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Abstract: Anomalously high germanium contents have
been detected by means of whole-rock trace element
analysis in remobilised vein type copper ores from the
abandoned Barrigdo mine, located in the Iberian Pyrite
Belt, southern Portugal. The late-Variscan brecciated
copper ores consist manly of chalcopyrite, with minor
tennantite, rare pyrite and arsenopyrite. The ores,
investigated for elements increasingly used in several
thin-film and other semiconductor high-technology
applications (e.g. indium, selenium, tellurium and
germanium), show germanium contents up to 280 ppm,
with an average of 61 ppm from 10 samples. Electron
Probe Microanalysis of Barrigdo ore samples revealed
that germanium is contained in chalcopyrite, with a range
of 0.1 to 0.4 wt% (0.23 wt% average). High germanium
contents seem to be linked to “dirty” chalcopyrite phases,
showing irregular patchy zoning under the microscope
and on back-scattered electron images.
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1 Introduction

Germanium (Ge) is a geological all-round element, being
distinctly lithophile, siderophile, chalcophile and
organophile in different environments. Though
geochemically scarce, Ge is not considered to be an
extremely rare element. Its crustal average is estimated
to be of about 1.6 ppm (Taylor and McLennan 1985).
Though most Ge is dispersed through silicate phases,
high Ge concentrations are normally found in zinc and
copper-rich sulphide ore deposits or in coal and lignite.
Germanium is also an element increasingly used for a
range of high-tech applications, e.g. as a polymerisation
catalyst, for infrared optics, fiber-optic systems, thin-film
applications and electronic SiGe devices (USGS 2008).
There is a strong growth potential for Ge uses, and

current global reserves are limited to 10000 metric tons
(Feltrin and Freundlich 2008). Germanium does not form
specific ore deposits but occurs in minor and trace
amounts in a variety of ore types. Grades of a few tens
to several hundred ppm of Ge are known from sulphide
ore deposits (Holl et al. 2007), including volcanic-hosted
massive sulphides, porphyry and vein-stockwork
deposits, sediment-hosted massive sulfides, carbonate-
hosted Zn-Pb and polymetallic Kipushi-type deposits.
Germanium is mainly recovered as a by-product of zinc
production from sphalerite ores. The estimated annual
refinery amount of 100 metric tons in 2007 (USGS
2008) is about to increase because of growing Ge
demand (International Mining 2008). Therefore, further
exploration on finding potential Ge deposits is definitely
important. Detailed investigations on a Ge-rich copper
ore are currently being carried out for the Barrigdo vein
deposit, where Ge seems to be restricted to recrystallised
chalcopyrite. The aim of this and further study is to find
out how Ge enters chalcopyrite in these ores.
Preliminary results are presented in this work.

2 Geological Overview

The Barrigdo copper mine is located in southern
Portugal, about 10 km southeast from Neves Corvo, in
the Iberian Pyrite Belt. Structurally, the mine consists of
two converging metric thick vein structures, extending
approximately 1800m along strike (Matos and Rosa
2001; Matos et al. 2003). Several mine shafts were sunk
down to a depth of 45m. The Barrigdo copper ore is
represented by fault breccias composed of chalcopyrite,
minor tennantite, pyrite relics and arsenopyrite in a
matrix of quartz and carbonates (Fig. 1). Host rocks are
Viséan shales and greywackes of the Baixo Alentejo
Flysch Group (Oliveira et al. 2006). The age of the
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Barrigdo mineralised structure and other similar copper
structures present in the region (e.g.  Brancanes,
Ferrarias/Cova dos Mouros etc.) is considered late-
Variscan and/or eo-Alpine (Mateus et al. 2003; Matos et
al. 2003). These structures are intimately related with the
main fault systems present in the SE sector of the South
Portuguese Zone, striking generally NE-SW and NW-
SE. The distribution of the copper mines and their
location SE of Neves Corvo were considered an
indication for massive sulphide exploration (Carvalho
1982). However, their sparse occurrence in the South
Portuguese and Ossa Morena zones does not correlate
directly with the presence of massive sulphide bodies.
Exploitation of these veins took place mainly in the
second part of the XIX century, sometimes down to a
depth of 100 m.

