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ABSTRACT

Germanium is a geologically intriguing element, commonly substituting for
silicon in amounts of a few parts per million in silicates, while being concentrated
in such diverse environments as coal, iron meteorites, and sulfide ore deposits. It
is generally lithophile in silicate melts, but chalcophile in sulfur-bearing
hydrothermal solutions. The element tends to concentrate in sphalerite (up to
3000 ppm) in low- to moderate-sulfur environments, while forming its own suilfide
minerals with copper or silver (or substituting for As or Sn in sulfosalts) in high
sulfur environments, generally in carbonate host rocks. Germanium can be highly
concentrated in goethite, hematite, and limonite (up to 5300 ppm) in oxidized
germanium-bearing sulfide deposits, such as the recently re-opened Apex Mine in
Washington County, Utah. This mine is in a steeply dipping dolomitized,
brecciated fault zone within the Pennsylvanian Callville Limestone. Copper ore
consisting mainly of azurite, malachite, and conichalcite has been largely mined
out, leaving large quantities of limonite, goethite, hematite, and plumbian
jarosite, which contain the germanium and gallium now being mined. Similar high
concentrations of germanium may occur in gossans and other oxidized zones of
copper- and arsenic-rich sulfide deposits. The most abundant and widespread
germanium mineral, renierite (often overlooked as "orange bornite"), is found to
have the composition Cu | C)ZnGe:ZFeqsl 6 with considerable solid solution existing
to the new mineral arsenorenierite, Cu“GeAsFequ through the coupled
substitution Zn(Il) + Ge(IV) Cu(l) + As(V). This is the first reported example of
extensive coupled solid solution in sulfide minerals. The minerals are tetragonal,

pseudoisometric derivatives of the sphalerite structure type, with space group
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P&k2m determined for renierite through powder X-ray diffraction and single
crystal electron diffraction. M8ssbauer spectroscopy and magnetic susceptibility
data indicate that renierite (which has bulk magnetism) contains Fe(Ill) in three
distinct sites, with slightly uncompensated antiferromagnetic ordering (weak
ferrimagnetism). Type localities for arsenorenierite are Jamestown, Colorado and
Ruby Creek, Alaska, where renierite also occurs. At Ruby Creek, the largest
orebody contains early-formed fine-grained pyrite and later copper-bearing
sulfide minerals concentrated in the matrix of a dolomite breccia body, which is
enclosed by phyllite and marble. The ore is mineralogically zoned, with the most
copper-rich sulfides occurring in the core of the orebody. The germanium
minerals renierite, arsenorenierite, and vanadian germanite occur as grains up to
75 /um across embedded in bornite and chalcocite in the core zone, with vanadian

germanite always being rimmed by renierite.
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INTRODUCTION

Germanium is a geologically intriguing element, its behavior being
distinctly lithophile, siderophile, chalcophile, or organophile in different
environments. While commonly substituting for silicon in amounts of a few parts
per million in silicates, it becomes concentrated in such diverse environments as
coal, iron meteorites, and sulfide ore deposits. Although germanium is being
increasingly used in a wide variety of high-technology applications, and new
sources are being sought, its geochemical and mineralogical behavior has

remained poorly understood.

Scope and format of report

This report is divided into four distinct papers, each dealing with aspects of
germanium mineralogy, geochemistry, and geology. The first paper,
"Arsenorenierite, Cu“GeAsFe#S1 g a new mineral, and renierite,
CumZnGezFel‘Sl gt 2 coupled solid solution series", concerns these two
widespread but poorly known germanium minerals. Although renierite was
described as a new mineral in 1948, an accepted chemical formula had never
been determined; the mineral was in fact discredited as a species for several
years in the 1950's. It superficially resembles bornite in color and relief, and has
often been referred to as "orange bornite" in the literature (as has the related tin
mineral mawsonite), and has undoubtedly been overlooked in many sulfide
deposits. Through extensive chemical, physical, and crystallographic studies the
chemistry of renierite was unraveled, revealing a coupled solid solution series of
a type not previously described in sulfide minerals. Solid solution between the

