ge
at Tsumeb and Kipushi. Both minerals have also been
found in numerous other localities worldwide, primarily
in Cu-rich portions of dolomite-hosted Cu–Pb–Zn
sulphide ores, as well as in other epigenetic Cu-rich
sulphide ores. Associated minerals include chalcopyrite,
bornite, tennantite–tetrahedrite, chalcocite, digenite, and
sphalerite (Bernstein, 1985, 1986). Stottite was a major
Ge mineral recovered in oxidized ore from Tsumeb.

Like Si, Ge is commonly in 4-fold (tetrahedral)
coordination. Their ionic radii (Ge4+ 53 pm, Si4+

40 pm) and covalent radii (Ge 122 pm, Si 117 pm) are
similar. Germanates and silicates form isostructural
compounds (Wittmann, 1966, 1972). Ge is incorporated
preferably into weakly-bound [SiO4]-tetrahedra and it is
largely camouflaged in silicate minerals (Goldschmidt
and Peters, 1933). In the Earth's crust, most Ge is found in
small amounts (up to a few ppm) in silicate minerals, due
to isomorphous substitution of Ge4+ for the chemically
similar Si4+. The concentration of Ge within silicate
minerals depends on the specific silicate group. The
highest concentrations tend to be measured in nesosili-
cates (e.g., topaz, garnet, olivine, titanite), with Ge conc-
entration decreasing in the following order: sorosilicates
(e.g., epidote, allanite, zoisite), inosilicates (e.g., amphi-
bole, pyroxene), phyllosilicates (e.g., muscovite, biotite,
chlorite) and tectosilicates (e.g., quartz, plagioclase, K-
feldspar) (Hörmann, 1972; Bernstein, 1985) (Table 4). Ge
is generally observed to be enriched in olivine and
pyroxene relative to quartz and feldspar. However, the
variation of the Ge content with the geological environ-
ment is of greater significance (Bernstein, 1985).

In contrast to Si, Ge has a stronger tendency for the 6-
fold coordination. Thus, the oxide GeO2 (argutite)
crystallizes in the tetragonal rutile–(TiO2–) structure,
and not in the trigonal quartz–(SiO2–) structure.
Germanates are transformed to octahedral structures at
lower pressures than equivalent silicates (Wittmann,
1966). The high electronegativities of (OH)− and F−

favour octahedral coordination of Ge, e.g., in the
minerals stottite FeGe(OH)6 and manganostottite
MnGe(OH)6 (Strunz and Giglio, 1961). In goethite,
FeOOH, Ge substitutes for the six-fold coordinated Fe.
The solid solution in goethite probably occurs due to the
coupled substitution 2 Fe3+↔Ge4++2H1+(Bernstein
and Waychunas, 1987). Fe3+-hydroxides chemisorp-
tively concentrate anion complexes, e.g., [VO4]

3−,
[AsO4]

3−, [AsO3]
3−, [PO4]

3−, [SeO4]
2−, [SeO3]

2−, and
also [GeO4]

4− (Goldschmidt and Peters, 1933; Li,
1982; Bernstein, 1985; Bernstein and Waychunas,
1987). In contrast, Mn-hydroxides only absorb cations.
The Ge contents of ocean floor Mn-nodules and terres-
trial Mn-oxides are attributed to the combined Fe-
hydroxide (Fe-oxide) phases (Voskresenskaya et al.,
1975; Voskresenskaya and Ufnarovskaya, 1978; Li,
1982) (Table 5).

Ge contents in vanadates, arsenates, phosphates,
molybdates and tungstates have been summarized by
Bernstein (1985). Ge concentrations of up to the several
hundred ppm have been found in arsenates. Gutzmer
and Cairncross (2001) reported 5.2 wt.% GeO2 in
beudantite PbFe3+[(OH)6(SO4)(AsO4)] from Tsumeb.
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Vanadates and phosphates from Tsumeb and the Apex
Mine, Utah, USA, contain lower Ge concentrations.
Even less substitution would be expected in molybdates
and tungstates, due to the much larger size of these ions.

Divalent germanium (Ge2+, ionic radius 73 pm)
occurs in the structure of brunogeierite and four sulphate
minerals (Table 3). Frondel and Ito (1957) suggested
that Ge2+ substitutes for Pb2+ in anglesite and cerussite
from Tsumeb (50 to 500 ppm Ge).

The electronegativity of Ge favours covalent bonding
with many ligands; Ge–O bonds have about 31% ionic
character and Ge–S bonds only 7% (Bernstein, 1985).
The sp3-hybrid bonding of Ge4+ is combined with
tetrahedral coordination in all structures of Ge sulphide
compounds. Ge forms important copper–thiogermanate
minerals with tetrahedral structures, e.g., germanite,
renierite, and briartite. It is a minor to trace element in
sulphide minerals, such as sphalerite and wurtzite, and
other sulphide minerals, which have sphalerite- or
wurtzite-derivative structures, which include enargite,
tennantite–tetrahedrite, bornite, luzonite, sulvanite and
colusite (Table 6).
Table 6
Exceptional germanium concentrations in sulphide minerals

Host mineral Ge [ppm] Type of
mineralization

Reference

Enargite 5000 High-sulphidation
mineralization

Vlassov (1964)

Sphalerite and
wurtzite

3000 Low-temperature
epigenetic Zn–Pb

Bernstein (1985)

Stannite 2830 Porphyry and
vein–stockw. Sn–Ag

Moh (1976)

Tennatite 1500 Porphyry and
vein–stockw.
Cu–Mo–Au

Karamyan (1958)

Bornite 1000 Porphyry and vein–
stockw. Cu–Mo–Au

Arsenijević
(1958)

Sulvanite 1000 Porphyry and vein–
stockw. Cu–Mo–Au

Vlassov (1964)

Chalcopyrite 900 Porphyry and vein–
stockw. Cu–Mo–Au

Rose (1967)

Colusite 790 Porphyry and vein–
stockw. Cu–Mo–Au

Vlassov (1964)

Teallite 690 Porphyry and vein–
stockw. Sn–Ag

Moh (1976)

Franckeite 480 Porphyry and vein–
stockw. Sn–Ag

Moh (1976)

Tetraedrite 470 Vein-type
Ag–Pb–Zn(–Cu)

Schroll and
Azer (1959)

Luzonite 110 Porphyry and vein–
stockw. Cu–Mo–Au

Terziyev (1966)

Herzenbergite 110 Porphyry and vein–
stockw. Sn–Ag

Moh (1976)

Covellite 100 Porphyry and vein–
stockw. Cu–Mo–Au

Arsenijević
(1958)
Economically, sphalerite is the most important of all
minerals containing relatively high amounts of Ge, up to
3000 ppm (Table 6). No differences in Ge concentra-
tions within sphalerite and wurtzite have been identified
(Schroll, 1953b). Enhanced Ge concentrations are
obviously confined to low-iron sphalerite. Microprobe
studies of Ge-rich sphalerite from the Saint-Salvy
deposit (France) showed that Ge substitutes for Zn in
the sphalerite structure (Johan et al., 1983; Johan and
Oudin, 1986; Johan, 1988; Cassard et al., 1996). The
presence of other elements, e.g., Ag, Cu, enhances this
incorporation (Moh and Jäger, 1978). Johan (1988)
proposed a coupled substitution mechanism for trivalent
and tetravalent elements, including Ge4+, in sphalerite,
expressed in the following equations:

2MðIÞ þMðIIÞ þMðIVÞ↔4ZnðIIÞ; ðx þ 2yÞMðIÞ
þ yMðIIÞ þ xMðIIIÞ þ yMðIVÞ↔ð2x þ 4yÞZnðIIÞ;

whereM(I)=Ag+, Cu+;M(II)=Cu2+, Fe2+, Cd2+, Mn2+,
Hg2+;M(III)= In3+,Ga3+,Fe3+,Tl3+;M(IV)=Ge4+,Sn4+,
Mo4+, W4+ and x and y are atomic proportions of M(III)
and M(IV), substituting for Zn2+, respectively. The
equations indicate that the incorporation of trivalent and
tetravalent trace elements into sphalerite is possible,
owing to the formation of donor–acceptor pairs with
monovalent ions (Johan, 1988). Moreover, Ge occupies
the tetrahedral sites, rather than the interstitial octahedral
positions in natural sphalerites. The incorporation of
trace elements, including Ge, into the structure of
sphalerite is likely to depend upon the diffusion/growth
velocity ratio. Furthermore, the crystal chemistry of the
sphalerite structure is important in order to understand
the different substitution mechanisms, which may occur
simultaneously in natural sphalerites (Möller, 1987;
Johan, 1988). There is no evidence for direct substitution
of Zn2+ by Ge2+ in sphalerite and wurtzite (Bernstein,
1985; Johan, 1988; Möller and Dulski, 1993).

Germanium can also be incorporated into sphalerite as
micro- and submicrophases. A positive correlation
between Ge and Cu suggests the presence of copper
thiogermanates (e.g., renierite, and/or germanite, and/or
briartite) and between Ge and Ag points to the presence of
argyrodite. Such microphases are commonly interpreted
as exsolution. Morales-Ruano et al. (1996) summarized,
that Ge-rich inclusions may result either from exsolution
or from trapping of solids grown independently in
hydrothermal solutions. At Cerro del Toro, Spain, the
observation of coalescent briartite and tetrahedrite inclu-
ded in sphalerite supports the second hypothesis.

The occurrence of Ge microphases in sphalerite has
been confirmed by microprobe analysis (Johan et al.,
1983; Johan and Oudin, 1986). They described Ge-
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bearing minerals that occurred as microscopic inclu-
sions in sphalerite in several metamorphosed sphalerite
deposits from the French Pyrenees. These deposits
contain argutite, brunogeierite, briartite, and the germa-
nate equivalents of the silicates chloritoid (carboirite)
and lepidomelane (Table 3); quartz, chlorite, zoisite,
allanite, and titanite also display exceptionally high Ge
concentrations. However, sphalerite from these depos-
its contains less than 150 ppm Ge (Geldron, 1983;
Bernstein, 1985). Incorporation of Ge into Tl- and As-
bearing Zn-sulphides is poorly understood. In situ
SIMS analysis of banded Zn-sulphides indicates that
there are positive correlations between Ge, Tl, As, Fe,
and Pb (Pimminger et al., 1985). Kelley et al. (2004)
concluded from geochemical studies on trace elements
from the Red Dog Zn–Pb–Ag deposit, Alaska:
“Elements most likely residing in the sphalerite lattice
are Fe, Cd, Mn, Tl, Co, and Ge as suggested by their
consistent distributions within and among different
types of sphalerite”. However, Slack et al. (2004b)
concluded from Zn-poor drill core samples from this
deposit: “The coenrichment of Ge and SiO2 and
elevated Ge in the Zn-poor samples suggest that Ge is
hosted mainly in quartz, although some could reside in
other minerals and in fluid inclusions”. Möller (1987)
suggested that the content of Ge in hydrothermal fluids
may depend on the leaching temperature, and be
roughly indicated by the Ga/Ge ratio in sphalerite.
Mladenova and Valchev (1998) used the Ga/Ge ratio in
sphalerite as a temperature indicator for hydrothermal
fluids in the carbonate-hosted Sedmochislenitsi De-
posit, Bulgaria. Occurrence and incorporation of Ge
into other minerals associated with sphalerite, e.g.,
galena and iron sulphides, are poorly known. Ge-, As-,
and Tl-bearing microphases in marcasite (up to
470 ppm Ge) were suggested by Duchesne et al.
(1983). Ge enrichment in pure galena is unusual.
Incorporation of Ge (up to 400 ppm) into galena,
however, was observed by Moh and Jäger (1978).
Wilkinson et al. (2005) reported Ge concentrations in
galena from the Zn–Pb Lisheen Mine, Ireland, in the
range 200 to 1300 ppm, determined by microprobe
analysis.

The relationship between Ge4+ and isovalent Sn4+

is geochemically more important than that between
Ge4+ and Ti4+. Sn is chemically similar to Ge; the
major differences are due to its larger ionic size and its
much greater tendency to divalency. The Ge–Sn
relationship has been experimentally studied above
all by Moh (1976), Moh and Jäger (1978) and Moh
(1980) in sulphide, oxide and silicate mineral phases.
Extensive substitution of Sn by Ge is known from
canfieldite, stannite, colusite, and cassiterite (Moh,
1976, 1977, 1980). Substitution of Ge2+ for Sn2+ is
discussed in divalent Sn-bearing minerals by Bernstein
(1985).

3. Geochemistry

Remarkably, Ge is widely an unreported trace
element in geochemical analysis. Ge is unusual in that
it exhibits siderophile, lithophile, chalcophile, and
organophile (i.e., biolithophile) behaviour in different
geologic environments (Bernstein, 1985).

The siderophile behaviour of Ge is reflected by the
fact that it can achieve concentrations of up to 500 ppm
in the iron phase of meteorites and telluric iron
(Hörmann, 1972; Bernstein, 1985).

The lithophile behaviour is indicated by slight
enrichments of Ge in the continental crust relative to
the oceanic crust and the upper mantle (Hörmann,
1972). Igneous rocks commonly contain 0.5 to 6 ppm
Ge. There is little variation in the Ge contents of mafic to
felsic, and plutonic to volcanic rock types (Table 1).
There is, however, a slight tendency for Ge to be
concentrated in late magmatic differentiates (e.g.,
muscovite granites) and in other rocks that crystallize
in the presence of a high volatile concentration (e.g.,
pegmatites, greisens and skarns; Shcherba et al., 1966),
or in the presence of late hydrothermal fluids (e.g.,
hydrothermal sulphide ore deposits). Silicate minerals
reported to have high Ge contents in these rocks include
topaz (up to 700 ppm Ge), garnet, mica, spodumene,
lepidolite, and pollucite (Table 4). The breakdown of
mica (muscovite) in such differentiates (granites) may
release a significant amount of Ge. This may contribute
to the enrichment of Ge in coal, discussed below.
Puzanov et al. (1973) described enrichment of Ge, up to
28 ppm, in fluorite from different localities, mainly in
alkali granites. They found higher Ge concentrations in
early-formed fluorite (220 to 140 °C) than that formed
during later stages (130 to 70 °C). The Ge content of
siliceous sedimentary rocks and their metamorphic
equivalents is closely comparable to that of igneous
rocks. Some shales are slightly enriched in Ge,
especially those containing organic material (El War-
dani, 1957; Burton et al., 1959). Carbonate minerals and
rocks show depletion in Ge relative to the crustal
average (Table 1). Ge data for evaporites are scarce, but
available data indicate that they only contain small
amounts (Bernstein, 1985).