Figure 1. Germanium-rich copper ore from the Barrigdo
mine. The breccia ore shows some indistinct layering of (from
bottom to top) coarse-grained chalcopyrite, medium to fine-
grained tennantite, partially replaced by chalcopyrite and clasts
of dark schist with interstitial quartz and carbonate.

3 Germanium Mineralogy

Germanium was first detected in 1886 by the German
chemist Clemens Winkler as a constituent of the silver
sulphide mineral agyrodite. Germanium generally occurs
in the tetravalent state, therefore developing tetrahedral
coordination. Its high electronegativity favours covalent
bonds and the similar ionic radius to silicon leads to
isomorphous substitution for silicon in many silicates
(Bernstein 1985). Germanium also occurs in six-fold
coordination in some oxide and hydroxide minerals
substituting Fe, e.g. goethite and stottite (Holl et al.
2007). But for considerations on Ge in chalcopyrite it is
important to note that Ge is an essential component of a
range of sulphide minerals like e.g. germanite, renierite,
briartite or argyrodite. In Ge-bearing sulfides, Ge mostly
occurs in tetrahedral coordination.

Germanium is also known to occur as significant
trace element in some sulphide minerals. High trace
concentrations were found in enargite (5000 ppm),
sphalerite (3000 ppm), stannite (2830 ppm), tennantite
(1500 ppm), colusite and sulvanite (up to 1000 ppm, data
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from Holl et al. 2007). Most of these minerals have
sphalerite or sphalerite-derivate structures.

4 Observations on Chalcopyrite

Whole-rock analysis for trace elements of 10 Barrigdo
ore samples collected from the mine tailings, revealed an
average Ge content of 61 ppm, with a range of 4 to 280
ppm. The wide value range results from the sampling
method: Some samples actually contain more gangue
material than sulphide minerals, therefore exhibiting low
Ge contents. Analysis for trace elements has been carried
out through INAA and ICP-MS techniques at Actlabs
Laboratories Ltd., Ancaster, Ontario (CA).

The studied Barrigdo ore samples consist of
chalcopyrite, with minor tennantite, rare pyrite and
arsenopyrite. Textural evidence suggests that pyrite is the
earliest formed mineral. Chalcopyrite occurs in two
generations. Early chalcopyrite formed in equilibrium
with tennantite. The second chalcopyrite generation
partially replaces tenanntite, showing typical textural
features such as patchy zoned areas (only visible under
xenon lighting) representing pervasive replacement
(“dirty” chalcopyrite) and atoll-like structures (Fig. 2).
Arsenopyrite occurs as a replacement by-product at the
interface of chalcopyrite and tennantite.
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Figure 2. Photomicrograph of a polished section (sample
BARRG6) showing replacement texture of tennantite (tn), being
nearly completely replaced by chalcopyrite (ccp). Small grains
of arsenopyrite (apy) are often associated to these replacement
textures. Gg is gangue.

To determine the Ge-bearing mineral phases,
preliminary Electron Probe Microanalysis (EPMA) of
some ore samples was performed at the INETI
Laboratory in S8 Mamede de Infesta, Portugal.
Analysis was carried out using a fully automated JEOL
JXA-8500F microprobe at 20 kV and 20 nA to produce
an electron beam of 1 um diameter for analysis of major
and minor elements (S, Fe, Cu, Zn, Cd, As, Se, Sh, Bi)
and trace elements (Mn, Ge, W, Ag, Hg, In, Sn). The
results are shown in Table 1. The measurement totals are
a little bit low. This is probably because some elements
additionally contained in the examined chalcopyrites
were not captured by the chosen analysis program.
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Table 1. Compositions (in wt%) of chalcopyrite grains in
Barrigdo BARR1B, BARR6 and BARR1A ore samples.

