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ABSTRACT

Two compositionally and petrographically distinct populations of ilmenite-ecandrewsite solid solution, FeTiO3 — ZnTiO;3,
coexist in a kyanite-bearing schist from the Black Mountains, Death Valley, California. The first population is extremely zinc-rich
and has the stoichiometric formula (Zng 17 g1F€g 18 0.64Mng o1)TiO3. Single grains span the entire compositional range. The
mineral is orange-brown in transmitted light, and occurs both as inclusions in garnet and as an abundant phase (~3-5 modal %} in
the matrix. The second population is opaque in transmitted light, occurs exclusively as a matrix phase, and has the stoichiometric
formula (Zng g 15Feq g5_0.08MNy 010.02) TiO3. Single grains are generally homogeneous, but there is compositional variation among
grains. The paragenesis of zinc-bearing ilmenite solid-solution in metapelitic rocks is problematic. Thermodynamic calculations
and comparison with other reported occurrences indicate that ilmenite with greater than a few mol% ZnTiO; component in
metapelitic rocks should be metastable relative to gahnite + quartz -+ rutile over the range of geologically relevant conditions of
regional metamorphism.
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SOMMAIRE

Deux membres de la solution solide ilménite — ecandrewsite (FeTiO;~ZnTiO3), distincts non seulement en composition mais
aussi en aspects texturaux, coexistent dans un schiste 2 kyanite provenant des Black Mountains, Death Valley, Californie. Le
premier groupe est riche en zinc et répond 2 la formule stoechiométrique (Zng 17.4.81F¢0.18-0.64Mng 01)x1.00Ti03. Un seul grain
peut contenir I'intervalle complet de compositions. Le minéral est orange brunétre en lumidre transmise, et se trouve en inclusions
dans le grenat et comme phase répandue (~3—5% par volume) dans la matrice. Les grains du second groupe sont opaques en lumiére
transmise, se trouvent seulement dans la matrice, et répondent 2 la formule stoechiométrique (Zng g 1oFeq g5-0.9sMngo1-
0.02)51.00Ti03. Chaque grain est homoggne, en général, mais nous décelons une variation parmi les grains. La paragenese de la
solution solide (Zn,Fe)TiO; dans les roches métapélitiques est énigmatique. Les calculs thermodynamiques et une comparaison
avec les exemples pris de la littérature montrent que 'ilménite ayant plus de quelque pourcents du pdle ZnTiO; dans les roches
pélitiques devrait 8tre métastable par rapport A I’assemblage gahnite + quartz + rutile dans un intervalle réaliste de conditions du
métamorphisme régional.

(Traduit par la Rédaction)

Mots-clés: zinc, ilménite, ecandrewsite, roches métapélitiques, Death Valley, Californie.
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INTRODUCTION

We report anew occurrence of ilmenite-ecandrewsite
solid solution from a kyanite-bearing schist from Death
Valley, California; compositions range from FeTiO;
(ilmenite) to (Zngg,Fey 1sMny)TiO; (ecandrewsite).
Zincian ilmenite (<50 mol% ZnTiO;) and ecandrewsite
(>50 mol% ZnTiOs) have previously been reported from
four localities (Table 1), which involve metasedimen-
tary rocks. Because ilmenite typically is not a host of
significant amounts of zinc in metamorphic rocks, the
paragenesis of zincian ilmenite — ecandrewsite solid
solution is of interest.

GEOLOGICAL SETTING

The metapelitic rocks that are the focus of this study
form a minor (<0.1%) part of the footwall of the
Badwater Turtleback core complex in the Black Moun-
tains of Death Valley (Fig. 1). Metamorphic episodes in
the Precambrian, Mesozoic, and Cenozoic (late Tertiary)
are inferred to have been important in the history of these
rocks (Wright ez al. 1991). In addition to the kyanite-
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TABLE 1. LOCALITIES AND COMPOSITIONS OF ZINCIAN ILMENITE

AND ECANDREWSITE
LOCALITY COMPOSITION ROCK  REF.
TYPE
Broken Hill, NSW quanz 1
(Hores Gneiss)  (Znp.soFe0.24Mng,17)TiO3 schist
(Parnell Fm) (Znp 0-0.41Fe0.51-1.0Mng,0..05) TiQ3 2
San Valentin, Spain  (Zng,55.0.69F€0.19.0.30Mn0,100.13)TiQ3  oxide- 1
sulfate
ore
Fuzhou, China (Z00.01-0.14F€0.24-0.53Mn0.24.0.50)TIO3  granite
(in vugs)
Namaqualand, South  (Zng.04-042F€0.39.0.78Mn0,10.22)TiO3  quartz- 4
Africa gahmte-.
spessartine
rock
Death Valley (Zng,17.0.81F¢0,18.0.64Mno,01) TiO3 kY};‘;\it‘e 3
sehs!

