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Abstract-At the Apex Mine in southwest Utah, fine-gin&d hematite contains as much as IO wt. percent 
Ge, and fine-grained goethite contains as much as 0.7 wt. percent Ge. The mode of Ge incorporation in 
these minerals was investigated by high-resolution K-edge fluorescence spectroscopy using synchrotmn ra- 
diation. Analysis of extended fine structure (EXAFS) K-edge data for Ge and Fe shows that Ge substitutes 
for Fe in the octahedral metal sites of the studied hematite and goethite, with average Ge-ligand bond lengths 
of 1.88 A. The solid solution in hematite probably occurs through the coupled substitution 2Fe4III) = Ge(IV) 
+ Fe(II), similar to the coupkd substitution 2Fe(III) = Ti(IV) + Fe(B) that occurs in the solid solution series 
hematite-ilmenite. The solid solution in goethite probably occurs by the loss of an H atom Tom an OH 
group, through the coupled substitution Fe(II1) f H(1) = Ge(IV). In related experiments, EXAFS data 
indicate. that in a neutral aqueous solution containing 790 ppm Ge, the Ge occurs predominately as Ge(OH), , 
with tetrah- Ge-OH bond lengths of 1.74 A. In stottite, FeGe(OHk, Fe(I1) and Ge(IV) occur in octahedral 
sites with average Fe-OH and Ge-OH bond lengths of about 2.20 A and 1.88 A. 

INTRODUCTION 

GERANIUM OCCURS IN the earth’s crust at an average 
concentration of 1.5 parts per million, primarily as 
tetrahedral Ge(IV) substituting for tetrahedral Si(IV) 
in silicate minerals. The element is enriched relative 
to this average in a wide variety of geologic materials, 
including coal, iron meteorites, sphalerite, copper-, sil- 
ver-, and arsenic-rich sulfides, and iron oxides and hy- 
droxides (BERNSTEIN, 1985). The crystal chemistry of 
germanium in many of these non-silicate materials re- 
mains poorly understood. In particular, the modes of 
germanium incorporation in sphalerite and in some 
iron oxides and hydroxides (currently the major ores 
of germanium) are not known. In this study, the in- 
corporation of germanium in hematite and goethite 
was investigated using high-resolution Ge and Fe K- 
edge fluorescence data obtained with synchrotron ra- 
diation. 

Occurrence of Ge in iron oxides and hydroxides 

The tendency for germanium to concentrate in iron 
oxides has been known since the observations of 
~L~MIDT and PETERS (1933), who reported 5- 
100 ppm Ge in samples of hematitic iron ore from 
several localities. BURTON et al. (1959) reported 83 
ppm Ge in a sample of hematite from Cumberland, 
EngIand, though lower con~ntmtions were found in 
several iron oxide and hydroxide samples from other 
localities. SCHR~N (1969) found 260 and 435 ppm Ge 
in two hematite samples from iron-bar& ore at Hora 
Blatna in Bohemia, Cz~hoslov~~ and 19.5-39 ppm 
Ge in three German hematite samples. Many large 
sedimentary and volcanogenic-sedimentary iron ore 
deposits in the U.S.S.R. are reported to contain rela- 
tively high inanitions of germanium @enemIly 20- 
50 ppm, locally reaching 100 ppm Ge, e.g. BEKMU- 
KHAMETOV et al., 1973; SAPRYIUN, 1977; VAKH- 

RUSHEV and SEMENOV, 1969; VOSKESENSKAYA et al., 
1975). The germanium in these deposits occurs mainly 
in magnetite, hematite, and goethite. 

High germanium concentrations have also been 
found in some recent iron hydroxide precipitates. 
GOLDSCHMtDT and PETERS (1933) found 100 ppm 
GeOz in ferric hydroxide precipitates from a hot spring 
on the island of Volcano, Italy, and GRIGOR’YEV and 
ZELENOV (1965) found 1 l-l 5 ppm Ge in Fe and Mn 
oxide-hydroxide precipitates collected from submarine 
hot springs near the ~nu-W~u volcano, Indonesia. 

