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ABSTRACT

Recent contributions to the crystal chemistry of staurolite have been aided by Mossbauer
studies on 35 natural and synthetic samples and structure determinations on 42 single
crystals. The combination of these data with chemical studies enables us to understand
better the crystal chemistry of this mineral relative to its use as a petrogenetic indicator.
In reduced rocks about 3.5% of Fe is Fe®*, and in oxidized rocks about 7% is Fe*. It is
now possible to recast a staurolite chemical analysis in terms of site occupancies using
reasonable guidelines and intersite partitioning. Whereas the formula for hypothetical
stoichiometric end-member iron staurolite is H,Fe,Al,Si,0,;, chemical end-member for-
mulas such as H,Fe,;,Al,, 4,51, 0, are useful for retrieving thermodynamic data from
experimental studies on simple systems. Other formulas may be written to account for
appropriate amounts of the R2*H _, substitution. In the absence of analyses for H, stoi-
chiometry may be estimated from chemical analyses by assuming Si + Al — 3 Li + %
Ti + Fe3* = 25.55 ions pfu. In normal staurolite Li may be assumed to be 0.2. H may
then be estimated by subtracting total cation charge from 96. H estimates for any group
of related natural staurolite samples are normally a function of mineral assemblage. The
preferred thermodynamic mole fraction (activity) model for phase equilibrium calculations
takes into account dilution on all cation sites except H. Applied to staurolite-chloritoid
pairs, this mole fraction model does not provide an explanation for the variable K, values
between these two minerals. Knowledge of the ferric content, formula, and mole fraction
model of staurolite enables meaningful retrieval and use of thermochemical quantities
from experimental studies.

INTRODUCTION

Staurolite, a common silicate of amphibolite facies pe-
litic schists, has the potential to provide useful informa-
tion on temperature (T°), pressure (P), and X,,,. How-
ever, because of its complex crystal chemistry, petrologists
have had mixed success in extracting meaningful infor-
mation on these intensive variables. The problem is il-
lustrated in several ways: (1) the lack of agreement con-
cerning the formula of staurolite; (2) the lack of a
satisfactory activity model; (3) the disagreement between
T measurements predicted from experimental results on
staurolite and those indicated by other equilibria such as
garnet-biotite geothermometry (e.g., Pigage and Green-
wood, 1982; Lang and Rice, 1985; Holdaway et al., 1988),
and (4) the reversals in Fe-Mg K, values for staurolite-
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garnet (Schreyer et al., 1984; Ballevre et al., 1989) and
for staurolite-chloritoid (Grambling, 1983).

In recent years, a number of significant observations
have been made on staurolite that will ultimately help us
to solve the problems of this mineral. These include (1)
the determination that Li is an important constituent of
many staurolite samples (Grew and Sandiford, 1984; Du-
trow et al., 1986), (2) the realization that staurolite varies
in H content according to a vacancy substitution that
involves R2* ions (Lonker, 1983; Holdaway et al., 1986a,
1986b), and (3) the experimental determination of the
stability of an iron staurolite with about three H atoms
(Dutrow and Holdaway, 1989).

Until recently, a comprehensive study of the Fe>*-Fe?*
chemistry of staurolite has been lacking. Consequently,
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there has been some uncertainty regarding the amount
and behavior of Fe’* (e.g., Holdaway et al., 1986a). In
part this results from the difficulty encountered when at-
tempting to digest staurolite in acidic solution and main-
tain the Fe oxidation states for wet chemical analysis (J.
Husler, personal communication). In addition, most pre-
vious Mdssbauer studies have been conducted on a small
number of incompletely characterized specimens, and they
have yielded equivocal results (see references in Dyar et
al., 1991). Dyar et al. (1991) have completed Mdssbauer
spectroscopy on 23 well-characterized natural staurolite
samples and 12 synthetic samples. This has enabled a
determination of the approximate Fe3* content of each
specimen, and the large population studied allows site
assignments for Fe>* and Fe?* that have a higher degree
of certainty than has previously been possible.