endmembers renierite and arsenorenierite was found to occur through the
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coupled substitution of four elements: Zn(Il) + Ge(IV)® Cu(l) + As(V). The
somewhat unusual magnetic and electrical properties of renierite were explored
using Mossbauer spectroscopy, magnetic susceptibility measurements, and
electrical measurements. The crystallography was studied using powder X-ray
diffraction and single crystal electron diffraction in the transmission electron
microscope. Arsenorenierite was characterized physically and chemically as a
new mineral. In addition, the geologic occurrences of both minerals are
tabulated and discussed, indicating that they are widespread and are of more
common occurrence than previously thought. In a broader context, this paper
introduces little-used techniques and new crystal-chemical insights into the
study of sulfide minerals. This paper has been accepted for publication in The

American Mineralogist.

The second paper, "Germanium geochemistry and mineralogy"”, concerns
the complex and interesting geochemical behavior of germanium. During the
first period of economic interest in germanium, in the 1950's and early 1960's
when it was the predominantVsemiconductor material, many analytical studies
were conducted to study the geological and mineralogical distribution of the
element. With the subsequent decline in its use {(as silicon largely replaced it as
a semiconductor), few studies followed, and no comprehensive theories to
account for the diverse geochemical behavior of germanium had been proposed.
In this paper I have assembled large quantities of data from the literature,
including those from chemical, thermodynamic, and organic-~chemical studies,
and have synthesized these together with data from my own research to produce
a coherent view of germanium geochemistry and mineralogy. It is hoped that
this will provide a framework for further research on the subject. This paper has

been submitted for publication in Geochimica et Cosmochimica Acta.’
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In the next paper, "Geology and sulfide mineralogy of the Number One
orebody, Ruby Creek copper deposit, Alaska", an orebody containing germanium
minerals is described in some detail. This paper was co-authored by Dennis P.
Cox of the U.S. Geological Survey, Menlo Park, CA, who visited the deposit and
made detailed logs of diamond drill holes. The copper-rich sulfide ore at Ruby
Creek occurs primarily in the matrix of dolomite breccia within a Middle
Nevonian carbonate sequence. The geometry, structure, zonation, and sulfide
mineralogy of the ore are described. In addition, the sequence of sulfide mineral
crystallization is determined and implications to the genesis of the deposit are
discussed. Similarities with the germanium-rich Kipushi Cu-Zn-Pb deposit in
Zaire are noted. This paper will be published in the April, 1986 issue of

Economic Geology.

The final paper, "Geology and mineralogy of the Apex mine, Washington
County, Utah", is a preliminary report concerning the first mine in the world to
be operated primarily for germanium and gallium. This mine, which opened in
May, 1985, is in a thoroughly oxidized Cu-rich chimney-like vein. The ore lies
within a brecciated, dolomitized fault zone in Pennsylvanian limestone. Pre-
existing sulfides have been almost entirely altered to azurite, malachite,
conichalcite, goethite, plumbian jarosite, hematite, and small amounts of other
minerals to at least 425 meters below the surface. Germanium and gallium are
concentrated mainly in goethite and plumbian jarosite, respectively, which were
left behind by previous mining operations that were extracting primarly copper.
The detailed geology and mineralogy of the mine have not been described

previously.



Review of the properties, history, and uses of germanijum

Germanium, element number 32, is a semiconducting metalloid, occurring
between Si and 5n in group 1Va of the periodic table. It closely resembles Si in
appearance, having a gray color, metallic luster, and conchoidal fracture. Both
elements are isometric, having a diamond-lattice structure with all atoms in
tetrahedral coordination. This structure reflects the strong tendency for
tetrahedrally directed covalent bonding.

The chemist Clemens Winkler first isolated the element in 1886, extracting
it from argyrodite (AgZGeSB) found at Freiberg, Germany. The existence and
properties of the element had been predicted in 1870 by D.I. Mendeleev, who
called it "ekasilicon". Winkler, however, decided to rename the element after
his native Germany, using the Latin term. Germanium was generally considered
a very rare element of no practical value until the mid-twentieth century and
the advent of semiconductor electronics.