Apex Mine, Washington County, Utah. At the Apex 
Mine in southwest Utah, germanium is commercially 
extracted from fine-grained hematite (as much as 1.0 
wt. percent Ge), goethite (as much as 0.7 wt. percent 
Ge), and ‘“limonite” (poorly crystallized goethite, le- 
pidocrocite, and hematite; as much as 0.5 wt. percent 
Ge) (BERNSTEIN, 1986). These minerals are the prod- 
ucts of the complete supergene oxidation of a steeply 
dipping copper- and arsenic-rich sulfide body within 
gently dipping Pennsylvanian limestone. The nature 
of the germanium associated with these minerals has 
not been known. The possible sites for germanium in 
these minerals include: (1) substituting for Fe in cry+ 
tallographic sites; (2) incorporation in interstitial 
atomic sites; (3) adsorption on fractures and grain 
boundaries; and (4) presence of discrete Gerich phases, 
such as GeOz (either the quartz- or r-utile-structure 
polymorph), stottite (FeGe(OH)& or other com- 
pounds. 

Previuus work 

A few experimental studies have demonstrated the affinity 
of germanium for precipitated ferric hydroxides. BURTON et 
al. (1959) found that 95% of dissolved Ge is co-precipitated 
from seawater with ferric hydroxide. PAZENKOVA (1967) re- 
ported that over 9ow of dissolved Ge is co-precipitated with 
ferric hydroxide from water having a pH greater than 6, 
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whereas less Ge is co-precipitated at lower pH levels. She found 
most of the Ge to be strongly bound to the ferric hydroxide 
precipitate, and not weakly adsorbed to it. 

Several studies have explored the phase relations in the sys- 
tems Fe20rGe02-Fe0 and FezOs-GeOZ at 1 bar and 1000°C. 
TAKAYAMA d al. (1981), TAKAYAMA and KIMIZWA (198 I), 
and MODARESSI et al. (1984) studied the larger system, and 
found the new compounds Fe,.2Gel,sOs (modified spine1 
(@Mg$iOd structure containing GeZ07 groups), FegGesOZZ 
(unknown structure), Fe4Ge209 (unknown structure), and 
Fe,.O,G~,p~O, (o~hopyroxene structure). TAKAYAMA and 
KiMIZUKA (198 I) reported FeGeO, to have a chnopyroxene 
structure. AGAFONOV et al. (1984) studied the system FeZ03- 
GeOZ, and produced large crystals (as much as 1.5 mm) of 
FeZGeOS (kyanite structure). FesGe301s (unknown structure, 
possibly related to kyanite). GeOr @utile structure), and cy- 
Fe20s (hematite). 

The mineral bnmogeierite (GeFezOA) has a normal spine1 
structure, with Ge(IV) in the tetrahedral sites and Fe(H) in 
the octahedral sites. This mineral forms a complete solid so- 
lution series with the inverse spine1 magnetite (FeJOJ, through 
the coupled substitution Ge(IV) + Fe(E) = 2Fe(III) (OTTE- 
MANN and NUBER, 1972: MODARESSI el al., 1984: TAKAYAMA 
er al.. 198 1). 

A diagram showing the reported phase relationships in the 
system Fe203-Ge02-Fe0 at 1OOO’C is given in Fig. 1. The 
system is complex, and requires further study. 

No systematic studies have been reported on the solubility 
of germanium in hematite or goethite. AGARDNOV et al. ( 1984) 
did, however, report that neutron activation analysis detected 
I .4 mole percent GeOz (1 .O wt. percent Ge) in hematite that 
they crystallized at 1000°C from an initial mixture of90 mole 
percent FeZ03 and 10 mole percent GeOl. 

EXPE~ME~A~ MATERIALS AND METHODS 

Samples of hematite and goethite from the Apex Mine, 
Washin~on County, Utah were investigated. The hematite is 
from drill hole DDH85-9. 45-47 m. and consists of reddish- 
brown nodules 5-20 mm’across of fine-grained material (< 1 
pm grain size, based on SEM obviation). The goethite is 
from the same location, consisting of yellow-brown friable 
nodules 5-30 mm across of fine-grained (<: 1 pm) material. 

GeOp (argutitej 

FIG. 1. Phase relations in the system Ge&FeG-FerO:, at 
lOOO”C, adapted from data of TAKAYAMA et al. (198 I), MO- 
DARESI et al. (1984), and AGAFONOV d al. (1984). Lettered 
compounds are: A-FeJ.2Gei.rOs; B--Fe&e~s0~~; C- 
Fe&zO~; D-Fet.e,G~.+~O~. Solid tie-lines are experimen- 
tally derived, dashed tie-lines are schematic; heavy lines in- 
dicate solid solution. 