Whereas a number of structural studies have been un-
dertaken on staurolite (e.g., Smith, 1968; Tagai and Jos-
wig, 1985; Stahl et al., 1988; Alexander, 1989), only now
has a study examined the structure of a large number of
staurolite samples. Hawthorne et al. (manuscripts a and
b, in preparation; see also Hawthorne et al., 1991) have
determined the structure of 42 single crystals from 17
staurolite samples. By carefully considering how the
chemistry of each single crystal affects site occupancies
and site dimensions, Hawthorne and his coworkers have
made a major contribution to our understanding of the
crystal chemistry of staurolite.

In this paper, we attempt to resolve some of the re-
maining crystal chemical problems for staurolite using
mainly chemical data of Holdaway et al. (1986a, 1986b)
and Dutrow et al. (1986); Mdssbauer results, interpreta-
tions, and chemical data of Dyar et al. (1991); and struc-
tural, chemical, and crystal chemical results of Haw-
thome et al. (manuscripts a and b, in preparation). Our
primary intent in this research is to provide approaches
that may be used to help determine meaningful chemical
formulas, activity models, molar volumes, thermochem-
ical data, and mixing parameters for natural staurolite.
Our goal is to provide the petrologist with useful tools
with which to estimate T, P, or Xy, in staurolite-bearing
rocks. In undertaking this task, some assumptions must
still be made. For example, the behavior of minor ele-
ments Ti and Mn in staurolite is still largely unknown.
However, most of the assumptions that are needed at this
stage concern second order effects that can be accounted
for in one of several ways without changing the resuits.
For such uncertainties, we will use the simplest model
that explains the observations. For a given staurolite, an
X-ray structure refinement may reveal a more precise
crystal chemistry than proposed here, but the petrologist
would not be able to determine such precise site occu-
pancies without a detailed structure determination for each
staurolite under consideration.

Fe?* CONTENT OF STAUROLITE

In evaluating the Fe** content of staurolite, we will em-
phasize the results on natural staurolite because the sam-
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TaeLe 1. Silicates, oxides, and oxide compositions coexisting
with staurolite, where available
Staurolite
percent
Fe®+ of

Specimen Silicates,* etc. Fe-Ti oxides**  total Fet
3.3 Bt-Gt-Chl-Crd-And Hem, 3
53-2 Bt-Gt-Sil-Gr Hem, 3
203 Bt-Gt-Chil-And-Gr Hem, 3
6-3 Bt-Gt-Sil-Pl Hem, 5
1141 Bt-Gt-Chl-Gr Hem, 3
71-62R Chi-Cld Hem,-Mag 3
HV-10 Bt-Gt-Ky-Pi-Po Hem, 3
71-60E Chl-Cld Hem,-Mag 3
71-62U Chi-Cld-Ky Hem,-Mag 3
HV-116 Bt-Gt-PI Hem,,-Mag 7
71-62B Cld-Ky Hem,,-Hem,,-Mag 3
356-1 Bt-Gt-Chl-PI-Ep-Gr Hem,,-Mag 3
HV-4 Bt-Gt-Chl-PI Hem,.-Mag 6
71-62T Chl-Cld-Ky Hem,,-Hem;,,-Mag 3
HV-112 Bt-Gt-Pl Hem, .-Mag 9
ER-70 Bt-Gt lim 6
77-55C And lim 7
82TP9A Bt-Gt-And Hem,,-Mag 9
92TP9 Bt-Gt-And Hem,, 8
EH-6 Bt-Gt-Chl-Sil-Ged-Cum-Crn ~ Mag 12

* Plus Qtz-Ms, except EH-6.