(Zng 01-0.12F€0.85-0.98Mn0,01-0.02)TiO3

references: 1 = Birch et al. (1988), 2 = Plimer (1990), 3 = Suwa ez al. (1987),
4 =].M. Moore, written communication (1992), 5 = present study.

bearing pelitic schist, other metamorphic rocks of the
footwall are mylonitic quartzofeldspathic gneiss, grani-
tic pegmatite, and marble. The age of the gneiss, marble,

DR N Y Y YA

F16. 1. Generalized map of the central Death Valley region, showing the approximate location
of the outcrop bearing the zincian ilmenite — ecandrewsite solid solution (small box).
BW: Badwater Turtleback, CC: Copper Canyon, MP: Mormon Point.
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and pelitic rocks is Precambrian, but the pegmatites may
have been emplaced during a late Tertiary episode of
extension (Miller 1991).

ANALYTICAL METHODS

Electron-microprobe analyses were carried out with
aJEOL 733 microprobe at the University of Washington
using an accelerating voltage of 15 kV and a sample
current of 20 nA. Both Bence-Albee (Bence & Albee
1968, Albee & Ray 1970) and ZAF correction methods
were used, although only results obtained using the
Bence—-Albee method are reported in this paper. Miner-
als analyzed were ilmenite—ecandrewsite, garnet, biotite,
muscovite, chloritoid, kyanite, and staurolite. Whole-
rock X-ray-fluorescence analyses were performed at
Washington State University (sample TB89-105) and at
the University of Calgary (samples TB89-105b, TB91-
la).

The unit-cell dimensions of an ilmenite grain contain-
ing 10 mol% ZnTiO, were derived from centering the
positions of 25 peaks with a Syntex P1 single-crystal
X-ray diffractometer at the University of Washington.
Attempts to isolate a suitable (largely unaltered) grain of
ecandrewsite for X-ray study were unsuccessful.

PETROGRAPHY AND MINERAL COMPOSITIONS

The outcrop of metapelitic schist in the Badwater
Turtleback is compositionally layered on a meter scale.
All Jayers examined contain (Zn,Fe)TiOs, but only one
layer was found to contain nonopaque ilmenite—ecan-
drewsite solid solution. Because single grains range in
composition from ilmenite (<50 mol% ZnTiO;) to
ecandrewsite (>50 mol% ZnTiO;), we refer to the
nonopaque grains as ilmenite-ecandrewsite solid solu-
tion. In this layer, ilmenite—ecandrewsite coexists with
a second population of opaque ilmenite (hereafter
referred to as zincian ilmenite) that is less enriched in
zinc than the nonopaque ilmenite—ecandrewsite. Sam-
ples TB89-105 and TB91-1a were collected from this
layer. Other minerals present are kyanite, garnet, mus-
covite, quartz, monazite, biotite, chlorite (secondary),
graphite, zircon, and titanite. Other layers in the same
outcrop contain zincian ilmenite but lack ilmenite—ecan-
drewsite, and consist of chloritoid, twinned rutile, and
relict zincian staurolite in addition to the above-listed
minerals. Sample TB89-105b was collected from this
layer.

Table 2 shows whole-rock compositions (major and
trace elements) for the three samples listed above, as
determined by X-ray fluorescence. The mineralogy and
petrology of the outcrop are described below.

llmenite—ecandrewsite solid solution

In sample TB89-105, this type of ilmenite makes up
3-5 modal % of the rock, as determined by point-count-
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TABLE 2. WHOLE-ROCK
COMPOSITIONS*

TB89- TB89- TBI1-

105**  105b§ lag

Si0s 5099 4605 4943
TiOy 1.44 121 1.95
AbO3. 2773 3251  30.39
FedO3  10.39 924 9.16
MnO 0.12 0.37 0.11
MgO 0.61 0.79 0.76
CaO 0.17 0.38 0.08
Naz0O 041 0.80 043
K20 494 5.21 5.11
P05 0.08 0.10 0.06
LOI nd. 2.84 3.7

total 96.89  99.50 101.19
Ni 37 17
Cr 121 160 192
Sc 37 n.d. nd.
v 198 237 330
Ba 663 1180 588
Rb 148 119 164
Sr 110 244 92
Zr 258 212 396
Y 69t 176 57
Nb 40t 21 48
Ga 37% 37t 50t
Cu 54 n.d. .d.
Zn 520% 495+
Pb 512% 76%
La 86 75
Ce 198 nd. nd.
Th 25 24 31
* obtained by x-ray fl
** jimenite-ecandrewsite-bearing.
§ zincian ilmenite-bearin;
¥ ilmenite-ecandrewsite-
T values are beyond the cah‘brauon range

for the standard used in analysis.

LOI = loss on ignition;
n.d. = not determined.

ing 1000 points on a standard thin section. Unlike other
examples of zincian ilmenite or ecandrewsite reported
in the literature (Birch er al. 1988, Plimer 1990), the
ilmenite-ecandrewsite from Death Valley is not opaque;
it is deep orange-brown in transmitted light, uniaxial,
and optically positive. The translucence may be caused
by dilution of high-absorption Fe?* with zero-spin Zn%*.