The Apex hematite and goethite samples were studied by 
powder X-ray diffm~tion, using Cu I& radiation on a Rigaku 
automated diffractometer with a diffracted beam monochro- 
mator at the Department of Geology, Stanford University. 
The hematite sample gave only peaks for hematite and quartz, 
and the goethite sample gave only peaks for goethite and 
quartz. The goethite peaks were broad and weak, indicating 
a very small crystal size. The full width at half ~ximum for 
the 111 goethite reflection at 26 = 36.65” is 0.41’) compared 
to 0.28” for the coarsely crystalline goethite from Michigan. 
indicating an average grain size of about 300 A for the Apex 
material. It is possible that other very fine-grained or amor- 
phous iron oxides and hydroxides are also present that do not 
produce measurable diffraction peaks. 

The samples were also examined in a Cambridge Stereoscan 
scanning electron microscope (SEM) with an energy dispersive 
X-ray elemental analyzer at the U.S. Geological Survey, Menlo 
Park, California. The hematite was found to be admixed with 
microcrystalline (i: I pm) quartz, and sparse scattered grains 
of plumbian jarosite (2- 10 am). The hematitequa~z mixture 
contains as much as a couple of percent Ca, K. and Al. sug- 
gesting the presence of traces of calcite and clay minerals. 
Roughly 1 wt. percent As and 0.7 wt. percent Ge were also 
detected. Within scattered larger quartz grains (>5 #ml no 
trace elements. including Ge, were detected at the detection 
limit of about 500 ppm. The goethite sample was very similar, 
though it contained less sub-micrometer quartz, and more 
quartz grains larger than 5 brn across. Roughly 1 wt. percent 
As and 0.2 wt. percent Ge were detected in the goethite. Traces 
of plumbian jarosite, and possibly calcite and clay minerals, 
were also observed. No trace elements were detected in the 
quartz. The concentration of Ge appeared fairly uniform in 
both the hematite and goethite, and no distinct Ge-rich phases 
were observed. 

Semiquantitative emission spectrographic analyses were 
performed on these samples by Richard Lemer of the U.S. 
Geological Survey. The complete analyses were presented by 
BERNSTEIN ( 1986; Table 2, samples 3 and 6). The hematite 
sample was found to contain 0.7 wt. percent Ge and 3 1 wt. 
percent Si02, and the goethite sample was found to contain 
6.2 wt. percent Ge and 36 wt. percent SiOz. Assuming that 
no Ge occurs in the auartz (as indicated by the SEM obser- 
vations above, and the K-edge studies, beiow). then the he- 
matite itself contains 1 .O wt. percent Ge and the goethite itself 
contains 0.3 wt. percent Ge. 

In connection with the K-edge studies, several model com- 
pounds of known compositions and crystal structures were 
used. These consisted of synthetic Ga (quartz-structure), 
synthetic GeOz (rutile-structure). a single crystal of hematite 
from Elba, Italy (Stanford #1949A). stottite from Tsumeb, 
Namibia (Smithsonian # 14 I, 1741, goethite from the Superior 
Mine, Marquette, Michigan (Stanford # 1830), and lepidocro- 
cite from the Elizabeth Friedberg Mine, Bieber, Hessen. West 
Germany (Stanford #57 f 7). The identities of the samples were 
all confirmed by powder X-ray diffmction; the lepidocrocite 
was found to contain a few percent of goethite. An aqueous 
solution containing 790 ppm Ge was also used for comparison. 
This solution was prepared by completely dissolving powdered 
Ge02 (quartz-structure) in boiling distilled water and hltering 
the solution. The concentration of the solution was measured 
by emission spectroscopy at the U.S. Geological Survey. The 
pH of the solution was measured as 6.0. 