** Hematite component in iimenite; where compositions are not available,
oxides are indicated by abbreviations.

1 Values at 3% represent a threshold estimate; Mssbauer doublet for
Fe®* was not resolved (Dyar et al., 1991).

ple size was larger and the results more precise than for
the synthetic material (Dyar et al., 1991). In addition, the
synthetic staurolite was produced at much higher pres-
sures than those at which the natural specimens grew.
These Méssbauer results have a +3% absolute error. In
13 of the 23 natural staurolite samples analyzed, no Fe**
(doublet 5) was resolved. Dyar et al. (1991) inferred an
Fe3+ content of 3% of the total Fe for such staurolite,
because the minimum detectable amount is 4% in such
complex spectra. Staurolite, like biotite (Dyar, 1990; Gui-
dotti and Dyar, 1991) and garnet (M. D. Dyar, unpub-
lished data), probably contains some Fe** even under re-
ducing conditions. We emphasize that some of these
specimens may have less than 3% Fe’*, and others may
well have more, because only five of the six observed
doublets were ever resolved in any given specimen, and
the smallest resolved doublet corresponded to 8—10% of
the Fe in these specimens. This indicates that some of
these staurolite samples with unresolved doublet 5 could
have as much as 7% of Fe as Fe3*.

The natural staurolite samples may be broadly grouped
into two categories according to Fe3* content (Dyar et al.,
1991): 17 with 3-6% of Fe as Fe**, which commonly
coexist with an ilmenite (+ magnetite) containing 0-12%
hematite component, and six with 7-12% of Fe as Fe**,
which commonly coexist with ilmenite or hematite (+
magnetite) containing 10-72% hematite component. Ta-
ble 1 shows that of staurolite coexisting with Fe-Ti oxide,
ten coexisting with Hem_ , average 3.5% Fe3* and ten
coexisting with Hem., ,, or magnetite (or ilmenite of un-
known composition) average 7% Fe*t. These data may
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TaBLE 2. Average stoichiometry (48 O atom basis) of 31 com-
plete staurolite analyses with low Fe3*

Element(s) Range Average** Std. dev.
Si 7.49-7.81 7.64 0.07
Al 17.53-18.03 17.80 0.13
Ti 0.08-0.15 0.11 0.02
Fe?* 1.74-3.34} 2.98t 0.41%
Fe?* 0.08-0.20% 0.10% 0.02f
Mg 0.28-1.10 0.69 0.22
Mn 0.00-0.45 0.06 0.08
Zn 0.02-1.32 0.17 0.33
Li 0.01-1.00 0.20 0.18
H 2.67-4.56 3.32 0.50
Al—VaLli+ 2ATi 17.62-18.04 17.81 0.12
R + Li+ Ti 3.59-4.53 4.20 0.26

* Analyses are from Holdaway et al. (1986b) and Dyar et al. (1991).
Analyses with indications of high Fe** (Holdaway et al., 1986b) or >0.2
Fe** (Dyar et al., 1991) and those which did notinclude Li or H are excluded.
For specimen 6-3, a Jan., 1991, ion probe analysis of 0.99% Li,0 was
used (Richard Hervig and M. J. Holdaway, unpublished data).

** Averages were multiplied by 1.00073 to bring total charge to exactly
96.0.

T For specimens not analyzed by Méssbauer, determined by multiplying
total Fe by 0.965 (see text).

} For specimens not analyzed by Mdssbauer, determined by multiplying
total Fe by 0.035 (see text).

be used to estimate the ferric content of staurolite that
grew under reduced and oxidized conditions, respective-
ly. No more precise estimate is possible at present be-
cause of the 3% error of resolved spectral doublets in the
analyses.

Even though the synthetic staurolite samples all grew
under conditions at least as reducing as the QFM O buff-
er, their average Fe* is 8§ + 4% of total Fe (Dyar et al.,
1991). This apparent deviation from the composition of
natural reduced staurolite may have resulted in part from
the less precise nature of the data. (Small sample quan-
tities of synthetic staurolite produced lower quality data
than the natural specimens for which abundant sample
was available.) Also, that doublet 6 was never resolved
in synthetic staurolite meant that doublet 5 (Fe3+) was
always resolved and therefore may have given higher av-
erages.

SITE ASSIGNMENTS IN STAUROLITE

To arrive at the best possible site assignments, we will
consider first the chemical and M#éssbauer results and
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then the crystal structure results, and finally determine
site assignments consistent with all data.

Chemical data

Table 2 summarizes the ranges and averages of the
various ions in staurolite with low Fe’*. Only staurolite
for which H and Li have been analyzed was used in order
to maximize the accuracy of the stoichiometry. The in-
formation on Fe** and the larger number of samples makes
this a better data set than that given by Holdaway et al.
(1986b). The ratio of the standard deviation to the av-
erage gives a good indication of the degree of variability
of each ion. The information of Table 2 is useful in re-
solving the site assignments for staurolite and in deter-
mining chemical end-member formulas, as discussed be-
low.