1B 1B 1B 6 1A 1A 1A 1A 1A

Hg E E E - 0,02 - - - -
s 3452 3408 3405 3408 34,37 3388 3430 3428 3444
As 016 046 057 - 012 045 041 026 017
Fe 2962 2869 2840 2975 2860 2800 27,85 2854 28,90

In 0,00 0,01 0,00 0,01 0,01
Cd 0,01 - - - -
Se - - - 0,01 - -

Mn 0,00 - 0,00 - - 0,01 0,01 - -
Ag 0,01 0,01 0,00 0,01 0,00

Ge 0,22 0,19 0,23 0,02 0,42 0,25 0,27 0,37 0,10
Cu 33,66 3451 3405 3418 3421 3452 3437 3401 34,00
Sn 0,16 0,73 1,07 0,01 0,55 1,39 1,37 0,72 0,37
Bi 0,15 0,07 0,08 0,09 0,12 0,09 0,12 0,09 0,10
Zn 0,04 0,05 0,07 - 0,02 0,05 - 0,00 0,03
Total 98,55 98,79 9852 9814 9845 9866 98,70 98,28 98,13

The EPMA analysis revealed that Ge is mainly present in
“dirty” or patchy zoned chalcopyrite, which can contain
up to 0.4 wt% (Fig. 3 and Table 1). Analysis of unaltered
tennantites did not exhibit any Ge content. The Ge
content in chalcopyrite seems to be coevally associated
with significant contents of As and Bi, showing values
up to 0.6 and 0.15 wit%, respectively.
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Figure 3. Back-scattered electron image of a germanium-rich
chalcopyrite (sample BARR1A) showing patchy, irregular
zonation, adjacent to homogeneous, germanium-free
chalcopyrite (dark grey). High germanium concentrations are
restricted to areas with an intermediate shade of gray (arrow)
in patchy chalcopyrite.

5 Discussion and Conclusions

Regarding the data, there emerges the question how Ge
can be enclosed in chalcopyrite. One possibility is the
occurrence of Ge-bearing submicroscopic phases within
the chalcopyrite. It is also imaginable that Ge enters the
chalcopyrite crystal lattice to some extent. For
sphalerite, it has been proved that Ge substitutes for Zn
(Holl et al. 2007; Bernstein 1985). Sphalerite and
elemental Ge exhibit the same diamond lattice type
(Bernstein 1985). The crystal structure of chalcopyrite,
which is a sphalerite-derivate, suggests that Ge could
potentially enter for Cu or Fe, though there is no direct
evidence for such an assumption yet. Germanium
entering chalcopyrite in such a way could also be
imaginable by regarding the formula and crystal
structure of briartite Cuy(Fe,Zn)GeS,, which is similar to

chalcopyrite and stannite. Briartite is the Ge-equivalent
of the stannite-kesterite solid solution series, known to
be able to incorporate Ge (Bernstein 1985). Briartite
sometimes occurs as microscopic inclusions in tennatite.
Other Ge-bearing inclusions in tennantite have been
described, e.g. Ge-colusite (Melcher et al. 2006). The
observed replacement texture (Fig. 2) suggests that Ge,
previously contained in tennantite or in inclusions of
other Ge-bearing phases therein, has been somehow
adopted by or incorporated into the second generation of
chalcopyrite. This approach will be pursued by the
authors by means of further microscopic and EPMA
investigation, considering also other Ge-bearing ores for
comparison.

Acknowledgements

This work was financially supported by the Portuguese
Foundation for Science and Technology (FCT-MCTES)
through project PTDC/CTE-GIN/67027/2006 (INCA).