The chalcophile behaviour of Ge is indicated by its
separation from Si and the formation of Ge-sulphides.
The chalcophile properties of Ge are evident in sulphur-
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rich hydrothermal systems. High-sulphidation states
favour Ge concentration through the formation of the
thiocomplex [GeS4]

4− and thiogermanates, preferably
as Cu- and Ag-sulphide minerals, e.g., germanite,
renierite, briartite and argyrodite (Bernstein, 1985;
Paar et al., 2004; Paar and Putz, 2005) (Table 3). Sn-
and Cu-sulphides can display relatively high Ge grades
(Table 6). In low-sulphidation Zn–Pb–Ag deposits, it
seems to be characteristic that elevated Ge grades are
associated with an Ag-enriched paragenesis; argyrodite
is the common Ge mineral in this type of ore, and the
content of Ge in sphalerite is low, mostly in the range of
<1 ppm and <10 ppm (Paar and Putz, 2005). In Ag-poor
(Ag-free) Pb–Zn deposits, low to moderate sulphidation
states and low temperatures allow only minor enrich-
ments in Ge and, above all, cause it to be incorporated
preferably into Zn sulphides (sphalerite and wurtzite).
Therefore, the highest Ge concentrations occur in non-
silicate crustal environments, namely Ag–Pb–Zn-rich
and Cu-rich sulphide ore deposits, as well as in coal and
lignite (Bernstein, 1985).

The organophile behaviour of Ge is evident from its
enrichment in organic matter, which is comparable with
some Zn-sulphide ores (Table 7). Ge has one of the
highest affinities for organic matter of all the elements
commonly associated with carbonaceous sediments
(Goldschmidt, 1930; Goldschmidt and Peters, 1933;
Gluskoter et al., 1977; Bernstein, 1985). Organic matter
in lignite and coal takes up various elements, e.g., Ge, B,
Table 7
Germanium in peat, coal and lignite, coal ash, and oil

Locality n Ge in peat, coal and lignite,
and oil [ppm]

Peat
Oldenburg, Germany 1 nr

Coal and Lignite
Hartley Seam, England 100
US coal 5.7 (mean),

0.6 (median)
Pennsylvania, USA 6 2–4
West Kentucky, USA 31 6–12
Plzeň basin, Czech Rep. 5–40
Kuznetsk basin, Russia 31 1.8–5.9
Donetsk basin, Ukraine 3.4
Argun basin, Russia 8.2
Russian Far East nr
Assam, India 2.2
New South Wales, Australia 279 0.4–150

Oil
Azerbaijan 51 0.006–0.068
Orenburg district, Russia 12 0.02–0.69

n=number of samples, nr=not reported.
Be and U, and to some extent, also Mo and V
(Finkelman, 1993). Spears and Zheng (1999) reported
data for 24 British coals considered representative of the
major U.K. coalfields. These coals, with 4.6% to 37.6%
volatile matter, were analysed for 46 major and trace
elements. Based on statistical analyses, Ge is the only
element for which a consistent organic association can
be demonstrated. The Ge enrichment is effected by
chemisorptive processes on relatively stable organo-
complexes, e.g., lignin and humic acids, onto which Ge
can be precipitated as humate complexes (Glockling,
1969; Manskaya et al., 1972). Manskaya et al. (1972)
and Bernstein (1985) described the absorption of Ge by
humic acids in peat, and the subsequent formation of
stable complexes with lignin-derivative compounds. In
lignites, Ge will also be absorbed, forming chelates with
lignin-derivatives. During coalification, highly con-
densed aromatic organo-germanium compounds will
form; the latter are more stable due to a greater number
of Ge–C bonds. The highest Ge concentrations in coals
are commonly found in the vitrain fraction. Ge will be
lost during progressive coalification processes with the
formation of graphite. Only traces of Ge have been
detected in graphites and their ashes from metamor-
phosed Carboniferous coal deposits. In such deposits,
Ge is transferred into phyllosilicates during anthracite
formation (Janda and Schroll, 1960; Weninger, 1965).

There are striking lateral and vertical differences in
the Ge distribution in coal seams. Ge enrichments are
Ge in coal ash [ppm] Reference

8 Goldschmidt and Peters (1933)

Up to 11,000 Goldschmidt and Peters (1933)
nr Finkelman (1993)

20–120 Stadnichenko et al. (1953)
4–1430 Stadnichenko et al. (1953)
Up to 3000 Bouška (1981), Laznicka (1985)
100–1000 Sarykin (1977)
52.7 Sarykin (1977)
62 Sarykin (1977)
100–1000 (max. 3000) Seredin and Danilcheva (2001)
Up to 1600 Bouška (1981)
6–2000 Clark and Swane (1962)

Kotova and Viktorova (1965)
Guliyaeva and Lositskaya (1959)
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most pronounced in upper and lower few cm of seams,
and along partings, first noticed by Zilbermints et al.
(1936). Meanwhile, this distribution pattern has been
observed in coal basins worldwide (Yudovic, 2003). The
interior of a thick coal bed often contains less than 1 ppm
Ge, while the margins of the same bed can contain
several tens of ppm Ge. Thus, in a coal deposit, the
average Ge grade is lower in thick seams, and higher in
thin seams. Coal streaks and isolated coalified relicts
mostly display the highest Ge grades. Breger and Schopf
(1955) described thin coaly stringers within the Chatta-
nooga shale (Tennessee, USA) that contain up to
760 ppm Ge; this black shale itself contains only up to
18 ppm Ge. Coal seams deposited on the edge of a sedi-
mentary basin are richer in Ge than coals from the centre.

There is little doubt that the origin of Ge in lignite
and coal deposits is mainly epigenetic, occurring during
the peat and/or lignite stages of coal formation, due to
migrating Ge-bearing fluids. The Ge in these fluids is
likely to have been derived from adjacent rocks,
especially those with pre-enrichments in Ge, such as
differentiated granites (e.g., muscovite granites) or
sediments containing organic material. Kaolinitization
of Ge-enriched granite intrusions releases the Ge, which
can then precipitate in coal and lignite. This has
probably occurred in the coal of the granite-residuum-
rich basin of Plzeň, Czech Republic. The coal has a high
Ge content (up to 3000 ppm Ge in ash), linked to the
neighbouring Ge-bearing granitic rocks (Zahradník et
al., 1960; Bouška, 1981). A similar connection between
granitic rocks and Ge enrichment in coal is reported
from the Lincang Basin, Yunnan, China. Zhuang et al.
(1998), Lu et al. (2000) and Qi Huawen et al. (2002)
summarized, that the Ge mineralization is closely
related to sedimentation, diagenesis and thermal pro-
cesses. The maceral composition, inorganic minerals,
trace element contents and huminite reflectance of the
coal from the Lincang Basin suggest that the Ge source
was mainly a muscovite granite. Ge leached from that
granite was transported into the basin, where it was
adsorbed by humic substances. Lignite from the
Lincang Basin has undergone three thermal processes:
(I) peatification, (II) early diagenesis, (III) hydrothermal
transformation. During peatification, Ge was adsorbed
or complexed by humic colloids. During early diagen-
esis, the Ge associated with humic acids was hard to
mobilize or transport; most Ge was incorporated into the
structure of huminite, and only a small amount of the Ge
was fixed to residual humic acids as complex com-
pounds or humates. During hydrothermal transforma-
tion hot water or fluids from the basement migrated
through the coal predominantly along faults and
fractures. Sulphates were reduced by organic matter in
the coal, resulting in the formation of pyrite and calcite.
This hydrothermal process may also have been
significant for the mineralization (redistribution) of Ge.

In contrast, some coal deposits are very poor in Ge,
e.g., coal deposits in basins of the Internal Molasse
facies, Eastern Alps. There, the surrounding and
underlying metamorphic rocks show no evidence for
any Ge concentration (Brandenstein et al., 1960).

The mixing of migrating, Ge-bearing fluids with
fluids of magmatic origin is assumed to have caused
enhanced Ge grades as well as enrichments of an As–
Sb–Hg–Tl(–Au) association in coals of the Russian Far
East near Vladivostok (Seredin and Danilcheva, 2001).
There is no indication for significant Ge enrichment in
sapropel and its diagenetic and metamorphic equivalents
(Janda and Schroll, 1960). Oil is also poor in Ge
(Guliyaeva and Lositskaya, 1959; Kotova and Viktor-
ova, 1965; Valković, 1978).

4. Geological setting of Ge-bearing deposits

Ge occurs in a variety of ore deposits of different ages
(Fig. 1; Tables 8 and 9). There is still a need for further
data to elucidate Ge enrichment processes in a regional
and temporal context, but some influences on concen-
tration processes of Ge during the Earth's history can
nevertheless be inferred. Such processes coincide with
the geologic evolution of hydrothermal base-metal depo-
sits (Zn, Pb, and Cu), including an enrichment in Pb, and
probably also geochemical anomalies of Ge, Tl, As in
zinc sulphide deposits during time. The evolution of the
atmosphere involved a change in the oxidation state of
surficial iron at∼2.3 to 2.4 Ga. Since then, the oxidation
of Fe2+ to Fe3+ and the formation of Fe3+-hydroxides
have facilitated the chemisorptive concentration of Ge.
The appearance of cellulose-producing eucariotes and
the transformation of cellulose into lignin and humic acid
in Proterozoic time gave rise to an enhanced adsorptive
mechanism for the concentration of Ge in carbonaceous
sediments, coaly black shales and coal. In the Phaner-
ozoic, geochemical concentration processes for Ge were
influenced by the change from prevailing dolostones to
limestones and by the further evolution of the biosphere
and organic matter (coal). Organisms (bacteria) and
organic matter have also met the requirements for sul-
phate reduction, favouring predominantly Phanerozoic
sulphide deposition in organic-rich sedimentary rocks
(mainly shales) with slight Ge enrichments at low tem-
peratures. Most of the Ge-bearing ore is derived from
low-temperature, epigenetic deposits, especially those in
sedimentary sequences. Moreover, present or future



Fig. 1. Germanium-bearing ore deposits. □ Volcanic-hosted massive sulphide (VHMS) Cu–Zn(–Pb)(–Ba) deposits: 1 Abitibi–Belt: Kidd Creek,
Noranda, Bousquet 2 Mine, Canada; 2 Kuroko-type (and Besshi-type) deposits, Japan; 3 Gaiskoje, Russia; 4 Bakr Tau, Russia; 5 Gorevskoe and
Ozernoe, Russia; 6 Iberian Pyrite Belt: Neves Corvo, Portugal;△ Porphyry and vein–stockwork Cu–Mo–Au deposits: 7 Capillitas, Argentina; 8 Bor,
Serbia, and Chelopech, Bulgaria; 9 Bingham, USA; 10 Lihir Island, Papua-New Guinea; ▽ Porphyry and vein–stockwork Sn–Ag deposits: 11
Potosi, Colquechaca, and Porco, Bolivia; 12 Sayapullo, Peru; 13 Barquilla, Spain;✚Vein-type Ag–Pb–Zn(–Cu) deposits: 14 Freiberg, Germany; 15
Kutna Hora and Pribram, Czech Republic; 16 Noailhac-Saint Salvy, France; 17 Sardinia, Italy; 18 Kirki, Greece; 19 Wolyu, Korea; O Sediment-
hosted massive sulphide (SHMS) Zn–Pb–Cu(–Ba) deposits: 20 Sullivan, Canada; 21 Meggen, Germany; 22 Red Dog Mine, Alaska, USA; 23
Jinding, China; •Carbonate-hosted base metal (Zn–Pb) deposits (Mississippi Valley-type, MVT; Irish-type, IRT; and Alpine-type, APT, deposits): 24
Central Missouri, USA; 25 Southeast Missouri (Old Lead Belt, Viburnum Trend, Indian Creek), USA; 26 Tristate District, USA; 27 Northern
Arkansas, USA; 28 Upper Mississippi Valley (Illinois–Wisconsin), USA; 29 Elmwood–Gordonsville, USA; 30 Pend Oreille, USA; 31 Tres Marias
Mine, Mexico; 32 Polaris Mine, Canada; 33 Nanisivik, Canada; 34 Pine Point, Canada; 35 Upper Silesia, Poland; 36 Mount Aukas, Namibia; 37
Fankou, China; 38 Irish-type: Navan, Lisheen, Silvermines, Galmoy and Tynagh, Ireland; 39 Alpine-type: Bleiberg, Austria; Cave de Predil, Italy;
Mezica and Topla, Slovenia; ■ Carbonate-hosted base metal deposits: Polymetallic Cu–Pb–Zn–Ge deposits of the Kipushi-type: 40 Kipushi,
Democratic Republic of Congo; 41 Tsumeb, TsumebWest, Kombat and Tschudi, Namibia; 42 Kabwe, Zambia; 43 Gortdrum, Ireland; 44 ApexMine,
USA; 45 Kennecott Mine, Alaska, USA; 46 Ruby Creek, Alaska, USA; 47 Omar, Alaska, USA ▲ Iron oxide ores: 48 Kremenchuk–Krivoi Rog,
Ukraine; 49 Hamersley Range, Australia;○ Germanium in coal and lignite: 50 Durham Coalfield, England; 51 Plzeň, Czech Republic; 52 Lang Bay,
Canada; 53 Shkotovskoye and Spetsugli, Russia; 54 Sakhalin Island, Russia; 55 Kuzbas Basin, Russia; 56 Chitinskaya Basin, Russia; 57 Lincang,
China; 58 Xilinhaote, China.
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sources for Ge are oxide and hydroxide ore deposits as
well as lignite and coal.

4.1. Volcanic-hosted massive sulphide (VHMS) Cu–Zn
(–Pb)(–Ba) deposits

Defining deposits as VMS (volcanogenic massive
sulphide) and/or VHMS (volcanic-hosted massive
sulphide) is not the principal focus of this paper. We
choose one type name, which is widely recognised:
VHMS. We are aware that some of the following
deposits are described as VMS deposits elsewhere.

VHMS deposits occur in submarine volcanic rocks of
different tectonic settings and of all ages, from Archean
volcanic strata to currently active seafloor spreading
ridges. Usually, massive and/or banded to lens-like
sulphide orebodies lie above strongly altered pyrite-
dominated feeder-zones (Sangster, 1980, 1990; Large et
al., 2001). The classification of VHMS deposits is based
on ore composition (Zn, Cu, Pb, Ba), host lithology, and
tectonic setting (Franklin et al., 1981): (I) Cyprus-type
(Cu–Zn), hosted by ophiolites; (II) Abitibi-type, sub-
divided into IIa, Noranda-type (Cu–Zn), hosted in mafic–
felsic volcanic sequences and IIb, Mattabi-type, similar to
Noranda-type, but with significant Pb contents; (III)
Kuroko-type (Cu–Zn–Pb(–Ba)), occurring in bimodal
volcanic suites in island arc or back arc setting.

