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ABSTRACT

V-Sb-W-bearing rutile, sampled in drill cores from the Hemlo gold deposit, Ontario, was studied by single-crystal
X-ray diffraction and wavelengfh-dispersion electron-microprobe techniques, The grains studied contain up to 8 wt.9o

SbrO., 6Vo V2O3 and 5.990 WOr. Single-crystal X-ray-intensity data were collected for^Sb-rich [7,0 wt.0/o Sb2O5, a

i.iitit6), , zidsi1 Al *a w"-rictr erani t5.9 wt.% wo3, ; 4.5985(?), c 2.9616('7) 4"1. The -structures rerined to

an R of 
'1.50 

and, l.12Vo, respectively, using Z7 unique refllctions with sind/\ < l.l5 A -1. The refinements show

that the minor elements all substitute for titanium at the metal atom site. Interelement correlations in the microprobe

results are consistent with three types of substitution: 2Vi* + U/6+ - 31ia+, !3+ + Sb5+ - 2Ti4+ , and V4* -

Ti4+.

Keywords: V-Sb-W-bearing rutile, crystal structure, substituted rutile, Hemlo, Ontario.

SontNaelns

Une vari6t6 de rutile contenant V, Sb et W, pr€lev6 dans des carottes du gisement d'or de Hemlo, en Ontario, a

fait I'objet d'6tudes par diffraction i sur cristaux uniques et par analyse ir la microsonde 6lectronique en dispersion

d,6nergie. Les graini conriennent jusqu'd 890 en poidi de Sb2O5, 690 de V2O3 et 5.9V0 de WOr. Les intelsitds de

diffraciion X ont 6t6 mesur6es sui cristaux uniques d'une vari6td riche en Sb [?.090 Sb2O5, a 4.5967(6), c 2.9657(3)

Al ei d'une autre riche en W [5.990 WO3, a a,iStS(Z), c 2.9616(7) A]. Leur structure a 6t6 affinee d un rdsidu R de

l.S0etl .T2Vo,respectivement,,avec24Tief lexionsuniquesayantsind/tr< l . l5A-l.Lesr6sultatsdesaff inements
montrent que lis 6l6ments mineurs remplacent le titane sur le site de l'atome m6tallique. Les-corrdlations int€r:6l6melts

dans les r6sultats analytiques concordent avec trois schdmas de substitution;2Y3+ + w6+ - 314+, y3+ + Sbs+
- 2lia+. et Va+ - Tia+

(Traduit par la R6daction)

Mots-cl€s: rutile vanadifdre, antimonifdre et tungstenifere, structure cristalline, rutile substitu6' Hemlo, Ontario.

INTRoDUCTIoN -40 wt' Vo v2O3' At Kalgoorlie' vanadium is found

as a major element in the oxide minerals nolanite,

rhe rich sord deposirs at Kargoorrie, wesrern liffi:i.t1r',31?i]Sn.[X3::ff;,i"#;ttsAustralia, and Hemlo, Ontario, have in commo-n 
;l;;;il'; u*uOiun grossular, titanite, hem-

a close relationship between gold and vanadium. :':: 
'-:-::: '- 

--.:
The main vanadium-bearing mineral in Uot'tr loite' rutile' p-umpellyite' epidote and vesuvianite

deposits is a vanadian muscovite.ontainirrg up io !f"{:1199-lP-""^*Fleet 
1992)' Hemloite' ideallv

12 wt.alo V2o3 (Nickel 1977, Harris 1989). It showi (As,Sb)z(Ti,V,Fe,Al)12o23OH' is a new mineral that

a strong spatial association with gold mineraliza- is compositionally and structurally related to

tion; patches and bands of the bright green mineral tomichite (Harris et al' 1989)' Vanadium-bearing

are well recognized by miners as being arro.iated rutile containing up to -6 w. slo V2O3 is the principal

with particulaily high eold values. Other vanadium- oxide mineral in the Hemlo deposit, and it appears

bearing minerals common to the two deposits are to define the ore zone (Harris 1989). The rutile is
tomichite, (V,Fe)aTi3AsOr:(OH), which contains unusual in containing considerable amounts of
Ba at Hemlo, and vanadian hematite (Grey et al, antimony and tungsten, up to 8 wt.9o Sb2O5 and
1987, Nickel & Grey 1986), both containing up to 5.9 wt.qo WO3, respectively. There seems to be no

previously reported studies on naturally occurring
b.p-rt".", 

"f 
Chemistry, University of Melbourne, V-Sb-W-bearing rutile. We were interested in