Grains of ilmenite—ecandrewsite are relatively large
(up to 1 mm), and typically occur as polycrystalline
aggregates (Figs. 2a, b). Most of the grains in the Death
Valley schist are associated with garnet, either as
inclusions (Fig. 2¢) or intergrowths with garnet (Fig. 2d).
Some matrix grains are intergrown with kyanite. Mona-
zite, muscovite, and titanite (rare) are present as inclu-
sions. Because abundant grains of ilmenite—ecan-
drewsite occur in the matrix, and because garnet
containing ilmenite—ecandrewsite inclusions are exten-
sively fractured and disaggregated (Figs. 2c¢, d), these
inclusions are not interpreted to be an early-formed
phase.

Back-scattered electron (BSE) images illustrate the
extent to which ilmenite—ecandrewsite grains in the
Death Valley schist have been replaced by a Fe—Ti phase
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FIG. 2. lmenite—ecandrewsite from sample TB89-105. The grain in (a) appears lighter than the grain in (b) because it is from a
thinner part of the thin section. The light-colored inclusion in (b) is monazite. Symbols: grt garnet, ky kyanite, ms muscovite,
qtz quartz. (¢) Ilmenite-ecandrewsite (ec) inclusions in garnet (grt). (d) llmenite—ecandrewsite intergrown with garnet. Scale
bars: 100 um.

or phases (Figs. 3a—d) containing minor amounts of Zn
(04 wt% Zn0O). Microprobe analyses suggest that this
material may consist primarily of goethite + rutile.
Attempts to identify the alteration phases by powder
X-ray diffraction were unsuccessful because of an
insufficient amount of sample. Most grains of ilmenite—
ecandrewsite are rimmed by alteration phases, which
also are present along cracks (Figs. 3a, b). Some grains
have been almost completely replaced (Fig. 3d).
Because ilmenite—ecandrewsite and the alteration
material are not easily distinguished in transmitted light,
they were considered to be a single phase during point
counting. The observation that the alteration phases lack
substantial amounts of zinc is consistent with the
inference that the whole-rock value for zinc (~500-975
ppm; Table 2) is lower than would be predicted for arock
containing 3-5 modal % of unaltered zincian ilmenite or
ecandrewsite of the compositions observed in this rock.
The ilmenite—ecandrewsite solid solution in the Death
Valley pelitic schist ranges in composition from 17 to 81
mol% ZnTiO; (Table 3). Titanium content varies from
4810 54 wt% TiO,, but is essentially constant at one atom
p.fu., indicating that there is very little Fe** in the

ilmenite-ecandrewsite. Grains are irregularly zoned
with respect to iron and zinc (Fig. 4). Single grains vary
by as much as 47 mol% ZnTiO;, although within any
single “patch” of ilmenite (surrounded by alteration
material), the maximum variation is 26 mol% ZnTiO;.

Compositional profiles illustrate that the zinc content
increases at contacts with alteration material (i.e., at the
rim and along cracks: Fig. 4). The increase in zinc near
the rim and adjacent to cracks also can be observed in a
BSE image (Fig. 5) of part of the grain shown in Figure
3a. The relation between zoning and the location and
orientation of fractures in the ilmenite-ecandrewsite
indicates that zoning is related to alteration. Although
the highest contents of zinc do not represent primary
compositions, the bulk zinc content of the ilmenite—
ecandrewsite must have been high prior to replacement.

Figure 6 illustrates the nearly perfect one-for-one
substitution of zinc for iron over the entire compositional
range of the ilmenite—ecandrewsite series, indicating
that there is essentially complete solid-solution between
the iron and zinc end-members of the ilmenite group.
Minor concentrations of manganese account for the
slight deviation from the Zn = Fe line.
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FIG. 3. (a) Back-scattered electron (BSE) image of ilmenite—ecandrewsite (white; see photomicrograph in Fig. 2b) showing partial
alteration to Fe~Ti phase(s) (various shades of gray). Note the “layered” structure and variation in intensity of brightness of
the alteration material, indicating compositional variation. The “patch” of ilmenite on the right in the lower grain is imaged in
more detail in Figure 5. (b, ¢) BSE images of grains shown in Figures 2a and d, respectively. (d) Former grain of ilmenite
almost completely replaced by zinc-poor alteration material. The upper grain is intergrown with garnet. Scale bars: 100 pum.

Zincian ilmenite

In the Death Valley schist, ilmenite that is pet-
rographically and compositionally distinct from the
ilmenite—ecandrewsite is present, and is referred to here
as zincian ilmenite. The zincian ilmenite coexists with
ilmenite—ecandrewsite and also occurs in chloritoid-
bearing layers that lack ilmenite—ecandrewsite. Such
ilmenite is opaque and ranges in composition from 0 to
12 mol% ZnTiO, (Table 4). Individual grains are nearly
homogeneous (average AZnTiO; <2 mol %; maximum:
7 mol %), but there is variation in composition among
grains (Table 4). The unit cell of a single crystal with the
composition FeygoZng oMng TiO; is a 5.064(2), ¢
14.057(6) A.