Ge concentrations of up to 100 ppm in recent ores,
formed at the East Pacific Rise and hosted by MOR
basalts, have been described by Bischoff et al. (1983).



Table 8
High-grade Ge concentrations in ores

Type of
mineralization

Ge-bearing mineral phases Ge [ppm]
1<x<10

Sulphide ores
VHMS Cu–
Zn(–Pb)(–Ba)

Sphalerite, (bornite,
renierite, germanite)

100

(Thereof Kuroko-
type)

Sphalerite, bornite, renierite 300

Porphyry and
vein–stockw.
Cu–Mo–
Au

CuAs-sulphides,
bornite, sphalerite,
(renierite, germanite)

x⁎10

Porphyry and
vein–stockw.
Sn–Ag

Argyrodite, (Sn–minerals,
sphalerite)

x⁎10

Vein-type Ag–
Pb–Zn(–Cu)

Argyrodite, sphalerite x⁎100

SHMS Zn–Pb–
Cu(–Ba)

Sphalerite, wurtzite x⁎10

MVT, IRT, APT
Zn–Pb

Sphalerite, wurtzite x⁎100

KPT Cu–Pb–
Zn–Ge

Ge-sulphides, CuAs-sulphides,
bornite, (sphalerite)

1000

Oxide ores
KPT oxidation
zones

Iron oxides, iron hydroxides,
sulphates, arsenates

1000

Oxidation zones
of Sn-sulphides

Secondary tin hydroxide,
tin oxide

x⁎10

Non-sulphide
Zn–Pb

Iron hydroxides;
willemite–hemimorphite

x⁎10

Iron oxide ores Magnetite, hematite,
martite, goethite

x⁎10

Coal and lignite deposits
Coal and lignite x⁎100
Coal and lignite ash 1000
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Mortlock and Froelich (1986) and Mortlock et al.
(1993) reported the hydrothermal input of Ge in the
Pacific Ocean. Henry et al. (1995) studied the
distribution of In and Ge in 180 hydrothermal
sulphide samples from different oceanic sites. They
found Ge in all environments, except in the Guaymas
Basin, Gulf of California, Mexico. They concluded
that Ge is an indicator of low temperature, whereas In
indicates high temperature; In is coprecipitated with
Cu, Zn, and Fe within active chimneys (black
smokers) at temperatures between 350 and 260 °C
(Schwarz-Schampera and Herzig, 2002). Tufar (1992)
reported Ge contents (up to 80 ppm) in Zn–Pb–Cu-
rich samples from massive sulphides at the Palinuro
Seamount, Tyrrhenian Sea, Italy.

More data are required on the distribution of Ge in
Cu–Zn ores of ophiolite-hosted Cyprus-type deposits.
The small amount of data for Ge concentrations in
Archean Abitibi-type (Noranda-type and Mattabi-type)
ore deposits does not indicate significant Ge enrichment.
The giant, volcanic-hosted Kidd Creek massive sulphide
deposit, Ontario, Canada, contains 150Mt of pre-mining
sulphide ores. This is partitioned into high-temperature
Cu-rich and low-temperature Zn-rich ores, which
contain only trace Ge (Walker and Mannard, 1974;
Walker et al., 1975; Hannington et al., 1999). Tourigny
et al. (1993) presented Ge data from the Bousquet 2
Mine in the southeastern part of the Abitibi Greenstone
Belt, Quebec, Canada. Selected samples of Cu–Zn ores
contained up to 85 ppm Ge (Table 6), present in Cu-rich
ore containing renierite and mawsonite.

Some Ge data are available for Cu–Zn–Pb–Ba ores
from Kuroko-type deposits in Japan (Ando, 1964;
Nishiyama, 1974; Shimazaki, 1974; Eldridge et al.,
1983; Tanimura et al., 1983; Shikazono, 2003). Grades
up to 370 ppm Ge in sphalerite and the presence of
renierite and Ge-bearing bornite are known for this type
of ore deposits, e.g., in the Shakanai deposit. Komuro
and Kajiwara (2004) reported Ge-bearing colusite in the
Ezuri Kuroko deposit, Japan; some data suggest local
Ge enrichments (Table 7).

The Iberian Pyrite Belt (IPB), Spain and Portugal,
comprises about 85 known ore deposits. It is truly a
giant among Kuroko-type deposits, according to Misra
(2000). The massive sulphide deposits are part of an
Upper Devonian to Lower Carboniferous volcano-
genic–sedimentary complex, consisting of calc-alkaline
felsic volcanics, intercalated tholeiitic–alkaline mafic
volcanics, sediments and sedimentary exhalites, and
manganese deposits (Leistel et al., 1998). Ge has been
reported in the giant Neves-Corvo polymetallic massive
sulphide deposit in the Portuguese sector of the IPB.
Besides high values in Cu, Sn and Zn, the Neves-Corvo
deposit contains elevated levels of Ag, Se, In and Ge (10
to 60 ppm Ge) (Oliveira et al., 1997; Schwarz-
Schampera and Herzig, 2002).

A few Ge data are available for VHMS deposits in
the Ural Mountain Range (Russia): The Gaiskoye Cu–
Zn deposit, 30 km north of Orsk, and the Bakr Tau Cu–
Zn deposit, 120 km southeast of Magnitogorsk, are
polymetallic and contain Ge. Avdonin and Sergeeva
(1999) reported 25 ppm Ge in sphalerite from both
deposits. Germanite is present in bornite-rich ore
(Prokin and Buslaev, 1999).

The Gorevskoe Pb–Zn deposit, some 500 km east of
Lake Baikal, with large reserves/resources, produces Pb
and Zn concentrates, and Ge, Ag, Tl, Ga, and In as by-
products. The neighbouring giant Ozernoe Zn–Pb deposit
in Lower Cambrian volcano-sedimentary rocks represents



Table 9
Ge contents in sphalerite (sph), zinc ore (zo) and zinc ore concentrate (zconc) in hydrothermal ore deposits

Ore type and locality n Ge [ppm] Reference

Range Mean

VHMS Cu–Zn(–Pb)(–Ba)
East Pacific Rise 21° N zo 2 65 100 Bischoff et al. (1983)
Juan de Fuca Ridge zo 2 27 120 Bischoff et al. (1983)
Galapagos Rift zo 1 270 Bischoff et al. (1983)
Palinuro Seamount, Tyrrhenian Sea zo 3 20 46 33 Tufar (1992)
Kuroko-type deposits, Japan sph 132 <3 370 66 Ando (1964)
Bousquet 2 Mine, Quebec, Canada Sulphide ore 2 <10 85 Tourigny et al. (1993)
Northern Norway sph 10 <1 5 Oftedal (1941)
Skellefte district, Sweden sph 32 <10 Gabrielson (1945)
Alpine Paleozoic VHMS sph 5 <1 16 Schroll (1954)

Vein-type Ag–Pb–Zn(–Cu)
Freiberg, Germany sph 9 0.6 1300 Schrön (1968)
Bad Grund, Germany sph 12 16 110 Möller and Dulski (1993)
Pribram, Czech Republic sph 3 1 1000 Schroll (1954)

Noailhac – Saint–Salvy, France
Stratiform sph 17 700 Barbanson and Geldron (1983)
Veins sph 16 300 3000 Barbanson and Geldron (1983)

zconc 750 Barbanson and Geldron (1983)

SHMS Zn–Pb–Cu(–Ba)
Meggen, Germany sph 1 10 Schroll (1954)
Rammelsberg, Germany sph 1 3 Schroll (1954)
Graz Paleozoic, Austria sph 4 <10 Schroll (1997)
Red Dog Mine, Alaska, U.S.A. zconc 60 Schmidt (1997)

MVT Zn–Pb
Upper Mississippi Valley, U.S.A. sph 6 <20 250 Hall and Heyl (1968)
Central Missouri, U.S.A. sph 20 2 300 46 Viets et al. (1992)
Southeast Missouri, U.S.A. sph 154 11 Hagni (1983)
Viburnum Trend, main stage, U.S.A. sph 21 5 600 Viets et al. (1992)
East Tennessee, U.S.A. sph 13 60 Hagni (1983)
Elmwood–Gordonsville, Tennessee, U.S.A. zconc 400 Misra et al. (1996)
San Vincente, Peru sph 6 11 62 18 Fontboté and Gorzawski (1990)
Benue Trough, Nigeria sph 13 42 220 Olade and Morton (1985)
Fankou, China sph 12 30 170 Song (1984)
Pomerzany, Poland sph 9 30 800 85 Sass-Gustkiewicz (2001)

Median: 50 Sass-Gustkiewicz (2001)

IRT Zn–Pb
Tynagh, Ireland sph 11 1 27 Schroll (unpubl.)
Navan, Ireland sph 3 1 72 Schroll (unpubl.)

APT Zn–Pb
Bleiberg, Austria sph 146 22 1500 Cerny and Schroll (1985)

zconc 193 Cerny and Schroll (1985)
Mežica, Slovenia sph 41 20 1100 Schroll (unpubl.)

zconc 190 Schroll (unpubl.)
Cave di Predil (Raibl)/Italy sph 23 2 3000 Schroll (unpubl.)

zconc 544 Schroll (unpubl.)

n=number of analyses.
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a major mining project for Zn, Pb, Ag, Au, Cu, and some
other elements, including Ge (Tsarev, 1995; http://cc.
msnscache.com/cache.aspx?q=2059130177866 and
lang=de-DE and FORM=CVRE3; http://cc.msnscache.
com/cache.aspx?q=2062452336093 and lang=de-DE and
FORM=CVRE3; http://www.portergeo.com.au/database/
mineinfo.asp?mineid=mn272).

Total reserves/resources of VHMS deposits are
enormous, with 100 Mt estimated for Zn (Misra,
2000). They are a major source of the world's Zn, Cu,
Pb, Ag and Au. They usually contain low to moderate
amounts of Ge (average≪100 ppm). The refining of
this type of ore generates Cd, In, Ga, Sn, Sb, Bi, and
many other elements, including Ge as by-product.

4.2. Porphyry and vein–stockwork Cu–Mo–Au deposits

There is a large amount of data on porphyry ore
deposits, which are the most important source of the
world's Cu andMo, and are also a major source of Au. By-
products includeRh, Se, Te, and In.Ge has been reported in
association with ores hosted in the peripheral zones of
porphyry systems, including late-stage epithermal veins,
stockworks and breccias. Ge has been identified in Cu, Sn
and Zn minerals.

The “Capillitas diatreme” in Catamarca Province,
northwestern Argentina, is located within the Farallon
Negro Volcanic Complex. The latter is host to large
porphyry Cu–Au deposits (Bajo de la Alumbrera, Agua
Rica) (Sasso and Clark, 1998; Proffett, 2003) and
genetically related epithermal vein-type deposits (Far-
allon Negro-Alto de la Blenda, Capillitas). The epither-
mal veins are hosted in rhyolite, ignimbrite and granite
north and west of the Capillitas diatreme. Several stages
of mineralization were identified (Marquez-Zavalia,
1999; Paar et al., 2004). These show a complex Cu–
Pb–Zn–Fe–As–Sb–Au–Ag paragenesis with Bi,W, Sn,
Te, Ge, Cd, In, V, Ni, Co and Tl in traces. Low- and high-
sulphidation environments can be distinguished (Putz et
al., 2002; Paar et al., 2004; Paar and Putz, 2005). The
low-sulphidation assemblage occurs in veins remote
from the diatreme; it comprises galena, Fe-poor
sphalerite, chalcopyrite, pyrite, Ag-bearing minerals,
rhodochrosite, barite and quartz. Ge is present as the
mineral argyrodite (and an arsenian argyrodite) and is
accompanied by native silver, acanthite, proustite and
pearceite. A different Ge-bearing assemblage in dump
samples near the “La Rosario vein” is characterized by a
mineral assemblage typical for high-sulphidation state. It
occurs in the zone of supergene enrichment of a
hypogene Cu mineralization. The ore is composed of
enargite, luzonite, tennantite, hübnerite, Sn-bearing
minerals (colusite–nekrasovite, stannoidite, mawsonite,
stannite–kësterite) and Te-bearing phases (goldfieldite,
hessite and various Au tellurides). A subtype of this
assemblage contains the Ge-bearing phases putzite and
unnamed Cu8Fe2ZnGe2S12 (‘Ge-stannoidite’). Another
subtype is represented by hübnerite-rich samples and
catamarcaite, and in trace amount briartite.

Otherwise, Ge in porphyry Cu–Mo–Au deposits is
commonly reported to be enriched in bornite (up to
1000 ppmGe), enargite, tennantite, luzonite, stannite, and
covellite (e.g., in Bor, Serbia (Arsenijević, 1958), in
Chelopech, Bulgaria (Terziyev, 1966), in Bingham, Utah,
USA (Rose, 1967) and in Chuquicamata, Chile) (Tables 5
and 7). Additionally, Cvetkovic et al. (1999) showed that
Ge occurs in microphases (germanocolusite, germanite,
and Ge-bearing arsenosulvanite) in the Bor deposit. The
latter deposit is part of the 1500 km long Banatitic
Magmatic and Metallogenetic Belt of Romania, Serbia
and Bulgaria (Ciobanu et al., 2002), part of the Alpine–
Balkan–Carpathian–Dinaride geodynamic province
(Heinrich and Neubauer, 2002). Although the belt has a
dominant Cu–Au signature, several deposits feature a
marked enrichment in Ge, Sb, Bi, Se, Te, Ag, Pb, Zn, Sn,
In and Ga (Cook et al., 2002). Germanite, renierite,
germanocolusite, and Ge-bearing arsenosulvanite are
identified in the Chelopech deposit (Kovalenker et al.,
1986, Petrunov, 1995; Bonev et al., 2002). Chelopech is a
high-sulphidation epithermal Cu–Au deposit (Lips et al.,
2004), which contains 25 Mt of 1.5% Cu, 4 ppm Au and
10 ppm Ag measured and indicated (Canby, 2005) and is
situated in the Panagyurishte district, Bulgaria, where
further high-sulphidation and low-sulphidation zones,
e.g., at Petelovo, Breznia, Trun, Srebrna (Rakitovo), and
Ada Tepe, are current exploration targets (Canby, 2005).

Müller et al. (2002) described microprobe analyses of
selected sulphide phases from Landolam, Lihir Island,
PapuaNewGuinea. They reported 550 ppmGe in chalco-
pyrite from a hydrothermal breccia, and 120 ppm Ge in
tennantite of a late-stage quartz–chalcedony–illite–adu-
laria–pyrite vein. Landolam is considered as transitional
between porphyry- and epithermal-style Au-mineraliza-
tion by Müller et al. (2002) and Gemmell et al. (2004).