Parkville, Victoria 3052, Australia. determining the oxidation states of the minor
3t9
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elements and in establishing the way in which they
were incorporated into the rutile structure, through
substitution or in interstitial sites. We report here
the results of single-crystal X-ray structure refine-
ments and electron-microprobe analyses on V-Sb-
W-bearing rutile crystals from two mines within the
Hemlo deposit.

PREvrous Sruorns oN V, Sb eNn W
rN RurlI-s-TypE STRUCTURES

The literature on incorporation of V, Sb and W
into rutile-type TiO, is sparse and is restricted to
reports of studies on synthetic materials. Both VO2
and WO, crystallize with monoclinic distortions of
the tetragonal rutile structure due to metal-metal
bonding. They form extensive solid-solutions with
TiO, at elevated temperatures (Chang et ql. 1967,
Sakata & Sakata 1967). Electron-spin resonance
studies on V-doped TiO2 confirm that V4*
substitutes for Tia+ in the tetragonal rutile structure
(Gerritsen & Lewis 1960).

There is some controversy in the literature
regarding antimony-doped TiO2. Krause (1968)
noted that incorporation of antimony into TiO2 is
very limited when the reaction is conducted in
nitrogen, but is more extensive for reaction in air.
He proposed that charge balance was maintained
in the rutile structure by a mixture of Sb3+ and
Sb5+. In a more recent study, Morita et al. (1987)
carried out studies of electron spectroscopy to
measure the binding energy of antimony in doped
rutile. Their results were interpreted in terms of
substitution of Sb3+ for Ti4*, together with
creation of oxygen vacancies. Berry and coworkers
have studied antimony doping in rutile-type TiO,
and SnOr. For doped TiO2, r2rsb Mdssbauer
spectra (Berry & Gogarty 1988) show a single
absorption peak, which was ascribed to Sb5+
whereas for aopea SnO2, the results of a neutronl
diffraction study were interpreted as incorporation
of interstitial Sb3+ even though the M6ssbauer
spectrum was found to be consistent with
predominantly Sb5* (Berry & Greaves l98l). The
problems encountered in establishing the oxidation
state of the antimony may arise from charge
transfer between Sb3* and Sbs+ (Pyke et al, 1978).

Mixed-metal dioxides with rutile-related struc-
tures have been extensively studied for combina-
tions of V, Sb and W with each other and with
other elements (Bayer 1962, Donaldson et ol. 1975),
The phase systems studied are complex and contain
variable valence states. For example, the pseudobi-
nary system VO2-WO2 contains five different
solid-solution phases that are all structurally closely
related to rutile (Israelsson & Kihlborg 1970).
Although both end-member compositions contain
M+ ,thecomposition W6.33Ve.6rO2 was shown from

a single-crystal X-ray refinement to contain W6+
and V3+ (Hodeau et al. 1978). By analogy with
W9.33V6.67O2, the composition W6.5V9.5O2 was
proposed to contain W4+, W6+ and V3+ (Nii et a/.
1979). However, in the monoclinic rutilelike
structure of A16.5W6.5O2, the tungsten was con-
firmed to be present as W5+, stabilized by W-W
bonds (Doumerc et ol. 1975).

The mixed dioxide of antimony and vanadium
has received considerable attention. Although
originally interpreted to contain Sb3* and V5*
(Vernon & Milligan l95l), studies by Mdssbauer
spectroscopy showed that the oddation states are
Sb5+ and V3* (Birchall & Sleight 1976).
Stoichiometric Ve.5Sb6.5O2 could not be prepared.
Different nonstoichiometric phases form, depend-
ing on the composition of the reaction atmosphere
(Berry et al. 1983, Birchall & Sleight 1976). An ESR
study by Sunandana (1984) confirmed the existence
of an antimony-deficient MO, tetragonal rutile
phase containing Va*, i.e., Yl!, Vj{Sbf1*Oa, X =
0.1. Antimony has been shown by Mdssbauer
spectroscopy to be pentavalent in a number of
rutile-type M0.5Sb0.5O2 and trirutile-type M6.r,
Sbo.67O2 antimonates (Wooten et al. 1974).