Although there is no overlap in composition between
the ilmenite—ecandrewsite solid solution and zincian

ilmenite, there is nearly a continuum in composition
between the two populations, from <1 to 81 mol%
ZnTiO, (Fig. 6). Compositions of zincian ilmenite and
ecandrewsite from Australia and Spain (Birch ez al.
1988, Plimer 1990) also span a significant compositional
range (Table 1). This range suggests that, as noted above,
complete isomorphic solid-solution between the iron
and zinc end-members of the ilmenite group is possible.

Garnet

The garnet is almandine-rich (~87 mol%); the grains
are essentially unzoned (Table 5). It contains trace
amounts of zinc (less than 0.13 wt% ZnO; Table 5), and
there is no detectable change in zinc content in the garnet
adjacent to ilmenite—ecandrewsite. Grains of garnet are
extensively fractured, embayed, and have been partially
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TABLE 3. REPRESENTATIVE COMPOSITIONS OF

ILMENITE-ECANDREWSITE*

la b e 1d le 1f 1g 1h 1j
Ti0p  50.01 53.11 51.05 48.47 53.08 52.07 53.89 53.02 50.24
AbO3 004 003 000 004 000 003 001 001 001
FeO 1534 28.85 17.64 831 2489 21.00 3650 3347 12.37
MnO 0.61  0.62 .55 062 059 063 072 0.69 0.65
MgO .09 . .09 008 009 009 006 006 009
ZnO 3408 17.19 30.60 43.17 2149 26.07 895 13.27 36.67
ol 100.2 99.88 99.93 100.7 100.1 99.89 100.1 100.5 100.0
cations
Ti 099 1.02 100 097 102 101 102 101 1.00
Al 0.00 000 0.00 000 000 0.00 000 000 0.00
Fe 0.34 062 039 0619 053 046 077 071 027
Mn 001 001 001 001 00! 00! 002 002 002
Mg 0.00 000 000 000 0.00 000 000 000 0.00
Zn 0.66 032 059 085 041 050 017 025 0.71
mol%
Im§  33.20 64.38 38.87 17.61 5577 46.85 80.69 7278 27.13

Prn 134 141 124 134 135 143 162 153 145
Ecd 65.10 33.87 59.52 80.73 42.51 51.35

* All analyses are from a single grain in sample TB89-105 that spans the entire
compositional range exhibited by all analyzed grains. Trace amounts of Si,
Nb are present; Cr not detected.

§ Ilm = ilmenite (Fe) component; Prn = pyrophanite (Mn) component; Ecd =
ecandrewsite (Zn) component.

replaced by chlorite and sericite. Extensive staining by
hematite occurs along fractures, In TB89-105, ilmenite—
ecandrewsite is the most abundant inclusion in garnet
(Fig. 2c), although rare inclusions of quartz also are
present. In the chloritoid-bearing layer (TB89-103b),
garnet contains inclusions of staurolite (Table 6).

50

40 1

301

201

wt% ZnO

10 7

alteration material —

0 L sl
T T T T L} T
0.00 0.03 006 0.09 0.12 0.15 0.18

distance (mm)

THE CANADIAN MINERALOGIST

Biotite

Pale brown biotite is confined to thin discontinuous
layers in the ilmenite—ecandrewsite-bearing sample (<2
modal % of the rock); it contains only trace amounts of
zinc (<0.10 wt% ZnO; Table 6). Some grains of biotite
have been altered to chlorite, which makes up 3—4 modal
% of the rock. In addition to a lack of textural evidence
for equilibrium between garnet and biotite, anomalous,
unreasonable results of garnet-biotite geothermometry
suggest that garnet and biotite are not in equilibrium (see
below).

Muscovite

Muscovite makes up almost 40% of sample TB89-
105, and is the most abundant mineral in the rock. It
occurs both as coarse grains and as fine-grained aggre-
gates that may represent a pseudomorph after plagio-
clase (there is no plagioclase in the rock at present).
Microprobe analyses indicate that the muscovite con-
tains substantial amounts of Ti (nearly 2 wt% TiO,), as
well as Fe and Mg, but no zinc (Table 6).

Kyanite

Kyanite is abundant in sample TB89-105 (11 modal
%). Microprobe analyses indicate the presence of 0.12—
0.38 wt% Fe,0;. Kyanite is generally unaltered, but
some grains are rimmed by sericite, and contain inclu-
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=\ alteration material —%
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0.05 0.10 0.15 0.20

distance (mm)

FiG. 4. (a, b) Composition profiles of ilmenite-ecandrewsite. Note that the Zn content of ilmenite—ecandrewsite increases near
contact with low-Zn alteration material. Zn “spikes” in interior of the grains correspond to compositions obtained near cracks
filled with alteration material. The Zn content of the alteration material in (b) may be artificially high near ilmenite-ecandrewsite

because of interference effects.
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F1G. 5. Back-scattered electron image illustrating Fe-Mn zoning
in part of the ilmenite—ecandrewsite grain shown in Figures
2b and 3a. Lighter areas are the most zinc-rich. The black
area surrounding the image is Zn-poor alteration material.
Scale bar: 100 pm.

sions of muscovite. Some grains are intergrown with
ilmenite—ecandrewsite.