Germanium grade data for ore concentrates from
porphyry Cu–Mo–Au deposits are unavailable. Ge can
be recovered from the flue dust of copper smelters.
However, this source probably only makes a minor
contribution to total Ge production. We can conclude,
therefore, that the worldwide Ge potential of porphyry Cu–
Mo–Au deposits is difficult to assess. The peripheral zones
of such porphyry deposits, enriched in bornite, tennantite,
luzonite and sphalerite, may prove to be fruitful sources of
Ge in the future.

http://cc.msnscache.com/cache.aspx?q=20and%20lange-E%20and%20FORM=VRE3
http://cc.msnscache.com/cache.aspx?q=20and%20lange-E%20and%20FORM=VRE3
http://cc.msnscache.com/cache.aspx?q=20and%20lange-E%20and%20FORM=VRE3
http://cc.msnscache.com/cache.aspx?q=20and%20lange-E%20and%20FORM=VRE3
http://cc.msnscache.com/cache.aspx?q=20and%20lange-E%20and%20FORM=VRE3
http://cc.msnscache.com/cache.aspx?q=20and%20lange-E%20and%20FORM=VRE3
http://www.portergeo.com.au/database/mineinfo.asp?mineidn272
http://www.portergeo.com.au/database/mineinfo.asp?mineidn272


159R. Höll et al. / Ore Geology Reviews 30 (2007) 145–180
4.3. Porphyry and vein–stockwork Sn–Ag deposits

Potosi/Bolivia-type Sn–Ag deposits (stockworks
and arrays of ore veins) in subvolcanic, felsic
intrusions (mainly dacite to rhyodacite; A-type to S-
type) can be enriched in Ge (Ahlfeld and Schneider-
Scherbina, 1964; Cunningham et al., 1991; Matthews,
1991; Panteleyev, 1996). Ge is an accessory compo-
nent of ore deposits in the Bolivian “Ag–Sn belt”. At
Colquechaca, ore shoots contained argyrodite in
association with Ag-sulphides and -sulphosalts. Ge
mineralization has also been reported to occur at Potosi
(Cerro Rico), Chocoya-Animas and Tatatsi-Portugalete
(Ahlfeld and Schneider-Scherbina, 1964). Mineraliza-
tion includes argyrodite and Ge-bearing Sn minerals,
e.g., canfieldite, stannite, cassiterite, teallite, franckeite
and herzenbergite (Moh, 1976; Bernstein, 1985)
(Tables 5 and 7). Paar and Putz (2005) reported Pb–
Zn–Ag–Sn deposits of the Bolivian “Ag–Sn belt” may
contain even high-grade Ge mineralization. Ge is
present as the mineral argyrodite, which is usually
associated with bonanza-grade silver mineralization
composed of Ag-sulphosalts (pyrargyrite, stephanite,
polybasite, miargyrite and diaphorite), native silver and
acanthite. Paar and Putz (2005) detected a significant
Ge anomaly in Ag-enriched ore shoots of the Porco
deposit. The Ag–Zn–Pb–Sn deposit Porco, Depart-
ment Potosi, Bolivia, consists of a swarm of ore veins
within the Porco caldera. The Ag–Zn–Pb–Sn miner-
alization of two veins is significantly enriched in Ge;
high-grade Ge ore can be ascribed to argyrodite, which
is associated with a high-grade silver mineralization
and galena; grab samples yielded up to 2000 ppm Ge
(Paar and Putz, 2005). Soler (1987) reported up to
310 ppm Ge and 855 ppm Ga in samples from the Sn-
bearing polymetallic Sayapullo ore deposit in the
Cordillera Occidental, Peru.

Pascua et al. (1997) reported on Ge in the unique Cd-
briartite mineral barquilite in Sn–Ge–Cd–Cu–Fe-bear-
ing sulphides and sulfosalts from the vein-type deposit
Barquilla, Salamanca, Spain. Low-temperature second-
ary ‘wood tin’ can contain up to 1% Ge (Moh, 1977).

The potential of these deposits for Ge exploration is
difficult to constrain. Reliable data are not available for
Ge grades in concentrates, the recovery of Ge, or for Ge
reserves/resources in such deposits.

4.4. Vein-type Ag–Pb–Zn(–Cu) deposits

These deposits are heterogeneous and are hosted by
(meta-)sedimentary and magmatic rocks in different
tectonic settings. The locally abundant ore veins may be
up to a few m wide, more than 1 km in length, and may
extend to depths ofmore than 1 km (Lefebvre andChurch,
1996). The polymetallic Freiberg ore deposit in Saxony,
Germany, where Ge was first identified, provides an
example of Ag–Pb–Zn(–Cu) mineralization with Ge
enrichment (Baumann, 1994; Baumann et al., 1999;
Seifert, 1999). For 90% of the mined Zn ore, the Ge grade
can be estimated at only 1 to 3 ppm. A substantial amount
of Ge, estimated at about 100 ppm, in the remaining 10%
of the Zn ore was restricted to a late-stage, low-tem-
perature, Ag-rich mineralization (‘Edle Geschicke’). Ge
was concentrated mainly in argyrodite and in botryoidal
Zn sulphide (Schrön, 1968; Baumann, 1994).

Sphalerites from epithermal Ag–Pb–Zn vein-type
deposits in the Harz Mountains, Germany (e.g., Bad
Grund), contain only moderate amounts of Ge (Möller
and Dulski, 1993) (Table 6). Variable concentrations of
Ge have been analysed in veins of the polymetallic Ag–
Pb–Zn Kutna Hora ore district, Czech Republic (Novák
et al., 1962). The Ag–Pb–Zn vein-type Pribram ore
district, Czech Republic, is situated at a major fault
system. Four stages of mineralization are described
(Pouba and Ilavský, 1986). Sphalerite formed in the first
and second stages contains Ge.

The Noailhac-Saint Salvy Zn–Ge–Ag–Pb–Cd de-
posit, Tarn, France, was a major Ge source (reserves/
resources 500 t Ge). A total of 547,300 t of Zn
concentrate (55% Zn, 750 ppm Ge, 350 ppm Ag, 0.6%
Pb) were produced between 1973 and 1990 (Cassard et
al., 1996). Prior to 1980, this deposit produced 20% of
the world's Ge (Fogliérini et al., 1980; Barbanson and
Geldron, 1983). The deposit is hosted within Cambrian
sandstones and carbonaceous schists of the pre-Variscan
basement, close to a late-Variscan granite batholith. The
mineralized, subvertical vein structure is about 10 km
long and has an average thickness of 25 m. Several
stages, from skarn to low-temperature ore mineraliza-
tion, are present. The economically important low-
temperature, hydrothermal mineralization occurs as a
stockwork with numerous veins up to 1 m thick and
breccia bodies several m in width. It probably formed in
Liassic time (Munoz et al., 1994; Marignac and Cuney,
1999). The main ore mineral is sphalerite, attaining
grades of up to 2500 ppm Ge in hand specimen. The
high Ge content of this deposit may be attributed to Ge
from sphalerites in the Cambrian black shales and
carbonates (up to 700 ppm Ge) and the influence of
organic-rich fluids (Fogliérini et al., 1980; Barbanson
and Geldron, 1983; Munoz et al., 1994).

The Pb–Zn province on Sardinia, Italy, comprises
Pb–Zn–Ba ore deposits, hosted largely in Cambrian
(meta-)sediments, and late- to post-Variscan Zn–Pb–



160 R. Höll et al. / Ore Geology Reviews 30 (2007) 145–180
Ba–Ag–Cu skarn, vein and paleokarst deposits (Boni et
al., 1996). The vein-type deposit at Monte Vecchio
contains sphalerite with moderate Ge contents (Schroll,
1954).

The Kirki (St. Phillippi) Ag–Pb–Zn ore deposit in
western Thrace, Greece, possibly represents the upper
volcanic, base metal-bearing portion of a porphyry
system. Sphalerite and wurtzite ores contain up to
70 ppm Ge and enhanced Ga concentrations (Skarpelis,
1995). Nikos Skarpelis (pers. comm., 2005) showed us
data commonly in the range 1 to 60 ppm Ge
(exceptionally 811 ppm Ge), mean<25 ppm Ge, for
Pb–Zn ore samples. Moreover, such samples are
significantly enriched in Cd, Ga, In, Sn, and Ag,
resembling vein–stockwork Sn–Ag deposits.

Polymetallic ore veins in Cretaceous sedimentary and
volcanic rocks at Wolyu (South Korea) contain galena,
sphalerite, chalcopyrite and electrum. A late, low-
temperature stage included the deposition of argyrodite
(Yun et al., 1993), as with the Freiberg ore deposit.

Targets for Ge exploration among this heterogeneous
group of ore deposits are preferably late-stage, low-
temperature, Ag-rich veins, stockworks and breccia
zones in (meta-) sediments (shales, carbonates).

4.5. Sediment-hosted massive sulphide (SHMS) Zn–Pb–
Cu(–Ba) deposits

Corresponding to our statements about classification
VMS versus VHMS (Sec. 4.1), defining deposits as SMS
and/or SHMS (sediment-hosted massive sulphide) is also
not the principal focus of this paper. We choose the type
name SHMS. SHMS deposits are hosted in rocks formed
in sedimentary basins (marine and clastic, including black
shales) along continental margins or in intracratonic rift
settings. They form massive to semi-massive accumula-
tions of sulphide and sulphate (barite) minerals as stacked,
lens-like, tabular bodies on or below the seafloor. They are
concordant with their host rocks and continue laterally
into a distal sedimentary facies, where they are charac-
terized by minor sulphides, barite, iron oxide, chert and
carbonates. Volcanic rocks (lavas and volcaniclastics)
may be a minor component of the sediment-dominated
associated strata, and intrusions (mafic dikes, sills) may
also be present. However, a lack of clear magmatic
affiliation is one of the distinguishing features between the
SHMS-type deposits and the, otherwise often similar,
VHMS-type deposits (Sangster, 1990; Goodfellow et al.,
1993; Fontboté and Boni, 1994; Misra, 2000; Sangster,
2002; Kelley and Jennings, 2004).

SHMS deposits constitute a major global resource of
Zn and Pb. They are among the largest Pb–Zn deposits,
and examples from the Proterozoic to the recent seafloor are
known. Ge occurs as a trace element in Zn sulphides. Ge
contents of sphalerite ores from Proterozoic SHMS
deposits are commonly low (<10 ppm), e.g., in the
polymetamorphicBrokenHill deposit, N.S.W.,Australia (2
to 4 ppmGe;Burton et al., 1959), compared to Phanerozoic
deposits (Table 6). There are a few exceptions, e.g., the
Sullivan ore deposit, hosted by Middle Proterozoic
dominantly clastic metasediments. The Sullivan mine, B.
C., Canada, in operation from 1909 to 2001, was a long-
standingGe source from zinc ore concentrates. Germanium
dioxide was recovered at Cominco's metallurgical plant at
Trail, B.C. (Teckcominco, 2002). Stikine Gold Corp.
reported Ge grades in the range 2.6 to 20 ppm in massive
sulphides from a drill-interval at the Sullivan Deeps, 4 km
from the historic Sullivan mine, but not a fault-off portion
of the historic orebody itself (Stikine Gold Corporation,
2004; Schroeter, 2005).

Zn sulphide ores of nearly all Phanerozoic deposits
commonly contain <50 ppm Ge. For example, samples
from Meggen, Germany, contain 10 ppm Ge; samples
from Rammelsberg, Germany, indicated 3 ppm Ge
(Schroll, 1954). Paleozoic Pb–Zn deposits near Graz,
Austria, contain up to 10 ppm Ge in Zn ore concentrate
(Schroll, 1997). Song (1994) reported average Ge
contents of 1.4 to 55.5 in sphalerite from different
SHMS deposits in China. Besshi-type deposits are
similar to Kuroko-type (VHMS) deposits, but are hosted
by sediments in volcanic terranes. Kuroko-type and
Besshi-type deposits are usually Phanerozoic in age. We
did not find data about significant Ge enrichments in
Besshi-type deposits in Japan (Komuro and Kajiwara,
2004; Kubota et al., 2004; Yakushi and Enjoji, 2004).

Barite and Zn–Pb–Ag massive sulphide deposits are
regionally widespread in northern Alaska. The Red Dog
Zn–Pb–Ag District, Western Brooks Range, Northern
Alaska, contains numerous Zn–Pb–Ag sulphide and
barite deposits (Kelley and Jennings, 2004). The Red
Dog Zn–Pb–Ag strata-bound massive sulphide bodies
are hosted by the Carboniferous Kuna Formation. This
formation consists of finely laminated, black, siliceous
and carbonaceous shale and mudstone with locally
abundant carbonate turbidites (Moore et al., 1986;
Dumoulin et al., 2004; Kelley et al., 2004). Deposition
of the Kuna Formation took place in an extensional
basin and slope setting characterized by anoxic or
dysaerobic bottom waters and by high productivity of
organic matter (Slack et al., 2004a; Kelley et al., 2004).
Paleogeographic reconstructions suggest that minerali-
sation occurred along a passive continental margin.

The giant Red Dog deposits consist of a cluster
of 4 ore bodies (Qanaiyaq, Main, Aqqaluk, and
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Paalaaq) that lie within distinct thrust panels that
offset a single ore deposit (Jennings and King, 2002;
Leach et al., 2004). These four deposits have
reserves and resources totalling 140.6 Mt at 16.6%
Zn and 4.6% Pb (Jennings and King, 2002; Kelley
and Jennings, 2004). Including resources of the Su-
Lik (38 Mt at 9% Zn+Pb) and Anarraq deposits
(18 Mt at 23% Zn+Pb, and 85 ppm Ag) northwest
of Red Dog, the district has about 40 Mt of
contained Zn+Pb (Kelley and Jennings, 2004).
Massive sulphide mineralization in the Red Dog
deposits consists mainly of sphalerite, galena, and
lesser iron sulphides (pyrite+marcasite) with a quartz-
or barite-rich gangue. Chalcopyrite is rare, except in
the southern part of the Main deposit and at the
Qanaiyaq deposit (Kelley et al., 2004; Leach et al.,
2004; Slack et al., 2004b). A complex mineralization
history is defined by four sphalerite types or stages
(Kelley et al., 2004) for the Red Dog deposits. The
stages are defined primarily by sphalerite type and
summarized as follows: (1) early deposition of barite,
early brown sphalerite, pyrite and minor galena on or
immediately beneath the sea floor in unconsolidated
mud; (2) deposition of yellow-brown sphalerite and
hydrothermal recrystallization of previously formed
barite; (3) deposition of barite, red-brown sphalerite
and other sulphides in open space veins and
replacement of barite; (4) postore sulphide deposition,
including the formation of late tan sphalerite breccias
in late veins and open vugs, due to thrusting, large-
scale fluid flow and metal remobilization during
Brookian orogeny in Jurassic–Cretaceous time. Stages
2 and 3 constitute the main ore-forming events and are
volumetrically the most important. Kelley et al. (2004)
reported Ge concentrations (ppm) in sphalerite of the
four stages from the Red Dog deposits:
Min
 Mean
 Median
 Max

Stage 1
 54
 192
 149
 423

Stage 2
 1.5
 104
 103
 261

Stage 3
 14
 116
 82
 425

Stage 4
 100
 249
 247
 426
Late tan sphalerite has distinctly higher Ge relative to
earlier sphalerite (Kelley et al., 2004).