Mossbauer data

Dyar et al. (1991) have made site assignments for Fe>*
and Fe** in staurolite that are generally consistent with
previous Mossbauer studies and structure refinements.
Their Mdssbauer values are averaged in Table 3, where
the staurolite samples are grouped in four categories: (1)
natural staurolite with 2.7-3.4 H, (2) natural staurolite
with 4.0-4.6 H, (3) all natural staurolite, and (4) synthetic
staurolite (unknown H). As stated above, only five of six
doublets could be resolved in any given specimen. The
occupancy assigned to the unresolved doublet (common-
ly either S or 6) was arbitrarily assumed to be 3%, slightly
below the detection limit (Dyar et al., 1991). An alter-
native threshold value, 1% less than the minimum per-
cent observed for the site or specimen, is also shown on
Table 3 for the natural staurolite. The values were nor-
malized so that Fe** occupancies sum to 100%. Some
normalization procedure was necessitated by the assump-
tion of threshold occupancies.

The four groups of staurolite samples show very similar
average percent area for a given Moéssbauer doublet. The
exceptions occur in the synthetic staurolite, which shows
higher percents of M&ssbauer doublet 5 (Fe**, discussed
above) and doublets 1-3 and unresolved doublet 6. It is
not possible to tell whether this effect is the result of lower
content of ions for doublet 6 or higher content of ions for
doublet 5. Because the lowest detected occupancy of dou-
blet 6 is 7% (Dyar et al., 1991), some of the synthetic

TasLE 3. Average percents of Fe in various sites, based on total Fe?* = 100%*

2.7-3.4H 4.0-46H All natural All naturalf Synthetic
Doublet** Site (17 spec.) (6 spec.) (23 spec.) (23 spec.) (12 spec.)
1-3 T2 82.6 (2.6) 81.5(2.0) 82.3 (2.4) 81.5(1.7) 85.3 (4.1)
4 M1-M4 10.9(1.5) 11.0(1.1) 10.9(1.4) 10.8(1.3) 11.5(4.1)
5 T2 5.5(3.2) 3.7(1.7) 5.1(2.9) 49(2.8) 8.2(3.8)
6 ? 6.4 (3.6) 7.6(2.3) 6.7 (3.3 7.7(2.3) 3.2¢

* A threshold value of 3% was assumed for unresolved doublets before recalculation of Fe?* = 100%. Numbers in parentheses are 1, calculated

from analyzed sample population. Data from Dyar et al. (1991).
“* Designations of Dyar et al. (1991).

1 For this column a threshold value 1% less than any other resolved peak for the site and the specimen was assumed for unresolved doublets.

¥ Doublet 6 was not resolved for any synthetic specimen.
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Fig. 1. Diagram of a portion of the staurolite structure show-
ing octahedral Al sites, M2 and M3, the octahedral Fe site, M4,
the tetrahedral Si site, T1, the subsites of the tetrahedral Fe site,
T2, and the H sites, P1A, etc.

o(5)

samples might well have greater than 3% of Fe corre-
sponding to doublet 6 and thus a lower percent of ions
for doublets 1-3.

A portion of the staurolite structure is illustrated in
Figure 1. In this work, we use the redefined site nomen-
clature of Hawthorne et al. (manuscripts a and b, in prep-
aration) for cation sites and the redefined site nomencla-
ture of Dyar et al. (1991) for the proton sites. The reader
is referred to the structure diagrams of Hawthorne et al.
for additional structural details. Fe site assignments based
on Méssbauer work are discussed below.

T2. Doublets 1-3 are interpreted as subsites of T2 (Dyar
et al., 1991). About 82% of Fe?* is distributed on these
three subsites (Table 3). The subsites probably corre-
spond to the T2 subsites originally identified by Smith
(1968, his “Fe), and they presumably relate to H occu-
pancy or vacancy of the adjacent proton sites (Fig. 1).