Staurolite

Fe-rich staurolite containing 3 wt% ZnO (Table 6) is
present as relict grains in the chloritoid + zincian
ilmenite-bearing layer (TB89-105b); no staurolite was
observed in the ilmenite-ecandrewsite-bearing layer
(TB89-105). The staurolite in TB89-105b is interpreted
to be relict because it occurs as inclusions in chloritoid

100
o flmenite-
o 8ol ecandrewsite
O ] ® zincian
= flmenite
60 |
iy
* al
]
E 20}
o " 1 - 1 i i i 1 "
0 20 40 60 80 100
mol % ZnTiOg

FIG. 6. Graph of mol% FeTiO3 versus ZnTiO; in both types of
ilmenite from the Death Valley schist. Solid line: perfect
one-to-one substitution of Fe and Zn. Slight deviation of
data from the solid line is the result of the presence of small
amounts of Mn.
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TABLE 4. REPRESENTATIVE COMPOSITIONS OF

ZINCIAN ILMENITE*
1 2 3 4 5 6 7
52,56 5236 5243 5257 52.49

MnO 092 061 059 061 068 061 057
MgO 007 008 019 019 015 017 014
n0 2.81 1.00 647 543 026 010 058
total  100.08 100.14 99.70 100.39 99.89 100.08 100.13
cations

Ti 1.01 1.00 100 1.00 100 100 100
Al 000 0.00 000 000 000 000 000
Fe 091 097 085 088 098 098 097
Mn 002 0.0t 001 001 002 001 001
Mg 000 0.00 001 001 001 001 001
Zn 005 002 012 010 001 000 0.01
mol%

Hm§ 92.41 96.51 8577 87.89 97.52 97.89 97.18
Prn 2.01 1.31 129 131 146 130 123
Ecd 530 190 1227 1006 050 020 L10

* Each analysis from a different grain in TB89-105.
§ Ilm = ilmenite (Fe) component; Prn = pyrophanite (Mn) component;
Ecd = ecandrewsite (Zn) component.

and garnet, and as small, irregularly shaped grains in the
matrix.

P-T CONDITIONS
The ilmenite—ecandrewsite-bearing layer in the Death

Valley schist lacks suitable equilibrium assemblages for
geobarometric determination, but the chloritoid-bearing

TABLE 5. REPRESENTATIVE COMPOSITIONS OF
GARNET FROM SAMPLE TB89-105

1-C§ IR 2-C 2R 3-C 3-R

Si0p 3620 36.09 3624 3601 36.65 36.63
TiOz 005 005 005 036 005 007
AhOs 2111 2119 2091 2120 21.31 2121
FeO  38.82 3894 3880 3871 3840 3?32

toral  100.10 100.12 99.96 100.06 100.38 100.20
cations

Si 295 294 29 294 297 297
Ti 000 000 000 002 0.00 000
Al 203 204 201 204 203 203
Fe 265 266 2.65 264 260 261
Mn 007 007 007 008 007 007
Mg 030 030 031 028 031 029
Ca 0.02 002 003 002 003 002
Zn 010 001 001 001 001 0.01
mol%

Alm* 8671 86.94 8648 8723 86.34 87.02
Sps 236 236 231 254 240 244
Pyr 993 972 1018 921 1027 9.64

Grs 076 076 084 079 082 071

§ C=core; R =rim,
* symbols of Kretz (1983).
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TABLE 6. REPRESENTATIVE COMPOSITIONS OF ADDITIONAL MINERALS

biotite  musco- staurolite staurolite gamet  gamet chloritoid
vite (incld) (matrix)  {(core) (rim)
Si0y 3242 4692 2824 2850 3727  36.84  24.85
TiOy 1.38 1.81 0.59 0.58 0.16 0.05 0.00
AlbOs 1645 3333 5375 5311 2095 2077 40,96
FeO 29.39 1.48 11.77 11.02  35.76 3597 2490
MnO 0.09 0.00 0.08 0.09 1,94 2.73 0.20
MgO 5.44 0.76 1.23 1.34 3.03 2.12 2.57
Zn0 0.08 0.00 2.72 3.40 0.00 0.00 0.00
Ca0 0.09 0.00 0.00 0.00 1.14 1.17 n.a.
NaxOQ 0.00 0.26 0.00 0.00 na. na. n.a.
K20 8.45 10.35 0.00 0.00 n.a. n.a. n.a.
1.40 0.00 n.a. n.a. n.a. n.a. n.a.