Whole-rock geochemical analyses of unaltered and
unmineralised Paleozoic sedimentary rocks from the
western Brooks Range, Alaska, have been presented by
Slack et al. (2004b). They report Ge concentrations in
shales from different formations (range: 1.13 to 3.2 ppm
Ge), for Kuna Formation black shale (range: <0.5 to
2 ppm Ge; mean: 0.67 ppm Ge), and for cherts, lithic
turbidite and bedded siliceous rocks of the Kuna
Formation (mean: <0.5 ppm Ge). Moreover, Slack et
al. (2004b) described Ge concentrations (in ppm) in
altered wall rocks of the Red Dog District (Red Dog
wall rocks: mean: 3.49; range: <0.5 to 10.5; Anarraq
wall rocks: mean: 6.52, range: <0.5 to 75.4). Altered,
sedimentary wall rocks in the Red Dog District are
characterized by a distinctive suite of geochemical
anomalies, especially for Zn, Pb, Tl, As, Sb, Ge and
positive Eu anomalies. For mineral exploration (Zn–
Pb–Ag) in the Brooks Range, Alaska, and in black shale
elsewhere, Slack et al. (2004b) recommend: Ge
anomalies (Ge>2.0 ppm), which are hallmarks of
hydrothermal fluids in siliceous rocks and sediments,
are best identified in district rocks having >85 wt.%
SiO2, and <3000 ppm Zn, to avoid the effect of Ge
substitution in sphalerite.

All mining to date in the Red Dog deposits has been
from the open pit of the Main deposit, which presently is
the most productive Zn mine in the world (http://www.
teckcominco.com/investors/reports/aif-circ/tc-aif-01.
pdf). In 2004, the mine produced 554,200 t of zinc in
concentrate (Freeman, 2005). From the opening of the
mine in 1989 until 2002 some 29 Mt of ore containing
greater than 20% combined Zn and Pb and 64 ppm Ag
have been produced. Schmidt (1997) reported an average
grade of 60 ppm Ge in zinc concentrate. The Red Dog
mine is presently the largest source of Ge in the U.S.A.,
and Teck Cominco Ltd. as owner and operator of the Red
Dog mine is the largest integrated germanium producer.

Sandstone-hosted Zn–Pb(–Ba)(–F) deposits are
usually Pb-dominated [‘Laisval-type’ or ‘sandstone
lead deposits’ (Misra, 2000)] and Ge-poor. An exception
may be the giant Zn–Pb deposit Jinding (also known as
Lanping) in northwest Yunnan, China (Kyle and Li,
2002). This deposit is considered to be the largest Zn–
Pb deposit in China. It is hosted in Tertiary terrestrial red
sandstones in the Lanping continental basin. Sphalerite,
galena and pyrite are the predominant ore minerals;
moreover, there are large celestine and barite resources.
More than 380 orebodies, including 16 major orebodies,
have been found. Proven reserves (metal contents) are
reported as 2.5 Mt Pb and 12 Mt Zn. Additionally, there
are probably very substantial resources. The average ore
grade is 1.64% Pb and 8% Zn; the ore is rich in Cd, Tl,
and Ag. A few tens ppm Ge have been analysed in
sphalerite (Richard Kyle, pers.comm.).

Most SHMS-type deposits contain only low to
moderate Ge concentrations. Zn sulphides with grades
of at least several tens of ppm Ge can be economically
recoverable Ge sources, because even moderate
amounts may be removed prior to the hydrometallurgi-
cal process during large-scale Zn-production. The Red

http://www.teckcominco.com/investors/reports/aifirc/tcifpdf
http://www.teckcominco.com/investors/reports/aifirc/tcifpdf
http://www.teckcominco.com/investors/reports/aifirc/tcifpdf
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Dog Mine is exceptional because of its size and Ge
grade. The Jinding deposit may become another Ge
source in the future.

4.6. Carbonate-hosted base metal deposits

High-temperature (>300 °C) carbonate-hosted Pb–
Zn–Ag replacement deposits (mostly skarns) are formed
by magmatic processes. Their commonly iron-rich
sphalerites usually contain insignificant Ge concentra-
tions only, but often display enhanced In concentrations
(Schwarz-Schampera and Herzig, 2002).

Low-temperature carbonate-hosted Pb–Zn deposits
are of interest concerning economically recoverable Ge
concentrations in low-iron sphalerites. There is a vast
amount of literature about this class of ore deposits,
including distinguishing features with other classes of
sediment-hosted deposits, e.g., SHMS-type deposits
(e.g., Sangster, 1990; Leach and Sangster, 1993; Misra,
2000; Leach et al., 2001; Bradley and Leach, 2003;
Wilkinson, 2003; Wilkinson et al., 2005; Symons et al.,
2005). The host rocks of such base metal deposits are
overwhelmingly unmetamorphosed platformal carbo-
nates—limestones and dolostones—with a strong bias
towards dolostones, but locally they can also be shales
and are mostly devoid of contemporary igneous
(volcanic) rocks. Orebodies may be elongate to lens-
shaped, massive, stockwork-like or disseminated. Col-
lapse and tectonic breccias, karst cavities and fault zones
are locally mineralized. Discordant orebodies are
associated with faults, fractures and breccia zones.
Most of the ore occurred either as open-space fillings
in breccias or as replacement zones adjacent to breccia
zones and faults. It is in most cases clearly epigenetic,
precipitated from low-temperature brines. Shale-hosted
orebodies are usually concordant and stratabound and
orebody dimensions are variable. The mineralogy is
relatively simple, characterized by varying combination
of sphalerite, galena, fluorite, barite, dolomite, calcite,
and quartz. Cu- and Fe-sulphide minerals are of
significance only in a few deposits. The assemblages
may be complex due to repeated dissolution and
precipitation of ore and gangue minerals. The deposits
are not associated with or genetically related to igneous
rocks, with a few exceptions. The fluids are commonly
characterized by temperatures <250 °C (mostly 100 to
150 °C) and salinities in the range 10 to 30 wt.% NaCl
equiv. A genetic model for this class of ore deposits can
be based on large-scale migration of ore-forming
hydrothermal fluids from deep sedimentary basins.
They may be in part formation waters from oilfields or
coalfields (Kesler, 1996). However, there is no indication
for enhanced Ge grades in Zn ores related to fluids from
salt diapirs (Kyle and Saunders, 1996). Mixing with
other fluids, e.g., seawater or meteoric water, may play
an important role in the formation of such ore deposits.
This genetic concept may be applicable in general.
However, studies over the years have demonstrated a
great diversity, and possibly in origin, among the
deposits, which have been included in this class. Heijlen
and Muchez (2003) supposed a relationship between
paleohydrological conditions and lead isotope composi-
tion. We distinguish four types of deposits, namely
Mississippi Valley-, Irish-, Alpine-, and Kipushi-type
deposits.

4.6.1. Mississippi Valley-type (MVT) Zn–Pb–Fe(–Cu)
(–Ba)(–F) deposits

Such carbonate- and locally shale-hosted sphalerite-
rich sulphide deposits are distributed worldwide, and
have been forming since the Proterozoic. A feature of
MVT deposits is a significant age difference between
host rock formation and ore mineralization (Sangster,
1990). Metal precipitation is usually due to thermal
sulphate reduction. Kendrick et al. (2002), Bradley and
Leach (2003), Kesler et al. (2004) and Bradley et al.
(2004) have discussed the tectonic controls on MVT
deposits. Although Bradley et al. (2004) suppose that
favourable conditions for MVT mineralization are
possible in extensional settings, the vast majority of
MVT-type lead and zinc of the world has, however,
come from orogenic forelands or adjacent thrust belts.

The classic major districts of MVT deposits in the
USA are the Upper Mississippi Valley (Illinois–
Wisconsin), Central Missouri, Southeast Missouri (Old
Lead Belt, Viburnum Trend, Indian Creek), Tristate
District and Northern Arkansas. Large orebodies are
interconnected through weakly mineralized zones.
Major ore districts with numerous individual orebodies
can extend over several thousand km2 (Sangster, 1990;
Leach and Sangster, 1993; Appold and Garven, 2000;
Leach et al., 2001; Symons et al., 2005).

MVT orebodies display distinctive mineralogies and
metal contents. The orebodies contain sulphides of Zn,
Pb, and Fe in different ratios, which dominate over
sulphides of Cu, minor Ni, Co, Cd, As, Hg and
negligible Ag contents. Barite and fluorite contents are
very variable. Moderate Ge grades are reported from the
classic major districts of MVT deposits in the U.S.A.
(Table 6). Ge is hosted by sphalerite and wurtzite;
distinct Ge minerals are rarely described. Grades up to
3000 ppm Ge in Zn ores have been reported (Jolly and
Heyl, 1968), although Zn ores exceeding 1000 ppm Ge
are uncommon. Viets et al. (1992) infer a parallel trend
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in the enrichment of Ge (up to a few hundreds of ppm),
Ga, and Cu in the depositional sequences of rosin jack
sphalerite in Northern Arkansas, Tristate and Central
Missouri samples.

The Elmwood-Gordonsville Zn–Pb district, Tennes-
see, USA, contained an average grade of about 400 ppm
Ge in Zn ore concentrate (Misra et al., 1996). The
Gordonsville mine near Nashville produced 45,000 t
zinc per year, as well as a substantial amount of
germanium (one of the largest sources in the world;
http://mbendi.co.za/indy/ming/ldzc/am/us/p0005.html)
prior to its shutdown in 2003.

The Pend Oreille deposit is located in the Selkirk
Mountains in northeastern Washington State, USA.
Production began in 2004 and the mine is expected
to attain an annual output of 83,000 t Zn
concentrate (rich in Ge) and 15,000 t of Pb
concentrate (http://www.teckcorp.com/operations/pen-
doreille/review.htm). Pend Oreille will become a
major US source for Ge, possibly second after the
Red Dog mine, Alaska.

Tres Marias Mine in northernmost Chihuahua State,
Mexico, is reported to have produced oxide and
sulphide Zn ores on a small scale between 1952 and
1992 (average grade of 20% Zn, 6% Pb, and 400 ppm
Ge) and is a focus of exploration and development for
Zn/Ge in 2005. There are two zones containing Zn–Pb–
Ge mineralized breccia in carbonate host rocks (http://
www.wareaglemining.com/s/).

Zinc sulphides from MVT deposits in Arctic Canada,
such as Polaris (closed in 2002), Nanisivik (closed in
2003) and Pine Point, show commonly moderate, rarely
high Ge grades (Arne et al., 1991; Leach et al., 2001;
Scoyer et al., 2001; Wilson et al., 2002). Zn ore
concentrates from Nanisivik contained up to 400 ppm
Ge, and were correlated with Ag (Harris and Sangster,
1991).

Zinc ore concentrates from the carbonate-hosted Zn–
Pb deposits of the Upper Silesian district, Poland, show
grades<100 ppm Ge (Table 6); these deposits are close
to the Carboniferous Upper Silesian Coalfield. The
polystage ore mineralization is influenced by coal field
water, indicated by local occurrences of dopplerite (Ca-
humate). Ge is linked to sphalerite, and associated with
Pb, Tl, and As (Sass-Gustkiewicz and Kwiecinsky,
1995; Leach et al., 1996; Sass-Gustkiewicz, 2001). The
formation of Ge-humate may explain the low Ge grades
of zinc ores. The δ34S signatures in sulphides are
consistent with bacterial reduction of sulphate.

The unusual MVT Mount Aukas V–Pb–Zn deposit,
Otavi Mountainland, Namibia, close to Tsumeb and
other Kipushi-type deposits (see below), is hosted by
Neoproterozoic carbonates. Zinc-rich sulphide ores
contain up to 30 ppm Ge, 360 ppm Mo, 450 ppm Ag,
and 64 ppm Hg; http://www.bgr.de/b423/b423_germa-
nium.htm), and sphalerite 115 ppm Ge on average
(Emslie and Beukes, 1981).

The Fankou Pb–Zn deposit, located 48 km NE of
Shaoguan City, Guandong Province, China, is hosted by
Middle–Upper Devonian and Lower Carboniferous
carbonate and argillaceous rocks, and has been
classified as a carbonate-hosted, stratabound deposit
(Song, 1984, 1994; Song and Tan, 1996). The Fankou
Mine with high-grade ore and large reserves/resources
has an annual production capacity of 150,000 t of (Pb
+Zn) (http://www.fkmine.com/). The deposit contains
about 15% Pb+Zn combined, but is also strongly
enriched in Ag, Ge, and Ga, and can be entitled as a Pb–
Zn–Ag–Ga–Ge ore deposit (http://www.fkmine.com/).
Song (1984, 1994) reported trace element contents in
different types of sphalerite in the range 30 to 170 ppm
Ge, 70 to 540 ppm Ga, and 110 to 360 ppm Ag. There
are at most traces of Ge in galena and pyrite separates.
The Fankou Mine is probably a major Ge source.

In conclusion, most MVT deposits are poor in Ge.
However, some MVT deposits contribute significantly
to the world's Ge production, and large MVT deposits
with enhanced Ge grades may be a prime target for Ge
exploration.