In mixed-metal dioxides. the formation of the
rutile structure is favored for oxidation states of
the metal atoms that give similar M-O distances
and small distortions (Bernier & Potx 1967, Hodeau
et al. 1978\. On this basis, and on the evidence
given above, the most probable oxidation states for
V, Sb and W in doped rutile are V3+ and V4+
Sb5+,  W5+ and W6+.

OccunnrNcs AND SAMpLE DEScRrprroNS

The Hemlo gold deposit is located near
Marathon on the northeastern shore of Lake
Superior, in a sequence of Archean metasedimen-
tary and volcanic rocks that form the Hemlo -
Heron Bay greenstone belt. The deposit is unique
in terms of the intense tectonic deformation of the
rock sequences and the complex suite of minerals.
The ore zone contains at least 80 million tonnes of
gold at 7,7 g/t Au and is enriched in Mo, Sb, As,
Hg, Tl, V and Ba. Details of the miheralogy and
geochemistry of the deposit and references to
regional and local geology are reported by Harris
(1989).

The ore zone is characterized in part by the
variable presence of molybdenite, green vanadian
muscovite and V-Sb-W-bearing rutile. Samples of
the latter mineral have been studied by Harris
(1989) in polished sections of material taken from
drill core from each of the three currently mined
properties, i.e., the David Bell, Golden Giant and
Williams mines. Polished sections of material taken
from drill holes TC2I8W from the David Bell mine
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at 767.5 m. and W70 from the Williams mine at
761.4 m, were kindly provided for our studies by
D.C. Harris, Geological Survey of Canada. The
rutile in these two samples contains some of the
highest levels of W and Sb recorded (Harris 1989).

Drill core TC2I8W contains particularly high
concentrations of gold, up to 100 g/t for some l-m
intersections. The main ore-zone is intersected by
the drill hole from 763.8 to 775.1m (Harris 1989).
The ore minerals are stibnite, native gold and
mercury-bearing sphalerite. They are associated
with abundant molybdenite, vanadian muscovite'
barian microcline, barite and V-Sb-W-bearing
rutile. In the polished section taken from core at
767.5 m, the rutile grains occur in a matrix of
barian microcline. Closely associated minerals are
qtJartz, pyrite and molybdenite. The rutile grains
are anhedral and irregular in shape and vary in size
from 250 x 100 pm to 30 x 30 pm. When extracted
from the polished section they are in the form of
dark brown, stubby anhedral to subhedral crystals.

Drill hole W70 is located close to the boundary
between the Williams and Golden Giant mines,
virtually in the center of the deposit, where the ore
zone is 45 m thick (Harris 1989). In the drill core,
the gold zone extends from 709 to 781 m. At -760

m, from where the polished section was taken, the
main minerals are pyrite, molybdenite, stibnite,
realgar, barite, barian microcline, vanadian mus-
covite and V-Sb-W-bearing rutile. The rutile in this
section is Sb-rich and W-poor, with Sb2O5 and WO,
contents of typically 5-8 and 0.5-1 wt.Vo, respec-
tively. The rutile grains are anhedral and oc-
casionally contain quartz inclusions. They are
commonly rimmed with titanite, as has been
previously observed for hemloite-rutile associa-
tions (Fig. I in Harris et ol. 1989). The grains range

Frc. 1. Optical photomicrograph of Sb-rich rutile in a
matrix of barian microcline. The grain contains quartz
inclusions (black) and is penetrated by needles of
molybdenite (white). The scale bar represents 100 pm.

in size from 150 x 100 pm to 50 x 25 pm. They
generally occur in a barite or quartz - K-feldspar
matrix and are locally penetrated by molybdenite
needles, as illustrated in Figure l.