Doublet 5 is the only one discussed by Dyar et al. (1991)
that is definitely Fe3*. They suggest that a variable amount
of Fe** replaces Al in tetrahedral sites. On the basis of
the structural analyses of Hawthorne et al. (manuscript
a, in preparation) discussed below, this tetrahedral Fe is
probably also in the T2 rather than the T1 (Si) site.

M1-M4. Doublet 4 is that of octahedral Fe2+ (which
may be in any or all of the octahedral sites), M1-M3 (the
Al sites), or M4 (the U site) (Dyar et al., 1991). It contains
an average of about 11% of Fe?* (Table 3).

Charge transfer. Doublet 6 (averaging 7% in natural
specimens, Table 3) is a possible charge transfer doublet
(Dyar et al., 1991). Charge transfer is not possible be-
tween adjacent T2 sites because they are too far apart,
and it is not likely between adjacent T2 and M4 sites
because they are not simultaneously occupied (Haw-
thorne et al., manuscripts a and b, in preparation). It is
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possible that there is charge transfer between adjacent T2
and M1-M3 sites. This is equivalent to assigning half the
occupancy of doublet 6 to tetrahedral and half to octa-
hedral sites.

Summary of Fe site data. The M&ssbauer data suggest
that on average about 86% of total Fe is tetrahedral and
14% is octahedral (Table 3). This figure is determined by
assigning the charge transfer Fe half to T2 and half to
M1-M3. Octahedral Fe is then specified as Fe in M1-
M4 over total Fe (doublet 4 + half of doublet 6 over the
sum of all doublets, assuming that unresolved doublets
have 3% arca).

Dilution in Fe sites by other ions. The possibility that
all R?*, Li, and Ti behave as a single group of ions (Table
2; Holdaway et al., 1986b) and that a natural staurolite
sample may be produced from an Fe-end-member stau-
rolite by equivalent dilution of Fe** by other R**, Li, and
Ti in all the Fe?* sites was partially tested with a York
(1966) linear regression on natural staurolite samples. (For
the purpose of these regressions, charge transfer Fe is con-
sidered as Fe?*.) Fe?* contents from Mdssbauer doublets
were regressed against total Fe?*, each divided by total
R?* + Li + Ti, using Mdossbauer data from Dyar et al.
(1991). If Fe is being diluted equally in all the sites that
it occupies, the slopes of the regressions should be T2 =
0.82 + 0.02, M1-M4 = 0.11 = 0.01, charge transfer =
0.07 + 0.03 (Table 3). The actual slopes (Fig. 2) are T2
= 0.76 + 0.03 and M1-M4 = 0.09 + 0.03. There is
considerable scatter in the data for M1-M4 resulting from
Moéssbauer error, but the trend of lower octahedral Fe
with lower total Fe2* is apparent and is observed for all
compositional variants. The occupancies for charge
transfer (doublet 6) cannot be regressed meaningfully be-
cause doublet 6 could not be resolved in ten of 23 spec-
imens; however, five of these unresolved doublets are from
samples with Fe2*/(R>* + Li + Ti) less than 0.68, and all
13 samples with resolved doublet 6 were on samples with
Fe**/(R?>* + Li + Ti) greater than 0.68, suggesting that
charge transfer Fe site occupancy also decreases with de-
creasing total Fe?*. These results indicate that each Moss-
bauer group of Fe sites, with the possible exception of the
charge transfer Fe, is being reduced in Fe content in
roughly the correct ratio for equal partitioning of Fe**
between the groups.

The regressions discussed above provide a necessary
but not sufficient test of the hypothesis of equal dilution
of Fe by other R* + Ti + Li in individual sites. As
discussed below, the crystal structure refinements show
that partitioning of Fe>* between octahedral sites is not
equal.