4.6.2. Irish-type (IRT) Zn–Pb(–Ag)(–Ba) deposits
Irish-type (IRT) Pb–Zn(–Ag)(–Ba) deposits are

hosted in Lower Carboniferous carbonate rocks of the
Irish Midlands (Russell, 1978; Hitzman and Large,
1986; Andrew, 1993; Hitzman and Beaty, 1996;
Anderson et al., 1998; Everett et al., 1999; Johnston,
1999; Misra, 2000; Fallick et al., 2001; Banks et al.,
2002; Blakeman et al., 2002; Hitzman et al., 2002;
Wilkinson, 2003; Wilkinson et al., 2005). Ireland
contains one of the world's major ore districts,
dominated by Zn- and in some cases Fe-sulphides.
The largest Irish-type deposit is Navan, with pre-mining
resources of some 9 Mt Zn+Pb; Lisheen has 2.8 Mt,
Silvermines 1.6 Mt, Galmoy 0.9 Mt and Tynagh 0.6 Mt
metals with significant Ge contents. Wilkinson (2003)
discussed the validity of the “Irish-type” classification
for such carbonate-hosted Zn–Pb(–Ag)(–Ba) deposits
of the Irish orefield. He presented a summary of
principal geological features of these deposits (p. 980,
Table 3) in comparison with MVT deposits. Probably
the most characteristic feature of these Irish-type
deposits is that the sulphur source is dominantly
bacteriogenic (δ34S=−15±10). There is a variety of
carbonate-hosted base metal deposits in Ireland, some

http://mbendi.co.za/indy/ming/ldzc/am/us/p0005.html
http://www.teckcorp.com/operations/pendoreille/review.htm
http://www.teckcorp.com/operations/pendoreille/review.htm
http://www.wareaglemining.com/s/
http://www.wareaglemining.com/s/
http://www.bgr.de/b423/b423_germanium.htm
http://www.bgr.de/b423/b423_germanium.htm
http://www.fkmine.com/
http://www.fkmine.com/
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are hosted in breccia pipes and have close affinities to
MVT deposits (e.g., in the Kildara group). Others are
characterized by stratabound and sometimes stratiform
mineralization (e.g., Navan). A third group is associated
with dolomite breccias and cavity fill mineralization (e.g.,
Lisheen; Johnston, 1999; Wilkinson et al., 2005).
Moreover, the Irish orefield is regionally zoned. Published
data regarding Ge are rare. The Ge grade of Zn ores from
the northernmost deposit group (Navan group) is low (a
few tens ppm Ge in sphalerite samples); it increases in the
southern Silvermines–Lisheen group, reaching grades in
sphalerite samples above 100 ppm Ge (Eyre, 1998).
Wilkinson et al. (2005) reported Ge grades (ppm) from
drill core samples within the Lisheen deposit, determined
by microprobe analysis: 400 to 900 in sphalerite: 200 to
1300 in galena, and 200 to 1000 in tennantite. Besides Ge,
Cu and Ag are more common in deposits of southern
Ireland (Andrew, 1993; Wilkinson et al., 2005). Argyr-
odite is reported as a Ge carrier (Johnston, 1999).
Furthermore, the ore mineralization changes locally to
Cu–Ag–Hg–As–Sb–Ge parageneses, e.g., in the
exploited Gortdrum ore deposit (Steed, 1986), which
showed characteristics of the Kipushi-type deposits,
described below. Kinnaird et al. (2002) reported an
apparent temporal relationship between the Lower
Carboniferous stratabound Cu–As–Ag–Zn–Pb polyme-
tallic deposits in south-west Ireland, and the Zn–Pb
deposits of the Irish Midlands during basin extension in
the Carboniferous at 360 to 340 Ma. The difference in
ore assemblages between the two areas might be caused
by Cu derived from red beds in the south-west, where
the limestones hosting the polymetallic deposits are
underlain by several km of red beds. In contrast, the
Zn–Pb deposits of the Irish Midlands are underlain by
Lower Paleozoic greywackes where intervening red beds
are either absent or of minimal thickness. Wilkinson et al.
(2005) proposed a model for the Lisheen ore deposit and
other economic Irish-type deposits: Main-stage ore was
precipitated as a consequence of rapid supersaturation,
caused by fluid mixing. This process involved relatively
high temperature (ca. 240 °C), metal-bearing solutions
derived from a basement-equilibrated fluid reservoir
(carrying Zn, Pb, Fe, Cd), and shallow, saline (ca.
25 wt.% NaCl equiv.) formation waters rich in bacterio-
genic H2S. Minor metals (Cu, As, Ni, Co) (and in our
opinion probably also Ge) are thought to have been
stripped from the footwall Old Red Sandstone during
hydrothermal alteration. The availability of abundant
seawater sulphate, operation of open-system bacterial
sulphate reduction, and episodic availability of free
oxygen imply that ore formation cannot have occurred
at significant depth below the paleoseafloor.
In conclusion, some IRT-type deposits contain
elevated Ge grades, similar to some MVT-type and
APT-type deposits.

4.6.3. Alpine-type (APT) Zn–Pb deposits
More than 200 Zn–Pb occurrences/deposits are

known in Triassic carbonates of the Alps. The term
“Alpine-type” (APT) is based on four large Alpine Zn–
Pb deposits, that are now abandoned, at Bleiberg,
Austria (total production 2.2 Mt Pb+Zn), Mežica,
Slovenia (1.5 Mt Pb+Zn), Cave de Predil (Raibl), Italy
(1.5 Mt Pb+Zn), Salafossa, Italy (0.5 Mt Pb+Zn) and
many minor deposits/occurrences (Brigo et al., 1977).
These deposits and most minor deposits/occurrences are
hosted in Carnian carbonates and shales (Wetterstein
limestone/dolomite and Raibl beds), a few, however, in
older Anisian carbonates (Alpiner Muschelkalk: lime-
stone/dolomite), e.g., Topla deposit, Slovenia. A
syngenetic origin was formerly widely suggested, as
summarized by Brigo et al. (1977). APT deposits show a
distinctive Pb isotope composition (Köppel and Schroll,
1988; Schroll, 2005), and a light-sulphide sulphur,
which points to a bacteriogenic reduction of coeval
seawater sulphate (Schroll and Rantitsch, 2005).
Concordant zinc ores show remnants of bacteriogenic
activities, e.g., peloids and fossil bacteria (Kucha et al.,
2000, 2002, 2005). However, there is evidence for an
additional, non-bacteriogenic, hydrothermal sulphur
source in discordant Zn–Pb ores at Bleiberg (Schroll
and Rantitsch, 2005). Summarizing, the APT deposits
show features more similar to IRT than to MVT
deposits, e.g., sulphur source dominantly of bacterio-
genic origin. Some Zn–Pb deposits/occurrences in
Triassic carbonates, however, e.g., in Gorno district,
Italy, display features of MVT deposits. Zeeh and
Bechstädt (1994) claimed ore emplacement within an
intermediate to deep burial environment at up to 250 °C
for the Bleiberg ore deposit, which they also classified
just as MVT deposit. Kuhlemann et al. (2001) suggested
ore formation possibly in Late Triassic to Early Jurassic
times. Schroll et al. (2005) conclude for the Bleiberg
deposit, that Rb/Sr and Pb age data are consistent with
geological evidence indicating a Triassic age of
mineralization; they support a genetic model emphasiz-
ing the role of bacteriogenic sulphate reduction at low
temperatures and at minor depth. This is in accordance
with data by Möller and Dulski (1993), who concluded
from Ga/Ge sphalerite geothermometry for Bleiberg,
that the metals have been leached at low temperatures
(about 100 °C). The APT deposits/occurrences were
affected by burial and locally by metamorphism during
the Alpine orogeny.
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Extensive geochemical studies combined with field-
work during active mining periods helped to elucidate
the geochemical behaviour of Ge and other metals in
these ore deposits (Schroll, 1996, 2005). Sphalerite and
galena are the principal ore minerals in usually simple
mineral assemblages in APT deposits. At Bleiberg,
stratabound, locally banded ores are commonly com-
posed of fine-grained sphalerite and colloform sul-
phides. Discordant ore bodies along faults are
interpreted as due to former conduits for ore fluids.

There are discernible trends for Ge enrichments in
sphalerites within particular ore deposits and between
ore deposits from north to south in the Eastern/Southern
Alps (Schroll, 1996, 2005). The Bleiberg deposit is
exceptional in the Alpine Pb–Zn province and shows
special features, obviously due to complex mineraliza-
tion processes: Sphalerites from the four economically
most important stratabound orebodies at Bleiberg
yielded Ge grades of between 160 and 550 ppm
(Schroll, 1996). These stratabound sphalerites are
commonly richer in Ge compared to discordant and
cavity-infill sphalerites (up to 200 ppm). Local Ge
enrichments, especially in late stage botryoidal sphaler-
ite (up to 1500 ppm) are in contrast to depletion in Ge in
recrystallized, iron-poor sphalerite. Some unique mas-
sive and disseminated sphalerite ores in dolomite
breccias displayed the lowest Ge grades, on average
160 ppm Ge in zinc concentrate, at Bleiberg. Remark-
ably, this decrease in Ge was accompanied by a decrease
in As and Tl, and a slight increase in Ga and Cu (Schroll,
1996; Schroll et al., 2005). At Mežica, Kuhlemann and
Zeeh (1995) reported higher Ge grades in fine-grained
sphalerites from the first and last mineralising stages
compared to other stages. At Cave di Predil, the last
stage mineralization with redbrown botryoidal sphaler-
ite displayed the highest Ge concentration (Schroll,
1954). Schroll et al. (1994) inferred a positive
correlation between Ge, Tl and As, and a negative
correlation between this association and Cd on a
statistical basis from 150 ore samples from the Bleiberg
deposit. The same is true for Cave di Predil, from where
Brigo and Cerrato (1994) obtained positive correlations
within the associations Ge, Tl and As, as well as Cd, Sb
and Ga, and negative correlation between both associa-
tions, based on 111 sulphide-rich ore samples. Schroll
(2005) used Pb isotope data from APT deposits and
concluded on a statistical basis that Pb as well as Ge, As
and Tl are derived from the upper crust, i.e., an old
basement.

On a regional scale, sphalerite concentrates (about
57% Zn) from the Northern Tyrolean Limestone Alps
contain on average 150 ppm Ge; from Bleiberg and
Mežica, both in the Drau Range district, some 200 ppm
Ge; and from Cave de Predil in the Southern Alps, about
500 ppm Ge (Table 6). Orebodies in Anisian strata
commonly contain lower Ge grades than those in
Carnian strata (Schroll, 1996).

The combined pre-mining resources at Bleiberg,
Mežica and Cave de Predil are estimated at 500 t Ge.
Some 200 t Ge (174 t Ge from Bleiberg) have been
recovered. The Austrian Ge reserves/resources in APT
deposits, hosted in Triassic carbonate rocks, were
estimated to be approximately 70 t Ge in 1985 (Cerny
and Schroll, 1985). APT deposits have been an
important source for the world's Ge production in the
past, and remain a target for future Ge exploration.

Brigo et al. (2001) described a Zn–Pb–Ba–F
mineralization in a pervasively silicified lithological
unit capping an unconformity (old landscape) on top of
Devonian carbonates in the Carnic Alps and Karavancs
(Italy, Slovenia, and Austria). This Siliceous Crust Type
(SCT) ore mineralization has supposedly formed by a
diagenetic process at about 100 °C, involving fossil
Devonian seawater. Sphalerite samples display moder-
ate Ge concentrations, on average about 50 ppm (Peter
Möller, pers. comm., 2005).

4.6.4. Kipushi-type (KPT) polymetallic deposits
Tsumeb, Kipushi and Kabwe are three major

polymetallic sulphide deposits hosted by Neoprotero-
zoic metacarbonates in the Pan-African Damaran-
Lufilian fold belt. Each deposit consists of epigenetic,
massive, pipe-like orebodies. Trueman (1998) summa-
rized data regarding the synonymous ‘Tsumeb-type’ or
‘Kipushi-type’ carbonate-hosted, polymetallic ore
deposits as a class of Cu–Pb–Zn deposits. Cu, Pb, and
Zn are commonly associated with rare chemical
elements, e.g., Ge, Ga, Ag, In, As, Cd, Sn, Co, Ni,
Sb, Mo, Re, V, W and Au (Lombaard et al., 1986;
Melcher, 2003; Melcher et al., 2003). We use the term
“Kipushi-type” for polymetallic, carbonate-hosted
deposits with evidence for high sulphidization, i.e.,
including minerals, e.g., enargite, tennantite–tetrahe-
drite, colusite, and Ge-sulphides (Table 3). These
deposits show some common characteristics: The ore
mineralization is usually hosted by dolomite and/or
limestone. Ore deposits are usually coincident with a
zone of dolomitization. The pipe-like, tube-like or
tabular ore deposits are irregular, discordant and often
elongated in one direction up to more than 2000 m.
Massive ores, stringer/stockwork ores, breccia and
fracture fillings, as well as disseminated mineralization
styles occur and grade into one another. Different
breccia types may be present as a result of karst
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environment (e.g., collapse breccias) and hydrothermal
fracturing. The hosting carbonate rocks are embedded
within a sequence, which typically includes clastic
sediments and were deposited in shallow marine, inter-
tidal, shabka, lagoonal or lacustrine environments; large
ore deposits are commonly within thick sedimentary
sequences. These host rocks represent intracratonic
platform and rifted continental margin sedimentary
sequences. KPT deposits form in proximity to a redox
boundary between reduced carbonates and oxidized
clastic sediments (sandstone–siltstone–shale). Evapor-
ites (gypsum, anhydrite) in the sedimentary sequences
seem to be widespread; they may have enhanced brine
salinity and contributed sulphur. Chetty and Frimmel
(2000) concluded that the distribution and availability of
evaporites during basinal and orogenic fluid flow are
crucial factors that control the nature and position of
KPT deposits in Namibia. Magmatic rocks are absent or
unrelated to ore mineralization. Most authors agree that
KPT deposits formed from hot fluids (250 to 450 °C).
Frimmel et al. (1996) and Chetty and Frimmel (2000)
supposed that fluids at Tsumeb and Kombat were at 370
to 405 °C. Trueman (1998) suggested that different fluids
could have prevailed in some deposits within oxidized
and reduced strata leading to different metal assem-
blages. This could explain why only some deposits have
a significant Ge component. KPT deposits often occur in
clusters and/or in proximity to (in the same basin with)
associated deposit types, e.g., carbonate-hosted MVT
Zn–Pb and stratiform Cu deposits. Chetty and Frimmel
(2000) proposed an orogenic brine model for KTP
deposits in Namibia, and a possibly heat flow-driven
circulation of basinal brines for the adjacentMVTMount
Aukas mineralization.