K-edge studies 

For the K-edge absorption studies, the samples were finely 
ground (~30 pm), and the resulting powders were sandwiched 
between pieces of cellophane tape in cardboard sample holders. 
All of the prepared samples, except for the stottite, contained 
ahout one millimeter thickness of powder. The stottite sample 
was smaller. consisting of only a thin smear of powder. The 
aqueous solution was contained in a small polyethylene bag 
with a solution thickness of a few millimeters, 
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Data collection was performed at the Stanford Synchrotron 
Radiation Laboratory (SSRL) on beam tine E-3 during ded- 
icated storage ring operation (3 GeV, 40-80 mA). This beam 
line contained a computer-controlled Si( 111) double crystal 
monochromator. The beam size on the sample was about 2 
x 20 mm. The data were collected in the manner described 
by WAY~~N~ et al. (1986), using a tluorescence detector 
with an ionization chamber filled with appropriate gas mix- 
tures to maximize sensitivity to the desired X-ray wavelengths. 
The detector is mounted at right angles to the incident X-ray 
beam, and a filter is placed between the sample and the ion- 
ization chamber to reduce the amount of&radiation (Ga20J 
filter for Ge &and Mn02 filter for Fe & radiation). A Soller 
slit assembly between the lilter and the ionization chamber 
reduces the filter fluorescence reaching the chamber. 

The data were collected by stepping the monochromator 
over the energy ranges 10,950- 12,050 eV for Ge, and 6950- 
8050 eV for Fe. Increasing increments of 0.5, 2., 4., and 6. 
eV were used with increasing energy to produce more equal 
increments in k-space. One of the monochromator cryst@s 
was slightly detuned to reduce the intensity of harmonic X- 
my wavelengths reaching the sample. Spectra were obtained 
on Cu and Fe foils supplied by SSRL for calibration of the 
Ge and Fe data. 

Data reduction. The data were calibrated to the first inflec- 
tion points of the Cu and Fe foil spectra, which were taken 
as 8980.3 eV for Cu and 7111.2 eV for Fe. For the near-edge 
(XANES) data (Fi8s. 2 and 3, Tables 1 and 2), first and second 
derivatives of the spectra were calculated, the XANES data 
given in Tables f and 2 are based on the zeroes and minima 
of these derivatives. 

Reduction of the extended fine structure (EXAFS) data 
was complex, and the methods that were used are described 

I . . . . , . . 
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FIG. 2. Near-edge (XANES) spectra for Ge. K-edges of sev- 
eral minerals and a dilute aqueous solution. 
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FIG. 3. Near-edge (XANES) spectra for Fe K-edges Of ~mkl 
minerals. 