Germanium was used in 1948 to make the first transistor, ushering in the
ensuing electronic revolution. The economic value of germanium rose quickly
thereafter, peaking in the late-1950's and early 1960's when it was the
predominant material used for solid state electronic rectifying, switching, and
amplifying applications. As the vastly more abundant silicon gradually replaced
germanium as the predominant semiconductor in the 1960's, the economic value
of germanium declined. At present, germanium still finds considerable
application in the electronics industry, including its use as a substrate in light
emitting diodes and in some specialized integrated circuits. Many gamma-ray
and X-ray detectors utilize germanium crystals, commonly doped with Li or

other elements.



The primary current application of germanium takes advantage of its
transparency to infrared radiation having wavelengths longer than 2 _pAm. This
property, combined with a high refractive index at these wavelengths, permits
germanium to be fashioned into lenses and other optical-like devices for use in
observing and measuring infrared radiation. Such devices are used extensively
for various types of night-viewing and medical equipment. Another increasing
use for germanium is in fiber-optics, where GeO2 is fused with SiOz, BZOB’
and/or P205 to form fibers having very high light transmissivity. Germanium is
also of increasing importance as a catalyst in the production of polyester fibers,
Minor uses for germanjum include Au-Ge alloys for dental fillings and precision
castings, niobium germanate as a superconductor, and germanium organometallic

compounds as experimental anticarcinogenic drugs.



ARSENORENIERITE, Cuj ) GeAsFeyS)g, A NEW MINERAL, AND
RENIERITE, CujgZnGepFeyS16: A COUPLED SOLID SOLUTION SERIES

Abstract

The composition of renierite is found to be CujpZnGezFeyS;g, and
considerable solid solution exists to the new mineral arsenorenierite,
Cuj1GeAsFeyS)¢, through the coupled substitution Zn(I)+Ge(IV)# Cu(D)+As(V).
This is the first reported example of extensive coupled solid solution in sulfide
minerals. Renierite and arsenorenierite have structures that are tetragonal,
pseudoisometric derivatives of the sphalerite structure type, with space group
P42m determined for renierite. There are two of the above formula units per
unit cell, which has dimensions a = 10.622(1) A and c = 10.551(1) A for renierite,
and a = 10.60(1) A and ¢ = 10.45(1) A for arsenorenierite. ~Mbssbauer
spectroscopy of renierite indicates magneticaliy ordered Fe(Ill) in three distinct
sites. The presence of bulk magnetism, togéther with magnetic susceptibility
data, indicate that the magnetic ordering is anisotropic and is slightly
uncompens;ated antiferromagnetic (weakly ferrimagnetic). Electrical
measurements show that renierite is a p-type semiconductor.

Arsenorenierite is similar to renierite in polished section, with a slightly
redder color and lower anisotropy. It is reddish-orange with relief very similar
to that of bornite, though it is harder (VHN = 286) and does not tarnish in air. It
is slightly bireflective, with colors varying from orange-yellow to reddish-orange
in nearly crossed polarizers. The strongest powder X-ray diffraction lines are
(Q(L/_IOXM)): 3.042(100)222), 1.861(29)(044), 1.869(16 X440), 1.594(11X622), and

1.017(10X10.2.2). The calculated density is 4.50 g/cm3. Specimens have been
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found in the Cu-Zn-Pb deposit at Ruby Creek, Alaska, where renierite also
occurs, and at the Inexco #1 mine, Jamestown, Colorado. At Ruby Creek,
arsenorenierite occurs as sparse grains 20-50 4m across together with bornite,
chalcopyrite, pyrite, tennantite-tetrahedrite, chalcocite, and germanite. In the
ore at Jamestown it occurs as rounded grains up to 75 um across associated with
galena, chalcopyrite, sphalerite, bornite, tennantite, fluorite, geocronite, and
possibly germanite. |