Crystal structure data

Hawthorne et al. (manuscript a, in preparation) used
42 single crystal structure refinements of a wide variety
of known staurolite compositions to determine site oc-
cupancies in terms of Si, Al, Mg, Fe* (Fe**, Fe3*, Mn, Ti,
and trace transition metals), Zn, and Li. Table 4, column
2 summarizes these site occupancies for average stauro-
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Fig. 2. York (1966) regressions of Fe?* doublet content against
total Fe2* to suggest that Fe2* decreases relative to other R** +
Li + Ti in each Mdssbauer group of sites as total Fe?* decreases.
All values are normalized to R** + Li + Ti (= sum). (A) Fe
doublets 1-3, site T2. (B) Fe doublet 4, sites M1-M4. Fe doublet
6 (possible charge transfer) cannot be regressed because in ten of
23 specimens it was not resolved.

0.70

lite, determined by first averaging occupancies of each
crystal of a sample and then averaging these averages. A
high-Mg staurolite sample was excluded from the aver-
age. Their work shows clearly that the M1-M3 sites are
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TaBLE 4. Site occupancies based on crystal structure refine-
ments and Moéssbauer data

Site, Structure Modified, Chemical Si, Al, Fe**

element** averaget see textt  average§ only|

M1 Al 7.70(9) 7.70 7.70 7.70
Mg 0.22(9) 0.22 0.20

Fe*, Fe?+ 0.08(5) 0.08 0.10 0.30

M2 Al 7.80(7) 7.80 7.80 7.80
Mg 0.06(3) 0.06 0.05

Fe*, Fe?* 0.14(7) 0.14 0.15 0.20

M3 Al 1.83(11) 1.83 1.81 1.81
Mg 0.10(5) 0.10 0.09

Fe*, Fe?* 0.02(4) 0.02 0.03 0.12

O 0.05(9) 0.05 0.07 0.07

M4 Fe*, Fe** 0.16(9) 0.14 0.16 0.18
Zn 0.01 0.01
Li 0.01 0.01

[m| 3.84(9) 3.84 3.82 3.82

T1Si 7.60(10) 7.60 7.64 7.64

Al 0.40(10) 0.40 0.36 0.36

T2 Fe*, Fe** 2.73(41) 2.49 2.54 3.40
Mg 0.48(21) 0.48 0.35
Zn 0.21(37) 0.20 0.16
Li 0.16(9) 0.15 0.19
Ti 0.09 0.11
Mn 0.06 0.06

Al 0.17(15) 0.17 0.13 0.24
Fe3+ 0.11 0.10

a 0.32(17) 0.32 0.36 0.36

** Fe* = Fe?* + Fe** + Ti + Mn, and applies only to the first column of
data. A vacancy of 2 ions exists for M3, in addition to that shown here.
1 Average site occupancies of Hawthorne et al. (manuscript a, in prep-
aration); standard deviation in parentheses.
{ Average site occupancies of Hawthorne et al. (manuscript a, in prep-
aration) modified by interpretation of Mdssbauer results {see text).
§ Average chemical data of Table 2 assigned to site occupancies based
on procedure and intersite K, values given in text.
|| Substitutions of Table 5 applied to previous column to determine
chemical Si, Al, Fe?* end-member.

predominantly occupied by Al but contain small amounts
of Mg and Fe*, which may be estimated by assuming that
only Al, Mg, and Fe* reside in the sites. In addition the
T1 site is occupied only by Si and Al, and contains no
Fe*. Also important is the fact that all cation sites are
fully occupied except M3, M4, and T2. Occupancy of M4
is coupled with half the vacancy that occurs in adjacent
T2, and average vacancy in M3 above 2 is a fraction of
the vacancy in T2. The combined T2-M4 and M3 vacan-
cies are charge balanced by H in appropriate sites.

We assign Fe’* to T2, since Méssbauer results (above)
show it to be tetrahedral and structure determinations
indicate the absence of Fe in T1. We make the simpli-
fying assumption that staurolite is fully disordered at its
T of formation. This seems reasonable when one consid-
ers that some staurolite crystals studied by Hawthorne et
al. (manuscript a, in preparation) are fully disordered even
at room 7.