in detail by WAYCHUNAS et al. (1986). Briefly, the process is: 
(I) subtract background fluomscence produced by other atoms 
in the sample and other shells of the studied atom by fitting 
a cubic spline ~l~orn~ to the piwedge region, extmpolating 
the curve over the EXAFS range, and subtracting it from the 
data; (2) estimate and subtract the post-edge background flu- 
orescence profile (without the EXAF8 modulations) using 3- 
region cubic spline fits and subtracting them from the data: 
(3) convert the data to k-space, where k = [0.262(E - &)]‘4 
with E being the incident X-ray energy, and E0 the threshold 
energy for photoelectron ejection. & is not a well-defined 
quantity, and, at this stage of data reduction, is set to the 
energy value at the middle of the main edge-slope. (4) The 
resulting function, x(k), is weighted by k3 and windowed by 
a Gaussian function to select the k-range and reduce termi- 
nation ripples for the (5) Fourier transform, which produces 
the EXAFS structure function (similar to, but distinct From, 
a radial distribution function). The atomic distances obtained 
by the transfomt incorporate EXAM% phase shifts caused by 
the absorbing and neighing atoms (dependent on the types 
of atoms and the range of k-space se&ted for the transform). 
As a result, the transform peaks are shifted from their true 
physical values. To compensate for these effects, (6) each Fou- 
rier peak (representing an atomic shell or closely spaced group 
of shells surrounding the absorbing atom) is separated and 
back-transformed and (7) the resulting function is least- 
~~~~~~~~~~~and~~~ 
obtained from model compounds. This fitting gives refined 
values for the distance (R) to the neighboring shell, the co- 
ordination number (CN; related to the amplitude of the fqnc- 
tion), &,, and a Debye-Walker factor(u) that is related to the 
isotropic structure refinement temperature factor E by the 
relation $ f B/87?. 
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Table 1. Positions of Ge K-edge XANES features (in ev). 

Edge crest 
Hematite, Apex Mme 11,113.7 
Goethite, Apex Mine 11.113.6 
Stottite, Tsumeb 11,116.2 
GeOz Wile) 11.114.li 

790 pprn Ge (aqueous) 11,113.” 
GeOz (quartz) 11,111.8 

Estimated standard deviations are 0.1 eV 

POSt-CWSt 
11.134.9 
11.133.3 
11.133.5 

11,127.I 11.136.3 

11.127.0 
11,120.2 11,130.8 

In this study the range in k-space selected for the Fourier 
transforms was 4.3-10.5. The range was limited at the upper 
end by the presence of As in the hematite and goethite from 
the Apex Mine, which produces a large feature due to the As 
K-edge at 11,865 eV. Rutile-structure GeO, was used as the 
model compound for the Ge data, and the hematite from 
Elba, Italy was used as the model compound for the Fe data. 
Quantitative structural parameters could not be obtained for 
atomic shells beyond the nearest-neighbor shell in the Apex 
hematite and goethite, due to the lack of available model 
compounds containing both octahedral Ge and Fe in a he- 
matite-like or goethite-like structure. 

RESULTS 

XANES 

The Ge K-edge XANES spectra of the investigated 
materials are shown in Fig. 2, and the numerical data 
for feature positions are given in Table 1. All of the 
spectra have a steep initial edge-slope, with no pre- 
edge features. The hematite, goethite, and GeOZ (rutile- 
structure) spectra have edge-crests at 11,113.6- ll(ll4.6 
eV. These materials contain Ge in octahedral coordi- 
nation to 0 (as discussed below). Stottite, with Ge oc- 
tahedrally coordinated to OH, has a higher edge-crest 
energy of 11,116.2 eV. Quartz-structure GeOz contains 
Ge in tetrahedral coordination to 0, and has a much 
lower edge-crest energy of 11,111.8 eV. The dilute 
aqueous solution produces a spectrum with an edge- 
crest energy of 11,113.O eV, which is lower than the 
values for octahedrally coordinated Ge, but higher than 
the value for tetrahedral Ge-0 coordination. As dis- 
cussed below, this value probably represents tetrahedral 
Ge-OH coordination. 

The hematite, goethite, and stottite spectra have a 
single post-crest peak at about 11,134 eV, while the 
GeOz @utile-structure) spectrum has two peaks cen- 
tered roughly around 11,132 eV. The GeOz (quartz- 
structure) spectrum has two post-crest peaks at about 
11,120 and 11,13 1 eV, and the dilute aqueous solution 
has a single peak at about 11, I27 eV. 

The Fe K-edge XANES spectra (Fig. 3, Table 2) are 
very similar for the hematite, goethite, and lepidocro- 

rable 1. Positions of Fe K-edge XANES featu?eJ (in ev). 