Renierite and arsenorenierite are of widespread occurrence in Cu-Zn-Pb
ores throughout the world and are particularly characteristic of dolomite-hosted
Cu-Zn-Pb sulfide deposits. Small grains of what appears to be bornite or
"orange bornite" in sulfide ores should be carefully examined to determine if

they are in fact renijerite or arsenorenierite.
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Introduction

Renjerite was first described .as a distinct mineral from the Cu-Pb-Zn
deposit at Kipushi, Zaire, where it had formerly been called "orange bornite"
(Vaes, 1948). It has subsequently been found at Tsumeb, Namibia, and at
numerous Cu-Pb-Zn deposits throughout the world. The present study was begun
when renierite was found by the author during investigations of samples from the
Ruby Creek copper deposit, southern Brooks Range, Alaska. Due to its close
resemblance to bornite in the reflecting microscope, renierite is easily
overlooked, and appears to be a widespread mineral in copper-rich sulfide ore
deposits.

The composition of renierite has remained in dispute since the discovery of
the mineral. Some of the proposed chemical formulas are shown in Table 1. An
apparent deficiency of sulfur was often reported when a metal-to-sulfur ratio of
one was assumed. The role of the small amounts of As and Zn found in the
analyses was not known. Powder X-ray diffraction data were found to be very
similar to those of chalcopyrite and stannite, and a similar sphalerite-derivative
structure was presumed, either isometric or tetragonal (Murdoch, 1953; Lambot,
19505 Levy and Prouvost, 1957; Viaene and Moreau, 1968).

During the course of this investigation it became apparent that various
renierite compositions reflect significant solid solution, particularly towards a
high-As, high-Cu, low-Zn and low-Ge endmember. The discovery of grains
having compositions close to this new endmember from Ruby Creek, and
particularly from Jamestown, Colorado, confirmed its existence. The new
mineral was named arsenorenierite after its composition and its solid-solution

relationship to renierite. The composition of renierite-arsenorenierjte can be
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Table 1. Proposed chemical formulas for renierite.

(Cu,Fe,Ge,Zn,As,Sn)S  Vaes, 1948

(Cu,Fe)B(Fe,Ge,Zn,Sn)(S,As)q Lambot, 1950
(‘,u6Fe3GeS10
(Cu,Ge,Ga,As,Fe,Zn)SO_%

CuB(Fe,Ge,Zn)(S,As)a Fleischer, 1983

Viaene and Moreau, 1968

Springer, 1969

-9-



expressed as Cujg(Zn)_yCuyXGez_yxAsy)FeySig, where 0<x<0.5 for renijerite
and 0.5<x#£1 for arsenorenierite. The minera! and the name arsenorenierite
have been submitted for approval by the LM.A., Commission on New Minerals and
Mineral Names. Type material will be deposited at the Smithsonian Institution in
Washington, D.C. and at Stanford University.

In this study, the composition, properties, and structure of renierite and
arsenorenierite were investigated using electron microprobe analyses, Mosshauer
spectroscopy, powder X-ray diffraction, single-crystal electron diffraction,

reflectance spectroscopy, and electrical and magnetic measurements.

Occurrences and Associations

The known occurrences of renierite and arsenorenierite are summarized in
Table 2; other occurrences of "orange bornite" may turn out to be renierite or
arsenorenierite as well. The localities from which renierite and arsenorenierite
were obtained for this study are described in more detail below.

Renierite is found most abundantly at Kipushi, Zaire and Tsumeb, Namibia.
The Zn-Cu-Pb orebody at Kipushi occurs at the faulted boundary between
brecciated dolomitic shale and a marine dolomite sequence. The sulfide ore
forms a highly irregular subvertical pipe, with sulfide replacement zones
extending along bedding planes and fracture zones in the wall rocks (Intiomale
and Oosterbosch, 1974; De Vos et al., 1974). Renierite is locally abundant at this
deposit, together with bornite, tennantite, chalcopyrite, sphalerite, galena,
briartite, and gallite. It generally occurs as small (<75um) inclusions in the
other sulfides or as fine-grained masses up to at least several centimeters

across.
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Table 2. Occurrences of renierite and arsenorenierite.