Synthesis of results

The Méssbauer results suggest some refinements to the
crystal structure data. Figure 2 shows that low-Fe stau-
rolite has reduced octahedral Fe?*, even when the main
diluting ion is Zn or Li. To reduce octahedral Fe in such
staurolite samples, we modify the site assignments of
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Hawthorne et al. (manuscript a, in preparation) to par-
tition Fe, Zn, and Li equally between T2 and M4. For
average staurolite (Table 4, columns 2 and 3) this has a
trivial effect, but for Zn- and Li-rich staurolite it ade-
quately explains Figure 2. In all staurolite samples, the
effect is small enough to go undetected in crystal structure
analysis. Thus, whereas total octahedral Fe is diluted about
equally with tetrahedral Fe (Fig. 2), the main diluting ions
appear to depend on the specific octahedral site, with Mg
diluting Fe in M1-M3 and Zn and Li diluting Fe in M4.
The task remaining is to assign sites to the ions Mn
and Ti, which are sufficiently abundant to warrant con-
cern. Trace transition metals (Cr3*, Co) are not consid-
ered here. In reality, each ion may be partitioned between
the four octahedral and two tetrahedral sites. However,
because the amounts of Ti and Mn are small, assignment
of each to a single site will introduce no significant error.
Reasonable possibilities are (1) assign Mn and Ti to the
dominant Fe site, T2 so that Fe* becomes Fe?* in the
M1-M3 sites; (2) assign Mn, the largest ion, to the largest
site, M4 (see also Smith, 1968), and Ti, the smallest ion,
to the smallest available site, M2; or (3) some combina-
tion of these two approaches. If Mn and Ti are assigned
to the T2 site (case 1), the Hawthorne et al. (manuscript
a, in preparation) crystal structure refinements (Table 4,
column 2) give 13% of the Fe in octahedral sites, and the
chemical analyses from Table 2 (recast in Table 4, col-
umn 3) give 15% of the Fe in octahedral sites. If the Mn
and Ti are assigned to octahedral sites (case 2), the Haw-
thorne et al. (manuscript a, in preparation) analyses give
8% of the Fe in octahedral sites, and the analyses from
Table 2 give 9% of the Fe in octahedral sites. The M&ss-
bauer data (discussed above) indicate that about 14% of
the Fe is octahedral, suggesting that case 1 is the appro-
priate scenario for Mn and Ti. Thus, it appears that Ti
and Mn tend to concentrate where most of the Fe is, in
the T2 site. An alternative assignment, which cannot be
entirely ruled out, is Ti to the small M2 site and Mn to
the T2 site. This would give 10% of the Fe in octahedral
sites from the crystal structure data and 11% of the Fe in
octahedral sites from the chemical data. To produce op-
timum agreement between Mossbauer and structural data,
we assign Mn and Ti in Table 4 on the basis of case 1.
With the above structural assignments, it becomes pos-
sible to formulate guidelines for assigning site occupan-
cies for a complete staurolite chemical analysis and stoi-
chiometry on the basis of 4§—O atoms. To do this, we
assume Al and R?* occupancies in M1-M3, partitioning
of Mg and Fe?* between T2 and M1-M3 sites, and par-
titioning of vacancies as determined by Hawthorne et al.
(manuscript a, in preparation) and expressed as an av-
erage in Table 4, column 2, as modified above. Al occu-
pancies of sites M1-M3 are very nearly constant, and
whereas partitioning of Mg and Fe?** and vacancies varies
considerably in the refinements of Hawthorne et al.
(manuscript a, in preparation), much of the variation can
reasonably be ascribed to analytical error. With these as-
sumptions, the guidelines are as follows: (1) Determine
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total number of vacancies by subtracting cations from 30.
This vacancy is 20 + MO — Méoccupancy. Assign va-
cancies so that occupancy of nominally vacant M4 equals
half of the vacancy of T2; vacancy in M3 (of more than
two) is determined by K, = 3 = /(2 — O)]-™[(1 —
0)/0] (based on data of Hawthorne et al., manuscript a,
in preparation). (2) Assign (Fe** + Mg) of 0.30 to M1,
0.20 to M2, 0.12 to M3, and the remainder provisionally
to T2. (3) Assign Al as 7.70 for M1, 7.80 for M2, the
amount needed for M3, 8 — Si, for T1 and the remainder
for T2. (4) Assign all Zn, Li, Fe’+, Ti, and Mn provision-
ally to T2. (5) Fill the previously determined occupancy
of M4 with Fe2* + Zn + Li from T2 so that they partition
equally between T2 and M4. (6) Partition all Mg and Fe?*
(excluding Fe?* in M4) between T2 and M1-M3 using
partition coefficients T2 (Fe2*/Mg)-*(Mg/Fe?*) of 14.5 be-
tween T2 and M1, 2.4 between T2 and M2, and 26 be-
tween T2 and M3, or using a bulk partition coefficient of
8.5 between T2 and M1-M3. It is not necessary to assign
H specifically to sites because in activity models and en-
tropy calculations H can be assumed to couple with other
substitutions. This approach provides the best possible
site assignments for staurolite without a crystal structure
refinement. It should not be used on staurolite with Mg
> 1.6 ions pfu because Mg behaves anomalously in such
staurolite samples (Hawthorne et al., manuscript a, in
preparation). The above method was used to assign sites
for the average low-Fe** staurolite of Table 2, as shown
in Table 4 (column 4).