ExPentMsNtat

Wavelength-dispersion (WD) analyses were
made using a Cameca Camebax electron
microprobe. The accelerating voltage used was. 20
kV, and the beam current, 15 nA. Counting time
on peaks and backgrounds was 20 s. Matrix
corrections are those of Pouchou & Pichoir (1984).
The following standards were used: CaWOa
(WIcv), Sb2S3 (SbIa), Fe2O3 (FeKcu), TiOz (TiK-cv)
and V metal (V/(a). Antimony was analyzed for

TABLE I. CRYSTAL DATA AND DETAILS OF STRUCTURE
DETERMINATION OF Sb.V.W-BEARING RUTILE
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using a PET crystal, and the other elements were
sought using a LiF crystal. Special care was taken
in selecting the background positions for the V/(a
peak to minimize interference from the adjacent
TiKB peak. Analyses on the pure titania standard
showed that the vanadium would be underes-
timated by no more thar. 2.4u/o relative. Quantita-
tive energy-dispersion @D) analyses were used to
characterize high-Sb and high-W grains used in the
crystal-structure refinemenls. The ED analyses were
obtained on a JEOL JSM 25S scanning electron
microscope fitted wirh a LINK 860 Series 2 ED
system. Samples were analyzed at 15 kV and 0.8
nA, using a counting time of 50 s. Standards were
as for the electron-microprobe analyses, with the
exception of tungsten (W metal, WMa).

Intensity data were collected on single crystals
using an Enraf-Nonius CAD4F diffractometer
equipped with a graphite monochromator and
employing MoKcu radiation (\ : 0.71069 A).
Accurate values of the unit-cell parameters were
determined from least-squares refinement of the
angular settings of 25 centered reflections with ll
< 0 < l8o. Details of the data collection are given
in Table 1. Intensity measurements were made with
the c,r - 20 mode. Three strong reflections were used
as orientation controls (every 100 reflections) and
as intensity monitors (every 9600 s). A full sphere
of data to 0 : 55o was collected for each of two
crystals. Corrections for Lorentz, polarization and
absorption were applied. The absorption correction
was numerical, based on indexing of the faces of
the crystals (Sheldrick 1976). Structure refinements
were performed using the SHELX-76 system
(Sheldrick 1976). Scattering curves for neutral
atoms, together with corrections for anomalous
dispersion, were taken from the International
Tables for X-ray Crystallography (1974).

STNGLE-CRysrAL X-RAy Sruorss

Crystals having high contents of Sb and W from
ED analyses were removed from the polished
sections and checked using the precession method.
The first crystal examined was found to be twinned
on (101) (rutile elbow twin). Subsequently, single-
crystal examples of high-W and high-Sb grains were
obtained, and sets of intensity data were collected
as described in the Experimental section and Table
l. The same procedure of refinement was followed
for both crystals and is described below for the
high-Sb crystal. The refinement was initiated using
published structural data for rutile (Gonschorek
1982) and with titanium only in the metal atom
site. The occupancy of the titanium site was
established from the ED analyses. Refinement of
coordinates and isotropic thermal parameters gave
an R value of 0.04. A difference Fourier map tr/as

calculated to check if the minor elements occupy
interstitial sites or substitute at the titanium site.
No evidence was found for occupancy of interstitial
sites; the only significant electron density occurs at
the titanium site. Refinement of the occupancy
factor, SOF, of the titanium site, atomic coor-
dinates, anisotropic thermal parameters and an
empirical extinction parameter (Sheldrick 1976) led
to convergence at R = 0.015, wR = 0.015 for all
248 reflections. The weighting scheme used was of
the form w : k/(d + 0.0001F2). The titanium
SOF refined to 0.1302(2), giving a site occupancy
of 1.042, The value is higher than 1 because of
substitution of higher-atomic-number elements for
titanium. The final refinement was repeated with
the minor elements V. W and Sb included with
titanium at the metal atom site. Their SoF values
were fixed at the numbers obtained from the ED
analyses, and their anisotropic thermal parameters
were constrained to be equal to those of titanium.
The R and wR values remained unchanged, and
the parameters were not significantly different from
the refinement with only titanium at the metal atom
site. Details of the refinement for Sb-rich and
W-rich crystals are given in Table 1. Refined
coordinates, anisotropic thermal parameters and
values of SOF are given in Table 2. The observed
and calculated structure-factors have been sub-
mitted to the Depository of Unpublished Data,
CISTI, National Research Council of Canada,
Ottawa, Canada KlA 0S2.