Edge 
pre-edge crest POBt-CWSt 

Hematite, Apex Mine 1113.9 7123.7 7129.8 7131.9 7138.3 7147.7 
Hematite, Elb8 7114.1 7123.8 1129.7 7133.1 7138.0 7147.5 
Gesthite, Apex Mine 7t13.* 7123.4 7130.0 7133.8 7137.6 7148.3 
Goetbite, Michigp 7113.8 7123.4 7130.0 7133.8 7138.0 7147.7 
Lopidocmcita, Germany 7113.6 7123.8 7130.6 - 7138.6 7147.5 

Stottite, Tsumeb 7112.3 7123.0 7127.0 7134.2 - 7145.2 

~.,tl,,,atad standvd devlations are 0.1 eV 

cite samples. All have a prominent pre-edge feature at 
about 7114 eV. which is most intense for hematite. 
Several other small XANES features are also present. 
The stottite spectrum has a much smaller pre-edge fea- 
ture, at 7 112.3 eV. The edge-crest is at a lower energy 
(7 127.0 eV), and there are two distinct post-crest 
XANES features at 7 134.2 and 7 145.2 eV. The small 
pre-edge feature and lower edge-crest energy are char- 
acteristic of Fe(II) rather than Fe(III) (WAKHIJNAS 

et al.. 1983). 

E&l FS 

The EXAFS structure functions for the investigated 
materials are shown in Figs. 4, 5 and 6. The positions 
of the peaks in these functions indicate the distances 
to nearby shells of atoms surrounding the absorbing 
atom. The sizes of the peaks are related to the numbers 
and types of neighboring atoms in the shells, as well 
as to phase interference effects. The distances shown 
in these figures have not been corrected for phase shifts. 
Numerical data for the nearest-neighbor atomic shell, 
corrected for phase shifts using the model compounds, 
are given in Table 3. 

DISCUSSION 

The great similarity in the EXAFS structure function 
curves for Ge and Fe in hematite (Fig. 4) indicates that 

Ge m hematlte 

Fe I” hematlte 

i 

1 
R (kgstroms) 

FIG. 4. EXAFS structure functions for Ge and Fe in he- 
matite. These functions are the Fourier transforms of back- 
ground-subtracted chi-functions of K-edge EXAFS data (see 
text for details). The radial distances on the figure have not 
been corrected for photoelectron phase shit? elfects. Table 1 
gives the corrected nearest-neighbor distances. 
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0. 1. 2. 3. 4. 5. 

R (kgstroms) 

FIG. 5. EXAFS structure functions for Ge in goethite and 
Fe in goethite and lepidocrocite. 

the two elements occur in the same structural site. The 
phase-shift corrected numerical data (Table 3) show 
that Ge occurs in octahedral coordination to 0, at an 
average distance of 1.875 A. This value is typical of 
an octahedral Ge-0 distance ( 1.88 17 A in rutile-struc- 
ture GeOl (average); HAZEN and FINGER, 1981), and 
is much larger than for tetrahedrally coordinated Ge 
(1.739 A in quartz-structure Ge02 (average); SMITH 
and ISAACS, 1964). The curves for Ge in stottite, 
aqueous solution, and both forms of GeOt are seen to 
differ substantially from that for Ge in hematite, due 
to the different crystal structures. 

The distance represented by the nearest-neighbor 
peak in hematite (Fig. 4) is clearly smaller for Ge than 
for Fe, due to the smaller size of Ge(IV) relative to 
Fe(II1). The distances to the outer shells of atoms, 
however, are very similar for Ge and Fe. This indicates 
that Ge substitutes for Fe essentially at random, and 
not in clusters that would significantly distort the local 
hematite structure. 

The EXAFS data for Ge in the goethite sample are 
somewhat poorer, but strongly indicate that Ge sub- 
stitutes for Fe in the structure. The lower quality of 
the data is due mainly to the lower concentration of 
Ge (and thus weaker X-ray fluorescence), and the fact 
that the sample probably contains some admixed very 
fine-grained iron oxides and hydroxides that give diffuse 

powder X-ray diffiction peaks. The Ge is in an oc- 
tahedral crystallographic site, coordinated to 0 and 
OH at an average distance of 1.879 A. 

The substitution of Ge(IV) for Fe(II1) in hematite 
and goethite requires some type of coupled substitution 
to maintain valence balance. The simplest concomitant 
substitution in hematite is Fe(U) for Fe(II1) in a nearby 
octahedral metal site, leading to the coupled substi- 
tution 2Fe(III) = Ge(IV) + Fe(I1). The similar coupled 
substitution 2Fe(III) = Ti(IV) + Fe(I1) is known to 
occur in the solid solution series hematite-ilmenite 
(FeTi03) (ISHIKAWA and AKIMOTO, 1957; LINDSLEY, 
1976). Also, as was mentioned, in the spinels magnetite, 
Fe(III)2Fe(II)04, and brunogeierite, Ge(IV)Fe(II)20., , 
complete solid solution occurs through the coupled 
substitution 2Fe(III) = Ge(IV) + Fe(II), although the 
Ge occurs in tetrahedral sites in this case. 