F 0.09 0.00 n.a. na. na. na. n.a.

toral 9528 9491 98.38  98.04 10025 99.65  93.28
basis: 22 atoms of oxygen 47 atoms of oxygen 12 atoms of oxygen
Si 5.31 6.27 7.99 8.01 3.00 3.00 2.03
Ti 0.17 0.18 0.12 0.12 0.00 0.00 0.00
Al 3.18 5.24 17.92 17.80 1.99 200 3.95
Fe 4.03 0.17 2.78 2.62 2.41 X 1.69
Mn 0.01 0.00 0.02 0.02 0.13 0.01
Mg 1.33 0.15 0.52 0.57 0.36 0.31
Zn 0.01 0.00 0.57 0.71 0.00 0.00
Ca 0.02 0.00 0.00 0.00 010 010 e
Na 0.00 0.07 0.00 0.00 N
K 1.77 1.76 0.00 0.00 e
Cl 0.38 000 e e e e e
F 0.05 000 e e e e e
X%
Fe 0.667 0.715  0.668  0.802 0817  0.838
Mg 0.220 0.134 0145 0121 0.856  0.155
Zn 0.002 0.147  0.181 0.000  0.000 0.000

* Mole fractions calculated as follows: biotite: M/(Fe + Mn + Mg + Ti+
Al + Zn); staurclite, chloritoid: M/(Fe + Mn + Mg + Zn); garnet:
M/{(Fe + Mn + Mg + Ca), where M represents Fe, Mg, Zn.

layer contains the assemblage garnet — rutile — alumi-
nosilicate — ilmenite — quartz (GRAIL), which may be
used to estimate pressure of metamorphism (Bohlen et
al. 1983). The activity of almandine in garnet was
calculated using the model of Berman (1990), and the
activity of FeTiO; in ilmenite was calculated assuming
ideal mixing between FeTiO,; and ZnTiO;. At 500-
600°C (see below), the calculated pressure is 7 + 1 kbar.
Because the ilmenite—ecandrewsite-bearing layer is pre-
sent in the same outcrop, this pressure is inferred for it
as well. The calculated pressure is in accord with values
of 6.5 £ 1 kbar obtained for Mesozoic metamorphism of
kyanite-bearing rocks in the northern Funeral Range
(Fig. 1) (Labotka & Albee 1988).

Because garnet and biotite are not in equilibrium in
the Death Valley schist, it was not possible to calculate
a reasonable temperature of metamorphism using gar-
net-biotite geothermometry. Garnet—ilmenite ther-
mometry (Pownceby et al. 1987), which is based on
Fe-Mn exchange between garnet and ilmenite, gave
similarly unreasonable (>2000°C) results, perhaps be-
cause of the small amount of Mn present in garnet and
ilmenite. However, an estimate of minimum temperature
of 500°C (assuming ideal mixing in staurolite and
chloritoid) is indicated by the reaction

2 staurolite -+ quartz + 2H,0 = 4 chloritoid + 5 Al,SiOs (1)
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which has a steep slope in P-T space. The position of
this reaction was calculated using mineral compositions
from the Death Valley pelitic schist and the program
GE@-CALC (Berman et al. 1987).

The maximum temperature is constrained by the
absence of sillimanite. Assuming that pressure did not
exceed 7.5 kbar, the temperature could not have ex-
ceeded 675°C, which is somewhat lower than tempera-
tures estimated for the ecandrewsite-bearing rocks from
Broken Hill (Plimer 1990).

DiScUSSION

Ilmenite—ecandrewsite solid solution is the only
mineral that hosts substantial amounts of zinc in the
staurolite-free layer of the Death Valley schist. The
discussion that follows is concerned with the stability of
minerals with the ilmenite structure containing greater
than trace amounts of the ZnTiO, component. Therefore,
although we specifically refer only to the stability of
zincian ilmenite (<50 mol % ZnTiO,), the interpretations
implicitly apply to ecandrewsite (>50 mol % ZnTiO,) as
well,

Paragenesis of zincian ilmenite

Three of the known occurrences of zincian ilmenite
— ecandrewsite solid solution are from regionally meta-
morphosed metalliferous metasedimentary rocks (Bro-
ken Hill, Namaqualand, Death Valley; Table 1). Plimer
(1990) argued, from field and textural evidence, that
zincian ilmenite — ecandrewsite formed by reaction of
rutile, anatase, or ilmenite with zincian clays or carbon-

TABLE 7. ESTIMATED THERMODYNAMIC

PROPERTIES
ZnTiO3 ZnAbOy
— - ke

AP 208 () 1301.9 2071.17%
S° (J/K) 94.93* 87.891
¥ (Jfbar) 3.1198 3.978%
Heat
Capacity**
ko 95.797 - 200.357
ki 7.286 X 10-3 7.286 X 10-3
ko 0 -8.284 X 102
k3 -33.678 X 103 -38.614 X 105
kg 40.3511 X 107 40.851 X 107

Reference state is 298.15 K, 1 bar. (AH? 29g) from elements.