References

Bernstein LR (1985) Germanium geochemistry and mineralogy:
Geochimica et Cosmochimica Acta 49 (11): 2409-2422

Carvalho D (1982) New paths to massive sulphide exploration in
the Iberian Pyrtite Belt: Com. SGP, t. 68, fasc. 2: 149-162

Feltrin A, Freundlich, A (2008) Material considerations for terawatt
level deployment of photovoltaics: Renewable Energy 33:
180-185

Gaspar OC (2002) Mineralogy and sulfide mineral chemistry of
the Neves-Corvo ores, Portugal: Insight into their genesis:
Canadian Mineralogist 40: 611-636

Holl R, Kling M, Schroll E (2007) Metallogenesis of germanium —
A review: Ore Geology Reviews 30: 145-180

International Mining (2008) Boost for germanium consumption:
http://www.im-mining.com/2008/06/27/boost-for-germanium-
consumption/

Mateus A, Matos J, Rosa C, Oliveira V (2003) Cu-ores in quartz-
carbonate veins at Estremoz-Alandroal and Barrancos-Sto
Aleixo regions (Ossa Morena Zone): a result of Late-Variscan
hydrothermal activity?: Ciéncias da Terra V (UNL), Lisboa:
F90-F93

Melcher F, Oberthiir T, Rammlmair D (2006) Geochemical and
mineralogical distribution of germanium in the Khusib Springs
Cu-Zn-Pb-Ag sulphide deposit, Otavi Mountain Land,
Namibia: Ore Geology Reviews 28: 32-56

Matos JX, Rosa C (2001) Diagnéstico Preliminar de Minas
Abandonadas. Area Sul. Internal Report, IGM, 276pp

Matos JX, Martins L, Rosa C (2003) Parque Mineiro da Cova dos
Mouros: IGM contribute for the sustainable development of
the mining park: IGME, Pub. Museo Geom., n°2: 487-494

Oliveira JT, Relvas JMRS, Pereira Z, Matos JX, Rosa CJ, Rosa D,
Munha JM, Jorge RCGS, Pinto AMM (2006) O Complexo
Vulcano-Sedimentar da  Faixa Piritosa:  estratigrafia,
vulcanismo,  mineralizagbes  associadas e  evolugéo
tectonoestratigrafica no contexto da Zona Sul Portugesa. In:
Dias R, Aradjo A, Terrinha P, e Kulberg JC (eds) Geologia de
Portugal no contexto da Ibéria: VII Cong. Nac. Geologia,
Univ. Evora, Portugal, pp 207-244

Reiser F, Rodrigues C, Rosa D (2009) High-technology elements
for thin-film photovoltaic applications: A demand-supply
outlook on the basis of current energy and PV market growth
scenarios: Proceedings of the Fifth User Forum Thin-Film
Photovoltaics, Wirzburg, Germany: 120-125

Taylor SR, McLennan SM (1985) The Continental Crust: its
Composition and Evolution. Blackwell, Oxford, 312pp

USGS (2008) USGS Mineral Commodity Summaries:
http://minerals.usgs.gov/minerals/pubs/mcs/

748 "Smart Science for Exploration and Mining" P. J. Williams et al. (editors)



	Section front pages 16.pdf
	sga2009C2Belousova_submission_51.pdf
	sga2009C2Chang_submission_158.pdf
	sga2009C2Deditius_submission_279.pdf
	sga2009C2Fu_submission_52.pdf
	sga2009C2Hough_submission_255.pdf
	sga2009C2Jowitt_submission_186.pdf
	sga2009C2Kendrick_submission_222.pdf
	sga2009C2Martin_submission_339.pdf
	sga2009C2Micko_submission_143.pdf
	sga2009C2Noku_submission_165.pdf
	sga2009C2Oszczepalski_submission_246.pdf
	sga2009C2Pass_submission_56.pdf
	sga2009C2Pitfield_submission_80.pdf
	sga2009C2Reid_submission_221.pdf
	sga2009C2Reiser_submission_291.pdf
	sga2009C2Rusk_submission_267.pdf
	sga2009C2Spandler_submission_177.pdf
	sga2009C2Ulrich_submission_133.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>







    /HEB (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