The presence of Fe@) at a level of 1 wt. percent or 
less, as proposed for the Apex hematite sample, would 
not produce a detectable signal in the XANES spec- 
trum, due to masking by the Fe(M). The presence of 
an Fe(U) atom replacing an Fe(N) atom in the second- 
neighbor shell around a Ge(IV) atom may, however, 

R (ingstroms) 

FIG. 6. EXAFS structure functions for Ge in several ma- 
terials. 



628 1.. R. Bernstein and G. A. Waychunas 

Table 3. Parameters derived from EXAFS data for the nearest-neighbor atomic shell. 

Ge K-edge data 
GeO2 Hematite Goethite Stottite GeO2 790 ppm Ge 

(rutile) Apex Mine Apex Mine Tsumeb (quartz) aqueous 
- 

R 1.8817 * 1.875(2)** 1.879(4) 1.879(2) 1.730(7) 1.736(3) 
CN 6.0’ 5.2(Z) 7.0(4) 5.7(3) 4.0(4) 5.3(3) 
V 0.07 0.08 0.07 0.06 0.05 0.04 
Eo 11,110.o 11,109.g 11,109.4 11,107.z 11,110.6 11,108.5 

Fe K-edge data 
Hematite Hematite Goethite Goethite Lepido- Stottite 

Elba Apex Mine Apex Mine Michigan crocite Tsumeb 

R 2.0285* 2.032(2) 2.043(2) 2.044(3) 2.064(2) 2.204(2) 
CN 6.0; 5.2(2) 6.0(2) 7.5(3) 6.7(2) 19.0(5) 
o- 0.06 0.08 0.09 0.09 0.07 0.06 
EO 7134.0 7134.2 7134.2 7134.2 7134.5 7134.3 

Abbreviations: R = average metal-ligand distance in A; CN = coordination number in 
atoms; fr- Debye-WaRer factor (see text for definition); E, = threshold energy for 
photoelectron emission in eV. 

*For the model compounds GeO2 (rutile-structure) and hematite (Elba), these 
parameters were fixed using crystal structure refinement data. Data for Ge02 (rutik- 
structure) from Hazen and Finger (1981), and for hematite from Finger and Hazen 
(1980). 

**Standard deviations in parentheses are only for the curve-fitting. Overall estimated 
standard deviations are about 0.01 A for R, 1.0 atom for CN, 0.02 for W, and 0.8 eV for 
Ro. 

be detectable in the EXAFS structure function, due to 
the size difference between octahedral Fe(E) (about 
Cl.86 A) and Fe(II1) (about 0.73 A). (The second-neigh- 
bor shell around an iron atom in hematite is composed 
of four iron atoms at an average distance of 2.95 A, 
based on the data of FINGER and HAZEN, 1980). In 
fact, the peak representing the second-neighbor shell 
in the upper (Ge) curve of gig. 4 is displaced slightly 
to a larger distance relative to the peaks in the lower 
(Fe) curves. This displacement is consistent with the 
proposed substitution of Fe(I1) for Fe(II1) in the second- 
neighbor shell. 

The goethite crystal structure is somewhat more 
complex than that of hematite, due to the presence of 
hydrogen. The discussion below uses data from the X- 
ray and neutron diffraction structure analyses of FOR- 
SYTH et al. ( 1968) and SAMPSON ( 1969). The nearest- 
neighbor shell around a metal atom in goethite contains 
three 0, atoms at an average distance of 1.95 A, and 
three O2 atoms at an average distance of 2.10 A. The 
O2 atoms are closely bonded to H, forming OH groups 
with the H ions facing away from the metal sites. Two 
metal atoms are located at distances of 3.02 A, forming 
the second-neighbor shell. Where Fe(II1) is replaced by 
Ge(IV) in the structure, valence balance is most simply 
achieved through the loss of one of the H atoms as- 
sociated with the O2 atoms. This coupled substitution 
can be expressed as Fe(II1) + H(1) = Ge(IV). Such a 
substitution would lead to stronger bonding between 
the O2 atom and the adjacent metals, causing slightly 
shorter average distances to the nearest and second 
neighbor shells surrounding the Ge(IV). A displace- 
ment to shorter distances in the peaks representing 
these shells is, in fact, observed in Fig. 5. 

Coupled substitutions similar to that proposed for 

the Apex goethite are known to occur in some am- 
phiboles. In oxy-kaersutite, for example, ITAMURA 

et al. (1975) found Ti(IV) to be enriched in the Ml 
site, in preference to Fe(IIi), Al(III), Mg(II), and Fe(U). 
This enrichment is correlated with replacement of OH 
by 0 in an adjacent 03 site, resulting in a shortening 
of the Ml-03 bond length. 

The dilute aqueous solution contains Ge having a 
first-neighbor atomic shell at an average distance of 
1.736 A, consistent with tetrahedral coordination. The 
calculated coordination number of 5.3 is slightly higher 
than expected for tetrahedral coordination, even taking 
into account the experimental errors, and may reflect 
the presence of higher-coordinated species. Disparities 
between the structure of the solution and the model 
compound, and the low concentration of the solution, 
may, however, have contributed additional errors (as 