*Derived from combination of free energy of formation from
oxides (Jacob & Alcock 1975) with properties of ZnO
(Pankratz 1982) and TiOy (Berman 1988).

+ Derived from combination of free energy of formation from
oxides (Jacob 1976) with propemes of ZnO (Pankratz
1982) and Al,O3 (Berman 1988).

§ Bartram & Sleptys (1961).

% Waychunas (1991).

*% Cp=kg+ ki * T+ ko * T-12 4k3 * T2 +ky * T3

(estimated from sum of oxides).
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ates during prograde metamorphism. Alternatively,
(Zn,Fe)TiO; may form from desulfidation of sphalerite
or by breakdown of zinc-bearing minerals such as
staurolite, biotite, or hdgbomite, in a manner similar to
what has been proposed for the formation of zincian
spinel (e.g., Stoddard 1979, Dietvorst 1980, Spry &
Scott 1986). Zincian ilmenite also occurs in vugs in
granite in Fuzhou, China (Suwa et al. 1987; Table 1),
which indicates that zincian ilmenite also may precipi-
tate directly from hydrothermal solution.

Zincian ilmenite — ecandrewsite solid solution is
apparently rare, in contrast to gahnite (ZnAl,0,), which
is a relatively common mineral in regionally metamor-
phosed pelitic rocks (e.g., Robinson & Jaffe 1969,
Loomis 1972, Frost 1973, Atkin 1978, Stoddard 1979,
Dietvorst 1980). Gahnite commonly coexists with il-
menite (e.g., Frost 1973, Stoddard 1979), but gahnite
coexisting with zincian ilmenite — ecandrewsite has been
reported only from Broken Hill, Australia (Birch et al.
1988, Plimer 1990) and Namaqualand, South Africa
(J.M. Moore, written comm., 1992). In order to under-
stand the occurrence of zincian ilmenite, it is therefore
desirable to determine what conditions, if any, might
favor partitioning of zinc into ilmenite, relative to spinel
(gahnite).

Although not observed in the Death Valley schist or
any other locality of zincian ilmenite described in the
literature, zincian hogbomite is present in some metape-
litic rocks (Petersen et al. 1989), and is a possible
precursor mineral to zincian ilmenite (J.M. Moore,
written comm., 1992). The relative stability of zinc-bear-
ing hogbomite and ilmenite is therefore also of interest.
However, in the absence of well-characterized occur-
rences of coexisting zincian hogbomite and zincian
ilmenite, we confine our discussion to the stability of
zincian ilmenite relative to gahnite.

The Zn—Fe exchange equilibrium between ilmenite
and aluminate spinel,

ZnTiO3 + FeAl,0, = FeTiO3 + ZnAl, 0, )
ilmenite  spinel ilmenite  spinel

can be calculated using thermodynamic data for pure
ZnTiO; and pure ZnAlLQ, listed in Table 7 and by
approximating Fe—Zn mixing in ilmenite and spinel
solutions as ideal. This approximation may be warranted
because of the small difference in ionic radius between
Zn** and Fe?* (0.025 A: Shannon & Prewitt 1969) and
because FeAl,0, and ZnAl,0, both have the structure
of normal spinel (Waychunas 1991). The properties of
FeTiO; are taken from Berman (1988), and those of
FeAl,O,, from Sack & Ghiorso (1991). Calculated
distribution-isotherms (Fig. 7) predict that zincian il-
menite will coexist with aluminate spinel only if the
spinel is nearly pure ZnAl,O, or if temperatures are
significantly higher than are typicaily attained during
regional metamorphism (>800°C). The calculations
were performed assuming that extent of incorporation of
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Fic. 7. Calculated isotherms for Zn—Fe exchange between
ilmenite and gahnite, compared with observed composi-
tions from the Parnell Formation, Broken Hill (Plimer 1990)
and from the Wind River Range (WR), Wyoming. Gahnite
compositions for WR from Frost (1973); ilmenite composi-
tions determined in the present study from samples provided
by B.R. Frost.

ferric iron in spinel and ilmenite is insignificant, which
should be reasonable for the fugacity of oxygen encoun-
tered in a graphite-bearing pelitic schist. Even if the
oxides contained significant levels (10 mol %) of the
hematite and franklinite (ZnFeO,) components, the
position of the distribution-isotherms is not likely to be
strongly affected.