ErrcrnoN-MrcRoPRoBE DATA

Following the preliminary survey of rutile grains
using ED analyses to select crystals for structure

TABLE 2. FRACTIONAL ATOMIC C1)ORDINATBS. ANISOTROPIC
THERMAL PARAMETBRS' AND SITB OCCUPATION
FACTORS (SOD

PumRudlel

M€tal (0,0,0)

Refin€d SOF for fitanim
etretal site. 0.1321(9) 0.1302CI) 0.125

uu(=uza)
U::
utz

Oxygen (:rrr0)

0.00784c0 0.00698(0 0.00668(4)
0.00633(9) 0.00587(8) 0.00481(7)
0.00008(3) 4.00m8@) {.00012(3)

x 0.30469CD 0.30474(0 0.30491(t
urr (=uz) 0.00c1301) 0.00604(10) 0.00531(0
U:: 0.0058104) 0.00504(12) 0.m40(1)
Urz 4.00205(12) -0.m196(10) -0.00180)

' rhe ternpsffi m bro the rom expf-2az 3 3 uU rrt rr1 { 4l
( iEr Fr 

')

1 For ompuisn, the pretas fu pm nt'rle (GonschorcL 1982) are given
in &elast@lw.
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TABLE3. CHEMICALCOMPOSIIION(WDELECTRON.MICROPROBBDATA) OF
SB-V-W-(FE).BEARINC RUTILE

(a) Polished block IIEMLO TECK ID18W 767.5n

r 2 3 4 5 6 7 l 1

9,.r1 C7.6 C7.42 n:71 %J8 9.12 9830 9E.?4 9.E3 99.11 t.85 9,.89

O) Polished block LAC W70 761.4n

r.10 0.45 0.51 0J9 0.89 0.61 020 0.91 0-67 0.32
424 493 326 3.9 3n 3.98 230 3.06 2.58 4.r4

87.19 8835 90.30 &J0 N.l1 86 nJ2 8E.44 88.98 85.89
7.65 7.43 5.y2 5.05 533 7.v2 43r 4n 4.:!6 6:73
0.05 0.05 0.02 0.m o.o2 0.0E 0.04 0.04 0.m 0.m

98.05 1m.04 1m23 1m31 l@.m 97.y 9.63 98.{2 9951 yt.22 96.59 97.m

323

t2

WO: 524 3.01 lJ? 4.91 425 1.50 5n 5.m 1.9 5.16 1.48 5-62
VzOr 4.47 33t 251 3.y2 3.64 255 4.18 5.10 3.09 5.42 2.70 4.E6
llo2 86.66 87.87 89.?0 8541 85.24 91.4r E5.43 85.60 91.02 85' 89.81 86.11
Sb2Oj 2-85 2A3 329 2J6 3.03 3.23 2.6 2.8r 3.45 3.05 3.60 2.43
FeO 056 ojl 036 0.71 0.63 0.y On 0A 033 0.21 0n o.ra

l l

WO: 0J2 0.49
vloj \K 3.61
Ilq 89.43 E8.62
Sb2OJ 5.03 730
FeO 0.U2 O.Vz

Concentrations are reporled in wr7o.

refinements, a systematic electron-microprobe
analysis of all rutile grains in the two sections
supplied was undertaken using WD. A selection of
these results is presented in Table 3. The full set of
data has been deposited (see previous section).

The presentation of the results as oxides TiOr,
WO3, V2O3, Sb2O, and Fe2O3 is consistent with
determinations of valence states from the
microprobe results (see Discussion). In sample
W70, the SbrOr content of the rutile is high,
averaging 5.9 wt.9o. Harris (1989) has noted that
the W70 drill hole contains a number of antimony-
rich ore minerals, including stibnite, tetrahedrite,
zinkenite and aurostibite. The V2O3 content
averages 3.5 wt.Vo, whereas the average WO3
content is only 0.7 wt.Vo.In contrast, the TC2l8W
sample has a relatively high average WO3 content,
3.9 wt.9o, with individual values ranging from 1.5
to 5.3 wt.Vo. The average SbrOr content, 3.0 wt.Vo,
is lower than in the W70 sample. The Sb2O5 content
varies over a relatively narrow range, 2.7 to 3.6
wt.Vo. Both Sb in W70 and W in TC218W show
strong positive correlations with V, as discussed
below.