discussed for stottite, below). The XANES data, as 
mentioned, are somewhat ambiguous, but are consis- 
tent with tetrahedral Ge(OH), groups. In addition, the 
pH of the solution (about 6.0) is consistent with the 
formation of Ge(OH)4 groups in neutral water through 
the dissociation of water molecules to produce an ex- 
cess of free H+ ions. The lack of peaks beyond that for 
the nearest-neighbor shell (Fii. 6) strongly sueejests that 
no strong complexing or polymerization takes place 
beyond the Ge(OH)4 groups. 

In stottite, Ge and Fe are found to occur in octa- 
hedral coordination, based on average Ge-OH and Fe- 
OH distances of 1.879 A and 2.204 A (Table 3). The 
very high calculated FeOH coordination number of 
19 (Table 3) probably results from the large structural 
differences between stottite and the Fe model com- 
pound hematite. It is also noted that stottite is the-only 
one of the studied minerals to contain substantial fer- 



Ge in hematite and gcethite 629 

rous iron. The smaller sample size for stottite compared 
to all the other samples may have had some influence 
as well: the smaller sample thickness would produce 
less scattering and absorption of the beam, and thus a 
higher ratio of fluorescence intensity relative to the 
intensity of the incoming beam. For this reason, thin 
samples are generally expected to produce higher signal 
to noise ratios for fluorescence data; we plan to test 
this hypothesis in future experiments. 

The Ge-OH and Fe-OH distances observed for stot- 
tite differ from those reported by STRUNZ and GIGLIO 

(196 1) in their crystal structure refinement. Their re- 
ported average Ge-OH distance of 1.96 A is much 
larger than the typical octahedral distance of about 
1.88 A, whereas their average Fe-OH distance of 2.13 
A is substantially smaller than the Fe(II)-0 distance of 
2.16 A in FeO, and 2.18 8, in FezSiOd (SHANNON, 
1976). The sum of the Ge-OH and Fe-OH distances 
is, however, nearly the same for our work and for that 
of STRUNZ and GIGLIO (196 1). Since the Ge-OH-Fe 
angle is nearly 180” in the structure proposed by Strunz 
and Giglio, it is likely that the positions of the metal 
atoms were correctly determined, but that those of the 
OH groups are in error. This would not be unusual 
for a structure refined on the basis of two-dimensional 
Patterson maps. In addition, the R (reliability) factors 
obtained by Strunz and Giglio are rather large (13- 
21%) for such a simple structure. This is consistent 
with erroneous positions for the OH groups. 

CONCLUSIONS 

1. High-resolution studies of germanium and iron 
K-edges by EXAFS and XANES spectroscopy using 
synchrotron radiation show that germanium can sub- 
stitute for iron in the octahedral metal site of hematite, 
with an average Ge-0 distance of about 1.88 A. The 
investigated sample, from the Apex Mine in southwest 
Utah, contains about 1.0 wt. percent Ge in solid so- 
lution. The solid solution probably occurs through the 
coupled substitution 2Fe(III) = Ge(IV) + Fe(I1). This 
coupled substitution is similar to the coupled substi- 
tution 2Fe(III) = Ti(IV) + Fe(II) in the solid solution 
series hematite-ilmenite. 

2. The same experimental methods indicate that 
germanium can substitute for iron in the octahedral 
metal site of goethite, with an average Ge-0 or -OH 
distance of about 1.88 A. Valence balance is probably 
maintained by the concomitant loss of an H atom from 
an OH group, through the relation Fe(III) + H(1) 
= Ge(IV). The investigated sample, from the Apex 
Mine, contains about 0.3 wt. percent Ge in solid so- 
lution. 

3. In a neutral aqueous solution containing 790 ppm 
Ge, the Ge appears to occur predominately as 
Ge(OH)*, with an average tetrahedral Ge-OH bond 
length of about 1.74 A. 

4. In the mineral stottite, FeGe(OH)b, Fe(II) and 
Ge(IV) occur in octahedral sites with average Fe-OH 
and Ge-OH bond lengths of about 2.20 A and 1.88 A. 

These lengths are reasonable for these ion&and pairs, 
but differ substantially from those reported in a pre- 
vious crystal structure refinement, suggesting the need 
for a reinvestigation of the structure. 

5. The substantial solubility of germanium in he- 
matite and goethite suggests that these common min- 
erals may host high germanium concentrations at other 
localities (a few such cases are known from the liter- 
ature). Analyses are being conducted for germanium 

on numerous iron oxide and hydroxide samples to ex- 
plore this possibility. 
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