The calculated distribution-isotherms are inconsis-
tent with observed compositions of coexisting gahnite
and ilmenite from the Parnell Formation of the Broken
Hill area (Plimer 1990), in which gahnite of intermediate
composition coexists with zincian ilmenite and ecan-
drewsite (Fig. 7). This finding suggests that the gahnite
and zincian ilmenite (and ecandrewsite) in the Parnell
Formation are not in equilibrium, or that the thermody-
namic predictions are incorrect. In order to test the
validity of the thermodynamic calculations, we deter-
mined the composition of ilmenite coexisting with
ferroan gahnite from quartz-biotite schists in the Wind
River Range, Wyoming (Frost 1973). The Zn content of
the ilmenite is below the detection limit for analysis by
electron microprobe (0.08% ZnO), which is less than
predicted for the temperatures of peak metamorphism in
these schists (625 % 50°C, calculated from garnet and
biotite compositions reported by Frost 1973) (Fig. 7).
This discrepancy could result from retrograde re-equili-
bration of these phases or from inaccuracies in the
thermodynamic data, but the calculated distribution of

0.4
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zinc between ilmenite and aluminate spinel is approxi-
mately consistent with the compositions of coexisting
oxides from Wyoming. It is therefore probable that the
coexisting oxides from the Parnell Formation (Plimer
1990) are not in equilibrium.

Because gahnite has not been observed in the Death
Valley schist, we investigated the effect of zinc on the
stability of ilmenite relative to gahnite in metapelitic
rocks according to the reaction

ZnTiO; + ALSi0s = ZnAL Oy + Si0, + TiO, 3)
ilmenite;; kyanite spinel, quartz rutile

using thermodynamic data listed in Table 7 and the
properties of kyanite, quartz and rutile from Berman
(1988). The calculations indicate that even at a high
temperature (800°C), only small amounts of the ZnTiO,
component (<3.5 mol%) may be dissolved in ilmenite
before the ilmenite is destabilized relative to gahnite,
quartz and rutile, and that the solubility limit is consid-
erably less at a lower temperature (Fig. 8). In other
words, if the assumed thermodynamic properties of the
minerals are accurate, then zincian ilmenite from the
Death Valley locality must have been metastable with
respect to gahnite, quartz, and rutile over the entire range
of estimated conditions of metamorphism. This result is
insensitive to pressure, varying only a few tenths of a
mol % between 0.001 and 10 kbar. Under oxidizing
conditions, ilmenite could be slightly stabilized by

800
g‘ 700 7 iimenite +
2 Al2SiOs
® 6001
=
B spinel + quartz
@ 500 + rutile
Q.
5
= 400
Pressure = 5 kbar
300 T T T T T v
0.00 0.01 0.02 0.03 0.04
X (ZnTiO3)

FiG. 8, Limit of solubility of ZnTiOs in ilmenite coexisting with
aluminosilicate before assemblage aluminate spinel +
quartz + rutile is stabilized, under the assumption that
ilmenite and spinel must be in Fe~Zn exchange equilibrium
according to reaction (2). The very small change in volume
associated with this reaction indicates that the location of
the reaction boundary is insensitive to pressure,
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incorporation of minor amounts of Fe,05, but concomi-
tant incorporation of Fe>* into spinel would probably
leave the position of the phase boundary largely unaf-
fected. As noted above, the electron-microprobe data
indicate that the Fe,O; component in ilmenite from
Death Valley is negligible.

The results of the thermodynamic calculations are in
accord with the crystal chemistry of Zn?* in silicates and
oxides; Zn?** is generally more stable in tetrahedral
coordination than in octahedral coordination (Neumann
1949). It is therefore not surprising that Zn?* concen-
trates in the tetrahedral sites of minerals such as spinel,
staurolite, and htgbomite rather than in the octahedrally
coordinated sites of the ilmenite structure.

Disagreement between the observed compositions of
zincian ilmenite and thermodynamic calculations, and
between compositions of ilmenite coexisting with
gahnite in the Wind River schists, suggests that zinc-rich
ilmenite may be metastable relative to gahnite in alumi-
nous metasedimentary rocks. Metastable phases are not
generally believed to persist during an extended period
of regional metamorphism. We therefore contend that
ilmenite containing more than a few mol % ZnTiO; in
this area and in other regionally metamorphosed me-
tasedimentary rocks formed during short-lived metaso-
matic events that postdated the peak of regional meta-
morphism. At the Death Valley locality, this
interpretation is supported by the presence of late-stage
dikes of granitic pegmatite that cross-cut the pelitic
schist and may have provided fluids for the metasomatic
event.

The enrichment of ZnTiOj; associated with formation
of Zn-poor alteration material around rims and along
cracks in ilmenite—ccandrewsite from Death Valley
demonstrates that some portion of the zinc enrichment
is cansed by late retrograde alteration. Plimer (1990) also
observed enrichment of ZnTiO; at grain boundaries and
attributed this effect to retrograde metamorphism. On
the other hand, it should be noted that the essentially
unaltered zincian ilmenite also is richer in ZnTiO; than
the calculated limit of stability. Both types of ilmenite
from Death Valley may therefore have formed during
metasomatic events, even though petrographic evidence
for alteration or metasomatism is lacking for zincian
ilmenite. Based on this inference and the above calcula-
tions, we conclude that jlmenite with a significant
proportion of the ZnTiO, component is metastable in
metamorphic environments.
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