The principal ore minerals of KPT deposits are
mostly galena, sphalerite, chalcopyrite, bornite, chalco-
cite, tennantite, and enargite. Sphalerite is typically not
the major carrier of Ge; its Ge concentrations are usually
moderate, mostly <100 ppm Ge (Lombaard et al., 1986;
Trueman, 1998; Melcher et al., 2003). Important Ge
carriers are Ge minerals (e.g., renierite, germanite,
briartite, argyrodite and germanosulvanite), stannoidite,
enargite and tennantite–tetrahedrite. Germanite and
renierite-rich ores grading up to 0.83% Ge were formed
in early stages of Cu sulphide precipitation (Melcher et
al., 2003), and Ge ore enrichments are locally abundant,
e.g., at Tsumeb (Intiomale and Oosterbosch, 1974).
Pyrite may be common or virtually absent. Other
common to rare minor minerals include arsenopyrite,
marcasite, magnetite, gallite (CuGaS2), Ni–Co arse-
nides, carrolite, molybdenite (Bernstein, 1985; Trueman,
1998).
Examples of Ge-bearing KPT deposits include
Tsumeb, Tsumeb West, Khusib Springs, Kombat and
Tschudi (Namibia), Kipushi (D.R. Congo), Kabwe
(Zambia), Apex (Utah, USA), Kennecott, Ruby Creek
and Omar (Alaska, USA), Gortdrum (Ireland) (Söhnge,
1964; De Vos et al., 1974; Intiomale and Oosterbosch,
1974; Bernstein, 1985, 1986; Bernstein and Cox, 1986;
Folger and Schmidt, 1986; Hitzman, 1986; Innes and
Chaplin, 1986; Lombaard et al., 1986; De Magnee and
Francois, 1988; Schneider, 1989; Kamona and Frie-
drich, 1994; Frimmel et al., 1996; Trueman, 1998;
Kamona et al., 1999; Chetty and Frimmel, 2000;
Melcher, 2003; Melcher et al., 2003; http://www.bgr.
de/b423/b423_germanium.htm).

The Tsumeb deposit consists of an irregular, sub-
vertical, pipe-like orebody, proven to a depth>1700 m
within Neoproterozoic dolomite (Söhnge, 1964; Lom-
baard et al., 1986; Melcher et al., 2003). The ore pipe
consists of massive sulphide bodies concentrated mainly
at the periphery of the deposit and low-grade dissemina-
tions in a dolomite breccia and feldspathic sandstones
(Lombaard et al., 1986). The brecciation associated with
the orebody is explained by hydraulic fracturing and
fluidisation caused by overpressured hydrothermal
fluids along a conduit formed at the intersection of
two fracture planes (Theron and Beukes, 1995). Tsumeb
is famous for its large number of partly unique minerals.
Main ore minerals: Galena, sphalerite, tennantite, pyrite,
digenite; minor ore minerals: enargite, bornite, chalco-
pyrite. Ge is enriched in different minerals, especially in
germanite and renierite. Ge-rich ores display enrich-
ments in Ga, In, As, Mo, and W (Melcher et al., 2003).
Moreover, Tsumeb's oxidation zone contained high-
grade Ge ore (see below). Mining at Tsumeb from 1905
to 1996 produced about 30 million t ore, and 5.4 Mt
combined metals (1.7 Mt Cu+2.8 Mt Pb+0.9 Mt Zn, as
well as Ge, Cd, As, Sb, Ag and Au; Kamona et al., 1999;
Melcher, 2003; Melcher et al., 2003). Average ore
grade: 10% Pb, 4.3% Cu, 3.5% Zn, 100 ppm Ag,
50 ppm Ge (Lombaard et al., 1986; http://www.bgr.de/
b423/b423_germanium.htm). Prior to mining, the
amount of Ge in the orebody was calculated to be
2160 t mostly in the form of germanite (Lombaard et al.,
1986), but only 87 t Ge have been recovered during the
mining period (Melcher, 2003). 2.9 million t of slags,
grading 9% Zn, 2.05% Pb, 183 ppm Ge, 200 ppm Ga,
and 170 ppm In, could yield about 800 t Ge, thus
representing a major Ge source (http://www.zincox.
com/hr_pages/Tsumeb.htm; http://www.bgr.de/b423/
b423_germanium.htm). ZincOx Resources plc reported
on 30 September 2003: “The Tsumeb project … ..
represents the first of our slag recycling targets. …We
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are negotiating an extension to our option to purchase
the slags in order to have sufficient time to test the
behaviour of the slags, but particularly the germanium,
using the Polykiln technology. …The global resource
now stands at 2,043,180 tonnes containing 9.03% Zn
and 262 ppm Ge, of which the central part contains a
measured resource of 744,500 tonnes with a grade of
9.52% Zn and 376 ppm Ge” (http://cc.msnscache.com/
cache.aspx?q=2081925567277 and lang=de-DE and
FORM=CVRE2). We found no data indicating there
was any current Ge recovery at Tsumeb.

Data about other KPT deposits in Namibia have been
reported as follows: Tsumeb West (3 km westwards
Tsumeb City): Strong enrichments in Cu, Pb, Zn and
Ag, but only minor concentration in Ge (<10 ppm).
Khusib Springs: Massive Cu ore (500,000 t ore with
10% Cu, 1.8% Pb, 584 ppm Ag) composed of
tennantite, enargite, galena and pyrite, with lesser
amounts of sphalerite and Ag-rich sulphosalts. An
average of 40 ppm Ge is mainly hosted by Ge-bearing
colusite (Melcher, 2003). Tschudi (20 km westwards
Tsumeb City): Sulphide copper deposit (57 million t,
0.76% Cu). Oxidised ores on farm Tschudi are enriched
in Cu, Pb, Zn, As, V, Ge (up to 60 ppm), and in Ag, Ga,
Hg, Sb, Sn, Tl, U, and W. (http://www.bgr.de/b423/
b423_germanium.htm). Kombat: Pre-mining resources
27 million t Cu–Pb–Ag ore; Ge in bornite–chalcopyrite
and rare colusite and renierite (Innes and Chaplin, 1986;
Deane, 1995; Frimmel et al., 1996).

The ore lenses of the Kipushi Mine (30 km west of
Lubumbashi) occur within cavities and collapse breccias
along a fault between dolomitic shale and dolomite, and
sulphide replacement zones extend along fracture zones
and bedding planes. A primary Zn-dominated mineral-
ization consists of sphalerite, galena, pyrite, and
arsenopyrite, with locally abundant renierite, rare
germanite and gallite; it is superimposed by a Cu-
dominated mineralization of cobaltiferous chalcopyrite,
Ge- and Ag-bearing bornite and molybdenite (Intiomale
and Oosterbosch, 1974; Cox and Bernstein, 1986; De
Magnee and Francois, 1988; Chabu, 1990). Pre-mining
reserves/resources of Cu–Pb–Zn ores at Kipushi are
estimated to have been 70 Mt averaging 4.8% Cu, 8.8%
Zn and 0.5% Pb (Trueman, 1998). The mine at Kipushi
produced between 1925 and 1986 3.8 Mt Cu, 5.9 Mt Zn,
0.4 Mt Pb, 45.000 t Cd, and 120 t Ge, as well as other
elements, e.g., Ag and Co. (http://www.portergeo.com.
au/database/mineinfo.asp?mineid=mn261). A project
for a 20 t/y Ge recovery at Kokkola, Finland, from
slag deposited at the Lubumbashi plant has been
reported (Anonymous, 2002). There is a Ge recovery
at Kokkola from alloys stemming from the refining of
cobalt tailings from Lubumbashi (http://cc.msnscache.
com/cache.aspx?q=2078181101329 and lang=de-DE
and FORM=CVRE).

The Kabwe deposit in Zambia (formerly known as
Broken Hill) consists of four main pipe-like orebodies
(Kamona, 1993; Kamona and Friedrich, 1994; Kamona
et al., 1999). The primary mineralization is composed of
massive sphalerite, galena and pyrite, with minor
amounts of chalcopyrite and traces of briartite and
renierite. Zn (1.8 Mt), Pb (0.8 Mt) and by-products of
Cu, Ag, Cd, and V have been produced from the mine.
We have no data about Ge recovery.

The Apex Mine, Utah, is unique, but displays
characteristics of KPT deposits. A brecciated, tube-
shaped orebody has been thoroughly oxidised to at least
425 m below surface (Bernstein, 1986). Only pieces of
unreplaced primary ore contain pyrite, galena, sphalerite
and chalcopyrite. Ge was concentrated in the oxidation
zone (see below). Maximum grades of 0.5 wt.% Ge and
0.5wt.%Ga, with an average grade of some 650 ppmGe,
have been reported (Bernstein, 1985, 1986; Bernstein
and Cox, 1986; Bowling, 1988). The abundance of Cu,
Ge, Ga and As in the supergene ore implies the former
presence of sulphides and sulphosalts, e.g., renierite,
germanite and gallite, containing these metals in the
primary ore (Bernstein, 1986).

Resources at Ruby Creek, Alaska, are 90 Mt grading
1.2% Cu. The occurrence of Ge minerals (renierite,
germanite) is described (Bernstein and Cox, 1986;
Hitzman, 1986; Trueman, 1998). Kennecott, Alaska,
production was at 12.4% Cu and 95 ppm Ag. Ge
minerals are not reported from Kennecott and from
Omar (Copper Hill), Alaska (Bateman and McLaughlin,
1920; Folger and Schmidt, 1986). However, both
deposits contain minerals, such as tennantite–tetrahe-
drite, bornite, carrollite, and digenite, which are often
Ge carriers. The exploited Irish Gortdrum ore deposit
with a Cu–Ag–Hg–As–Sb–Ge paragenesis (Steed,
1986) displays characteristics of KPT deposits, but is
neighbouring and genetically related to IPT Zn–Pb
(–Ag)(–Ba) deposits.

KPT deposits are mainly Neoproterozoic, in part
Phanerozoic, in age and are frequently gently folded and
locally intensely faulted. (Ge-rich) KPT deposits in
southern Africa are discussed in the context of extreme
climatic signature (“Snow ball Earth”) and increased
production of organic matter in Neoproterozoic time
(Trueman, 1998; Melcher, 2003). Kamona et al. (1999)
report about age of ore formation of the three major KPT
deposits: Emplacement of the mineralization took place
during (Tsumeb and Kabwe) or after (Kipushi) periods
of deformation related to orogenies. Fluid transport and
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ore emplacement within host carbonates occurred as a
result of fluid expulsion during tectonic movements
associated with Pan-African orogenesis at about 530 and
680 Ma in the Owambo and Kabwe basins to form the
Tsumeb and Kabwe orebodies, respectively. In the case
of the Kipushi deposit, fluid transport and ore
emplacement could be related to post-tectonic igneous
activity at ∼455 Ma. Thus, the different model ages of
the deposits demonstrate that ore formation did not
result from a single mineralizing event throughout the
Pan-African fold belt. Moreover, Pb isotope data from
the Tsumeb and Kabwe deposits indicate that the ore Pb
was derived from upper crustal rocks. Pb isotope ratios
from the Kipushi deposit are characteristic of ore Pb,
derived from a mixture of crustal and mantle source
reservoirs (Kamona et al., 1999).

KPT ore deposits are rare, but in some cases
contain exceptional amounts of Ge. A few deposits
display grades up to several hundreds ppm Ge and
comparatively large Ge reserves/resources, usually in
Cu-rich sulphide ores. Different Ge minerals, e.g.,
germanite, renierite and briartite, have been identified
in such sulphide ores. KPT ore deposits and their
slags at smelters are recommended targets for Ge
exploration.

4.6.5. Germanium in oxidation zones of Kipushi-type
deposits

High-grade Ge concentrations in oxidation zones are
known from the Tsumeb orebody and the Apex Mine.
Söhnge (1964) described a fracture zone close to the
Tsumeb orebody that extends from the surface to great
depth. Meteoric water has caused an oxidation to occur
at a depth below 900 m, forming a lower oxidized zone,
where the fracture zone intersects the pipe-like,
subvertical sulphide orebody. This oxidized zone is
famous for its variety and beauty of secondary minerals.
Within this oxidized zone, the primary minerals
germanite and renierite have been altered to Ge oxides
(brunogeierite, otjisumeite, bartelkeite), Ge hydroxides
(stottite, manganostottite) and Ge hydroxy-sulphates
(itoite, fleischerite, schaurteite), Pb-silicate (mathewro-
gersite) and Ge-rich beudantite (Söhnge, 1964; Bern-
stein, 1985, 1986; Melcher et al., 2003), and eyselite
(Roberts et al., 2004). Ge also occurs in willemite (up to
1280 ppm) and in arsenates, e.g., olivenite, adamite (up
to 2800 ppm), duftite–bayldonite (up to 1100 ppm),
mimetite (up to 500 ppm) and cerussite (Frondel and
Ito, 1957; Frondel and Strunz, 1980; Lombaard et al.,
1986; Melcher, 2003; Melcher et al., 2003). Fe-
hydroxide samples are reported to be enriched in Ge
(up to 2.5 wt.%) and Ga (up to 0.8 wt.%) (Melcher,
2003). At the oxidation zone of the Apex Mine, goethite
is the most important ore mineral for Ge, containing up
to 5310 ppm Ge, and hematite up to 7000 ppm Ge.
These Ge grades exceed those in primary sulphides.
Maximum grades of 5000 ppm Ge and 5000 ppm Ga in
samples, and an average grade of some 650 ppm Ge
have been reported (Bernstein, 1985, 1986; Dutrizac et
al., 1986) (Table 8). Thus, significant amounts of Ge
occur in the oxidation zones of the Ge-bearing sulphide
deposits at the Tsumeb Mine and the Apex Mine. The
oxidation zones of other Ge-bearing sulphide deposits
may represent a target for Ge exploration.

4.6.6. Sediment-hosted stratiform Copper (SSC)
deposits

Data about Ge concentrations in sediment-hosted
stratiform copper deposits (SSC) are rare. Such data
suggest that the sphalerites of the German Kupferschie-
fer contain 3 to 14 ppm Ge (Knitschke, 1966), and of the
Marl Slate in Great Britain 5 to 20 ppm Ge (Shazly et al.,
1957).

4.7. Germanium in non-sulphide Zn–Pb deposits

Oxidation zones of Ge-bearing Zn–Pb sulphide
deposits are in part depleted in Ge (Schroll, 1953a).
Ge is not retained in Zn-carbonate. However, it may be
retained in goethite and hematite and in the Fe-
hydroxide stottite and the Zn-silicate hemimorphite.
Large non-sulphide zinc deposits are presently a target
for exploration and mining, because high-grade zinc
carbonates and zinc silicates can now be treated by
hydrometallurgical processes. The Padaeng deposit in
Thailand was the first non-sulphide deposit, where this
extraction method was applied in 1984 (Fillipou, 2004).
The Zn–Pb deposit Mehdiabad, Iran, (15.6 million t Pb–
Zn ore, grading 7.2% Zn and 2.3% Pb) in Cretaceous
carbonates is another example (Chapple, 2003).