Ge ,Ga
State or Deposit Sulfide Associated
Country Province Locality Host Rock Description Minerals Minerals References
Bulgaria Chelopech andesite—dacite ? rn,gl en,luz,tn,py,fm, Terziyev,b1965;
deposit col,ist hmu,cp, 1966
bn,cv,dg Au
Congo M'Passa, 150 Late Precanbrian Cu~Zn-Pb mineral- ™m,ge cp,bn,tn,cc,gn, Picot et al.,
km W of calcareous dolo— 1ization in faults 8p, Py 1963
Brazzaville  wmite and fractures
Cuba Pinar NW part of Jurassic schists ore in faulted, ro,ge, ep,8p,py,tn,cc, Tvalchrelidze
del Rio  province brecciated zones gl asp,carb and Holmgren,
1971
Italy Sardinia San Giovanni Cambrian dolo- ore in carbonates rn sp,gn;lesser ba, Lauzac, 1965
Pb=Zn mine mite, 1s; Silur- at contact with Py
ian achist schist
Kamibia ; Tsumeb mine late Precambrian large, irregular ge,Tn, cp,bn,sp,tn,cc S3hnge, 1963;
dolomite ,breccia, pipe; see text bri,gl Sclar and
"pseudoaplite” Geler, 1957
USA Alaska Ruby Creek Devontan dolo- Cu-rich sulfide rn,arn, cp,bn,py,tn,cc this study
depos it, mite, dolomitic ore in dolomite ge
Bornite breccia breccia; see text
USA Colorado Inexco #1 granitic rocks, pipe-like sulfide arn, gn,sp,cp,tn,bn, Lowe, 1975;
wmine, Jawes- gneiss, schist, body; see text ge(?) cc,ge,fl Jenkins ,1979;
town wignmatite this study
USSR Arkhan- Vaygach carbonates (?) ? rn,ge, sp,bn,py,cp,gn, Silaev, 1980
gelsk, arg ba,fl
RSFSR
USSR Armenian Akhtala 7 ? ™m tn,gn,ba,sp,cp Kodzhoyan,
SSR 1962
USSR Caucasus Urup deposit volcanics within hydrothermal, epi- rn py,cp,bn,sp,gn, Kachalov-
region sedimentary seq. genetic tn,luz skaya et al.,
1975
USSR Kazakh- ? carbonates hydrothernal (7) ™n,ge sp,bu,tn,cc,gn, Yakovlev and
stan py.en,fe,luz,ba, Sairnov, 1963
USSR Uzbelkd~ ? carbonates ? m pPYy,uc,gn,sp,cp, Chebotarev et
stan ep al., 1975
Zsire Shaba Prince Leo- Late Precambrian highly irregular ™n,ge, cp,bu,tn,py,cc, Intiomale and
pold mine, dolomite, dolo- pipe along fault; bri,gl sp Oosterbosch,
Kipushi mitic shale and see text 1974

breccia

Mineral abbreviations: arg-argyrodite;arn-arsenorenierite;asp-arsenopyrite;Au~gold;ba-barite;bn-bornite;bri-briar-
tite;carb~carbonate;cc-chalcocite;col-colusite;cp-chalcopyrite;cv-covellite;dg-digenite;en-enargite;fl-fluorite;
foa-famatinite;gc—geocronite;ge~germanite;gl~gallite;gn-galena;hnu~-henusite;ist~isostannite;luz-luzonite;mc-mar—
casite; py~pyrite;rn-renierite;sp-sphalerite;str-stromeyerite;tn—-tennantite.
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The Pb-7n-Cu deposit at Tsumeb consists of an irregular pipe-like
intrusive within a late-Precambrian dolomite sequence. The pipe contains
massive sulfide ore together with breccia, kersanite, diabase dikes, and an
enigmatic quartz-feldspar rock termed "pseudoaplite" (Sdhnge, 1964). A recent
summary and bibliography of this deposit is given by Wilson (1977). Renierite
occurs as microscopic intergrowfhs throughout the hypogene ore. It is highly
concentrated in Ge-rich zones found within high-grade hypogene copper ore at
various levels in the mine (Sclar and Geier, 1957). The Ge-rich ore zones contain
large amounts of germanite (masses up to 28 tons have been found (Sdhnge,
1964)), together with smaller amounts of the Ge minerals renierite and briartite,
and the Ga mineral gallite. The renierite occurs as fine-grained inclusions within
germanite, which it sometimes appears to have replaced, and as fine-grained
masses L;p to several centimeters across associated with tennantite,
chalcopyrite, bornite, sphalerite, germanite,.gallite, galena, enargite, digenite,
and pyrite. Stringers of germanite and reniérite are also occasionally found in
the dolomitic wallrock (Séhnge, 1964).