DISCUSSIoN

The single-crystal refinements of the structure of
Y-Sb-W-bearing rutile confirm that the minor
elements all substitute for titanium in the rutile

structure. As seen from Table 2, the refined
parameters for the W-rich and Sb-rich rutiles are
very similar to those for synthetic TiO2; the major
difference lies in the U33 parameter, which is
20-30s/o higher for the natural rutile. The thermal
parameters are consistently higher for the W-rich
rutile. This is at least in part due to inadequate
modeling of absorption for the less regularly
shaped W-rich crystal; compare the R*" values in
Table 1. The increase in the mean-square displace-
ments for M and O is only of the order of 0.005
A, indicating that the metals substituting for
titanium have closely matching sizes. This is
consistent with the conclusion drawn in the
Previous Studies section that the most likely
oxidation states are Sb5+, w5+ or W6* and V3+
or V4+

Information on charge-coupled substitutions for
Tia+ (e.g., V3+ + W5+ * 2Ti4*) and hence
oxidation states, can be obtained from the
electron-microprobe data by plotting [M1] verszs
[M2] atom fractions. These are illustrated iir Figures
2a and b for the W-rich and Sb-rich rutile,
respectively. It is clear that the lYl versus [W] data
for W-rich rutile lie along a line of slope 2'
corresponding to a coupled substitution of the type
2Y3* + w6+ - 3Ti4+. The IYI versus [Sb] data
for Sb-rich rutile show greater scatter, and they lie
more closely along a line of slope l, corresponding
to the coupled substitution V3+ + Sb5+ - 2Tia*.
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In both cases, the lines have to be translated parallel
to the [V] axis to give a good fit to the data points.
The intercept on the [V] axis corresponds to the
amount of V needed to compensate for the average
content of the other minor element (Sb in W-rich
rutile and vice versa). In Figures 2c and d, this has
been taken into account by plotting [V-Sb] versas
[W] and [V-2W] versas [Sb]. The corrected data
for the W-rich crystals are modeled satisfactorily
by a line of slope 2 passing through the origin. A
regression analysis gives the equation tv-Sbl :
0.002(3) + 1.89(16)[W] (R : 0.95). Forrhesb-rich
rutile, the data points lie consistently to the high-
tV-2Wl side of the line of slope I through the
origin. This may be explained by a variable amount
of V4+, as proposed for nonstoichiometric VSbOa

FIc. 2. Element-element plots (atom fractions) of electron-microprobe data for
W-rich rutile (a and c), and for Sb-rich rutile (b and d). The atom fracrions
have been normalized to EtMl = l.
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lsbl

(Birchall & Sleight 1976). The very low levels of
iron in the rutile were not considered, but by
analogy with other reported examples of iron-bear-
ing rutile (Putnis 1978), the iron is expected to be
trivalent.

The V-Sb-W-bearing rutile is a solid solution
involving the end members WV2O6, VSbOa and
TiO2, together rpith minor VO2 in the Sb-rich
samples. Using published unit-cell parameters for
TiO2 (Abrahams & Bernstein l97l), WV2O6
(Hodeau et ol. 1978) and VSbOa (Berry et al. t983),
the parameters were calculated for the two crystals
used in the structure refinements. Notwithstanding
the possibility of errors due to nonlinear mixing
(Newton & Wood 1980), the calculated values agree
with the refined values given in Table I to within

0.01

3
N

I

E 0.04
a!
a o.os

0.06

0.05

0.04

0.03

0.02

0.01

0
0.04

Itvl

c
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0.001 A, confirming the observed anisotropic
change in the cell dimensions (a decreases whereas
c increases from the W-rich to the Sb-rich crystal).
The general formula for V-Sb-W-bearing rutile can
be wriften as W6+ o.rrr"Sbs 

* 
0.5y(v3 

*,F€3 +)o.oor"+ 
o.sy

(Ti4+ ,v4+ )l-*_yo2.
It is interesting to note that rutile and hemloite,

which are both Sb-containing titanates found in
close proximity in the Hemlo deposit, have
antimony in the pentavalent and trivalent oxidation
states, respectively. Evidently, the different oxida-
tion states of the same element occurring in
coexisting oxides reflect the different site-stabiliza-
tion energies in the two structures.
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