Non-sulphide zinc deposits are divided into super-
gene and hypogene types (Hitzman et al., 2003). Such
supergene non-sulphide deposits are formed primarily
due to the oxidation of zinc sulphides. Zinc carbonates
(smithonite and hydrozincite) and zinc silicates (hemi-
morphite, willemite and sauconite) occur in the oxidized
zone (gossan) of low-temperature, carbonate-hosted
Pb–Zn and in high-temperature replacement deposits.
Ge data from supergene zinc ores and minerals are rare.
Zinc carbonate and zinc silicate minerals from Cave de
Predil and Bleiberg show different capacities to retain
Ge: zinc carbonates <10 ppm Ge, hemimorphite, how-
ever, up to 1000 ppm Ge (Schroll, 1953a). Supergene
zinc ores (hemimorphite–smithonite and Ge-bearing
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clays) from the Shaimerden zinc deposit, Kazakhstan,
contain 8 to 15 ppm Ge, compared to 35 ppm Ge in
massive zinc sulphide ore (46 wt.% Zn) (Boland et al.,
2003). Ge may also be absorbed by iron hydroxides in
weathered iron sulphide-rich Pb–Zn deposits. Hypo-
gene non-sulphide zinc deposits appear to be rare; they
probably result from mixing of a reduced, zinc-rich,
sulphur-poor fluid with an oxidised, sulphur-poor fluid
(Hitzman et al., 2003). They contain willemite or
willemite–franklinite–sphalerite assemblages, e.g., wil-
lemite–franklinite ores occur at the Franklin and
Sterling Hill deposits, New Jersey, USA. Only
<10 ppm Ge in willemite from Franklin, but 47 to
360 ppm Ge from some localities in New Mexico and
Utah, have been reported (Scheffer, 1966).

Supergene non-sulphide Pb–Zn deposits account for
some 10% of world's Zn reserves (Borg et al., 2002),
and some may be derived from Ge-rich sphalerite.
Nevertheless, the rare Ge data from non-sulphide zinc
deposits has led us to believe that such deposits may not
represent prime targets for Ge exploration, except
willemite–hemimorphite-rich deposits.

4.8. Germanium in Fe-oxide ores

The enrichment of Ge in Fe-oxide ores has often been
reported. However, no data have been found regarding
significant amounts of Ge in Fe-oxide minerals of
skarns. Vakrushev and Semenov (1969) noted an
average Ge concentration of 10 ppm in magnetite
from magnetite–hematite ores from (metamorphosed)
‘volcanogenic–sedimentary deposits’, and 2.5 ppm in
628 samples from skarn deposits. Bekmukhametov et al.
(1973) reported Ge grades of up to 70 ppm in
‘volcanogenic–sedimentary’ magnetite–hematite, up to
20 ppm in magnetite from vein deposits, up to a few
ppm in Fe-oxides from skarns, and up to several ppm
from supergene limonites within Fe-deposits from
Kazakhstan. Some data have also been presented from
the Archean–Paleoproterozoic Algoma-type banded
iron formations (BIF) and the predominantly Paleopro-
terozoic Superior-type BIF (Sarykin, 1977). BIF include
giant and supergiant iron concentrations. They formed
in sedimentary basins, in which four sedimentary facies
are distinguished: (I) oxide facies (iron oxides and
chert), (II) silicate facies (Fe-silicates, e.g., greeenalite,
thuringite), (III) carbonate facies (siderite), (IV) sul-
phide facies (pyrite-bearing black shales). The highest
concentrations of Ge are in the oxide facies. Oxide ores
containing up to 38 ppm Ge are reported in BIF from the
Hamersley Range, Australia (Davy, 1983). Ores from
Kremenchuk-Krivoi Rog, Ukraine, show similar Ge
contents, with average grades of 27 ppm in hematite and
43 ppm in magnetite (Sarykin, 1977). Hematite and
magnetite from the small Lahn–Dill-type deposits in
Germany contain up to 20 ppm Ge (average 8 ppm Ge)
and up to 100 ppm Ge (average 40 ppm Ge),
respectively (Lange, 1957; Schrön, 1968). In contrast,
oolitic Fe-ores (e.g., Minette ores in France, and
Salzgitter ores in Germany) are Ge-poor, containing
<10 ppm Ge (Goldschmidt and Peters, 1933; Lange,
1957) (Table 8).

Giant and supergiant BIF deposits are an enormous
potential resource for Ge. One billion t of ore containing
20 ppm Ge would yield 20,000 t of Ge. Aside from the
recovery issue, the high costs of recovering Ge from
such Fe-ores mean that at present and in the near future
it is not economically viable to produce Ge from BIF
deposits.

4.9. Germanium in coal and lignite deposits

The organophile (i.e., biolithophile) behaviour of Ge
has been described in Sec. 3. Ge in coal and lignite is of
interest, since Goldschmidt (1930) and Goldschmidt and
Peters (1933) published data of high Ge concentrations
in coal ashes, in particular from the Hartley Seam,
Durham Coalfield, U.K. (up to 1.1% Ge). Coal and
lignite deposits contain Ge, with grades that vary over
several orders of magnitude, both regionally and within
particular deposits (Bernstein, 1985; Laznicka, 1985)
(Table 9). The Ge grades in some coal deposits are even
lower than the abundance of Ge in the Earth's crust
(1.6 ppm Ge). In general, coal contains inorganic
material that after combustion becomes coal ash and
flue dust. Reported maximum concentrations are 0.4 wt.
% Ge in coal and 9 wt.% Ge in coal ash (Krejci-Graf,
1972). Sulphur-poor coal, used primarily in steam
power plants, often contains about 1 ppm Ge. Upon
combustion the ashes contain up to 10 ppm Ge, a 10-
fold increase in concentration (Stadnichenko et al.,
1953; Valković, 1983).

Germanium was first recovered from coal ash and
flue dust generated by coal-fired power stations in
Great Britain and the Soviet Union, and is currently
recovered from coal both in Russia and in China. We
did not find evidence for serious efforts for Ge
recovery from coal in western countries, except in
the Fargo Oil's Lang Bay property, Canada (Queneau
et al., 1974).

In the former USSR, coal deposits have been the
main source for Ge (Avdonin and Sergeeva, 1999). After
the break-up of the USSR, the recovery of Ge from coal
was shortly suspended in Russia. However, this
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recovery is considered again as economically attrac-
tive (Kats et al., 1998; Seredin and Danilcheva, 2001).
Ge is reported from 21 Russian deposits, mainly coal
deposits, by Kats et al. (1998). Exceeding 50% of
total Ge reserves in Russia are accumulated in Ge-
bearing coals in Russian Far East (Novikovskoye
deposit on Sakhalin Island; Shkotovskoye and Pav-
lovskoye (Spetsugli section) coal deposits northeast of
Vladivostok in Primorsky Territory). Coal and coal
argillites from the Novikovskoye deposit are strongly
enriched in Ge, with Ge grades in coal and coal
argillites on average at 276 ppm and 348 ppm,
respectively (Kats et al., 1998). There is a promising
coal-hosted Ge project at Shkotovskoye (about 50 km
NE of Vladivostok), recovering Ge from an existing
coal mine. Ge is concentrated in huge amounts of ash
from this coal mine and stored at local power stations.
Tselikova (2001) reported C2 category reserves were
calculated at 888 t Ge and the average Ge grade in the
coal ash was 1043 ppm, and the average ash content
of 20.8%; http://cc.msnscache.com/cache.aspx?
q=2050278821396 and lang=de-DE and FORM=
CVRE3). Moreover, the Pavlovskoye (Spetsugli)
brown coal deposit, also in southern Primorsky
Territory, is reported to be one of the major Ge
resources. There, Ge is closely associated with Sb, and
the coals of the Spetsugli deposit are qualified for an
economic recovery for both Ge and Sb (Seredin,
2003). The remainder of the reserves are mostly in coal
beds of the Kemerovo (Kuzbas) basin (east of
Novosibirsk) and in brown coal beds of the Tarbaga-
taiskoye deposit in the Chitinskaya basin (east of Lake
Baikal) (Kats et al., 1998). There is obviously a
recovery of germanium from ashes at least from the
Novikovskoye and Shkotovskoye and Tarbagataiskoye
deposits, and from the Kusbas basin.

China is a major Ge producer from coal. The
Lincang lignite mine close to Lincang City, Yunnan
Province, China, is an outstanding germanium source
since 1971, and produces with a capacity of 16 t of
high-grade (99.999%) GeO2 annually, of which 90%
are exported. Qi Huawen et al. (2002) refer to three
“coal-bearing cycles” in the Lincang lignite basin;
germanium occurs mainly in the lignite of the lower
cycle, which is close to basement granites. The lignite
reserves/resources are “huge” and the Ge grade is of
“high quality” (www.sino-ge.com/english/company.
htm). The germanium resources of Yunnan Province
are estimated at 1112 t Ge (www.wsb.yn.gov.cn/
english/jryn/info.asp?id=88), the bulk of which is
probably from the Lincang deposit. Brown (2001)
provided information regarding a new coal/Ge project
in China. The Nei Mongol Coalfield Bureau has
discovered a large Ge deposit at Xilinhaote in Nei
Mongol (eastern Inner Mongolia). It is estimated to be
up to 1600 t of Ge in this coal deposit. This would be
the largest Ge deposit in China and account for 30% of
China's Ge reserves. It is amenable to large-scale open
pit mining. From the link http://cc.msnscache.com/
cache.aspx?q=2060253204888 and lang=de-DE and
FORM=CVRE, we conclude for the year 2002: Coal
exists in large quantities and is mined near Xilinhaote.
A coal power station is planned. The mineral resources
in the area include germanium. We did not find any
information about Ge recovery.

5. Summary and conclusions

Ge is commonly an unreported trace element in
geochemical analysis, and reliable Ge data even from
large ore deposits are often lacking. The scarcity of Ge
data in the scientific literature may be due to the lack of
chemical methods that can be easily applied to evaluate
Ge. Ge is uncommon, but not extremely rare in the bulk
continental and oceanic crust. Ge is geochemically an
unusual element; it is characterised by lithophile,
chalcophile, siderophile and organophile behaviour. It
is known to be enriched in some silicate, oxide, sulphide
and organic compounds. Ge does not form specific ore
deposits; rather it occurs in minor and trace amounts in
various types of ore deposits. In a temporal context,
some influences on the metallogenesis of Ge during the
Earth's history can be concluded, due to the geologic
evolution of the crust (mainly for Ge-bearing base metal
deposits), atmosphere (inducing a change of the
oxidation state Fe2+ to Fe3+), and biosphere (formation
of lignite and coal). Most Ge-enriched deposits formed
in Phanerozoic time.

By far, most Ge is found as Ge4+ in silicate minerals,
where it substitutes for the ubiquitous Si4+. Igneous
rocks and siliceous sedimentary rocks, and their
metamorphic equivalents, display only a narrow range
of low Ge grades, irrespective of their composition and
genesis. There is only a slight tendency for Ge to be
concentrated in late magmatic differentiates, and rocks
that crystallize in the presence of high volatile
concentrations or hydrothermal fluids, with Ge enrich-
ments in a few minerals. A significant separation of Ge
from Si in various geological environments is due to the
different chalcophile features of both elements. Thus Ge
can be incorporated above all in low-temperature, iron-
poor sphalerite, as well as in some other sulphide
minerals. At high S activities, the thiocomplex [GeS4]

4−

is responsible for the formation of thiogermanate
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minerals, above all together with Cu, Ag and Sn,
effecting locally special concentrations of Ge. In
oxidation zones, Ge may be retained mainly in iron
hydroxides and oxides, e.g., goethite and hematite, and
in a number of rare to unique minerals. Ge enrichments
in Fe-oxide ores, e.g., BIF, are commonly low;
however, the total amount of Ge in BIF worldwide is
enormous due to the huge BIF reserves/resources. Ge
has a high affinity for organic matter. Ge grades in coal
and lignite deposits vary over several orders of
magnitude, from less than 1 ppm up to, in exceptional
cases, 4000 ppm Ge. We believe, lignite and coal offer
outstanding Ge resources worldwide (Paone, 1970).
Therefore, we present some criteria for Ge exploration
in lignite and coal: Low-grade coalification; coal
basins with preferentially thin coal seams; country
rocks pre-enriched in Ge (such as sediments containing
organic material and/or differentiated, Ge-enriched
granites); favourable paleo-climatic conditions for
kaolinitization and release of Ge from granite minerals
(e.g., muscovite) or from sediments into migrating
fluids; flow of Ge-bearing fluids into sedimentary
basins; Ge fixation by chemisorptive processes on
relatively stable organo-complexes, onto which Ge
can be precipitated as humate complexes, during the
peat and/or lignite stages of coal formation. Major Ge
enrichment processes in coal are favoured by the
continuous, long-lasting flow of Ge-bearing fluids
into the sedimentary basin where the coal is forming.
The distribution of Ge in coal and host rocks changes
during progressive metamorphism, with Ge being
increasingly incorporated in silicate minerals and
quartz. Anthracite commonly displays low Ge con-
centrations at about crustal average only.

Currently, the major source of Ge is iron-poor
sphalerite. Most of the Ge-bearing ore is from low-
temperature, epigenetic deposits, hosted predominantly
in carbonate rocks; their Zn ore concentrates average a
few hundred ppm Ge. The giant Red Dog Mine, Alaska,
with the world's largest zinc concentrate output, is the
major US source for Ge, despite relatively low Ge
grades in the zinc concentrates. Zn sulphides from high-
temperature vein deposits usually contain only a few
ppm Ge. Polymetallic deposits of the Kipushi-type are
rare, but commonly have relatively high average Ge
grades of up to several hundred ppm, usually in Cu-rich
sulphide ores. In addition, the Apex Mine and the
Tsumeb deposit contain unusual Ge enrichments and
unique Ge minerals in oxidized zones. Coal and lignite
deposits in Russia and China (above all Lincang coal
deposit) contribute significantly to the world's Ge
supply.
Estimates of Ge reserves (and resources), even from
ore-producing mines, are not widely available. Conser-
vative calculations for world Ge reserves, in low-
temperature hydrothermal Zn deposits and in polyme-
tallic Kipushi-type ore deposits (including slags at
Tsumeb and Kipushi (Lubumbashi plant)) suggest that
there is a few thousand tons of recoverable Ge. Besides
the actually Ge producing coal and lignite mines in
Russia and China, additional lignite and coal deposits
significantly enriched in Ge do exist. Further Ge-rich
lignite and coal deposits in Russia and China may
represent important Ge sources in the near future. In
our opinion, coal offers the largest resource of Ge for
the long-term future. We estimate, that in coal ash and
flue dust produced annually at coal power stations
worldwide, there are at least a few 1000 t of Ge
contained; however, a Ge recovery from this source
seems to be mostly uneconomic under present terms.
Nevertheless, the worldwide reserves/resources should
meet the requirements even for a significantly
increasing Ge demand, at least for the next two
decades.

Germanium is an important commodity in modern
times, but generally only a by-product of mining. Ge
sources should be preserved carefully. Ge-enriched
slags at some mines and plants as well as Ge-enriched
coal ash and flue dust at some coal power stations are
such easily accessible sources.
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