The Ruby Creek copper deposit, in the southwestern Brooks Range near
Bornite, Alaska, consists of sulfide-rich dolomite breccia zones within a mid-
Devonian marine carbonate sequence. The copper mineralization appears to be
superimposed upon carbonate rock rich in framboidal, diagenetic pyrite. Ruby
Creek is structurally complex, with numerous fault blocks truncating and
displacing bodies of sulfide ore. The deposit has been described by Runnells
(1963; 1969) and Hitzman (1983). Both renierite and arsenorenierite occur at
Ruby Creek as small (<50 um) inclusions in bornite and chalcocite, associated
with chalcopyrite, tennantite-tetrahedrite, pyrite (sometimes cobaltiferous),

sphalerite, and rare tiny grains of germanite (Figures 1 and 2).
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Figure 1. Arsenorenjerite (arn) from Ruby Creek, Alaska. Associated
minerals are bornite (bn), chalcocite-digenite intergrowth (cc), and calcite (ca).
Plane polarized light.
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Figure 2. Renijerite (rn) from Ruby Creek, Alaska. Associated minerals
are bornite (bn), pyrite (py), germanite (ge), chalcocite (cc), and calcite (ca).
Plane polarized light.
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Arsenorenijerite from the Inexco #! mine, Jamestown, Colorado was also
investigated in this study. The Inexco #! deposit consists of stockwork veins and
breccia pipes within Precambrian granite, gneiss, and schist, adjacent to a
Cretaceous porphyritic granodiorite stock and a Tertiary quartz-monzonite to
syenite stock (Lowe, 1975; Jenkins, 1979). The veins and breccia pipes contain
abundant sulfides and sulfosalts, with significant concentrations of bismuth,
tellurium, and gold. Fluorite is found throughout the deposit in varying
quantities. Arsenorenierite is found in high-grade Pb-Cu-Ag-Zn ore within the
"Humbolt pillar", a remnant of a pipe-like sulfide body that was left behind by
previous mining operations (Lowe, 1975). The arsenorenierite occurs as highly
rounded inclusions up to 754#m across in chalcopyrite, galena and bornite,
together with tennantite, chalcocite, fluorite, and quartz (Figure 3). Lowe
(1975) also reports bismuth, geocronite, gold, and possibly tiny amounts of
germanite and briartite in the ore.

In polished section renierite-arsenorenierite appears to coexist in
equilibrium with bornite, chaicopyrite, tennantite, chalcocite, galena, and
sphalerite. It usually appears to replace germanite where the two are found
together; this relationship was observed in specimens from Tsumeb, Kipushi,
Ruby Creek, and possibly Jamestown. At M'Passa, Congo the apparent reverse
relationship was reported, with grains of renierite being rimmed by germanite

(Picot et al., 1963).

Chemistry
Chemical analyses were performed on an ARL-SEMQ electron microprobe
at the U.S. Geological Survey in Menlo Park, CA. Standards used were synthetic

crystals as follows: CuFeSy (chalcopyrite; for Cu,Fe,S); Zng,gFep.4S (sphalerite;
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Figure 3. Rounded grains of arsenorenierite (arn) from the Inexco #1 mine,
Jamestown, Colorado. Associated minerals include "crackled" chalcopyrite (cp),
fluorite (f), galena (gn), and quartz (g). Plane polarized light.
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