The assignment of more than two vacancies in M3 re-
quires some discussion. The estimate of a K of 3 between
T2 and M3 vacancies (above) is an approximation based
on limited data of Hawthorne et al. (manuscript a, in
preparation) in which high-H staurolite has higher vacan-
cy and lower Al occupancy of M3 than low-H staurolite,
but almost all staurolite samples have some M3 vacancy
content. This reduced occupancy is not reflected in re-
duced total Al (or Al + Si) for H-rich staurolite. The
increased M3 vacancy content is required by bond va-
lence considerations in order for H to increase above 4
(Hawthorne et al., manuscript b, in preparation). Appar-
ently the increased M3 vacancy content is compensated
by substitution of Al for R?* in T2. In this way total Al
+ Si remains constant and increased H is chemically bal-
anced only by decreased R2*. These concepts require fur-
ther study.

STAUROLITE END-MEMBER FORMULAS

Hawthorne et al. (manuscript b, in preparation) have
demonstrated that the additive stoichiometric Fe?* end-
member formula for staurolite is hypothetical H,Fe,Al,4-
Si;0,; and that most deviations from this long-range
charge-balanced formula are designed to promote short-
range charge balance by increasing H. Most of the het-
erovalent substitutions reduce cation charge to allow for
this increased H. It is now clear that this formula must
be used as the thermodynamic end-member formula even
though it is never approached in nature or (presumably)
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in synthetic studies. Its only disorder entropy is random-
ness introduced by whether M3A or M3B is occupied,
since M3 is statistically 50% occupied in stoichiometric
staurolite (Hawthorne et al., manuscript a, in prepara-
tion). All natural and synthetic staurolite samples must
be related to this end-member formula by mole fraction
(activity) corrections. However, practical chemical end-
member formulas for staurolite are also useful because
(1) they enable us to determine the formulas of staurolite
produced in experimental reaction studies of simple sys-
tems and hence to use such studies to retrieve thermo-
dynamic data, and (2) they allow us to regress volume
data on natural staurolite against chemical composition
in order to determine molar volume of the chemical and
stoichiometric end-members.

In this approach, we determine chemical end-member
formulas that show average content of Si and Al, which
are nearly constant. By accounting for the most important
chemical substitutions, one can achieve electrically neu-
tral formulas that can easily be applied to real staurolite.
Table 5 gives a practical list of the various ions and their
chemical substitutions. Most of the substitutions are rea-
sonably well documented. Some of the substitutions in
Table 5 are algebraic sums of substitutions given by Haw-
thorne et al. (manuscript b, in preparation). This is be-
cause all of the H variation in Table 5 is accomplished
by substitution 5. The Ti substitution is an assumption
based on analogy with the Li substitution; it is suggested
that at constant H, Ti (like Li) is charge balanced by
changes in Al content on T2. For both Li and Ti, this is
probably an approximation. The T2 and M4 sites, which
contain most of the R2* + Li + Ti, share the character-
istic of partial occupancy. The existence of these vacan-
cies and the variable amounts of vacancies in these sites
allow for substitutions 3, 4, and 5 in Table 5.

It 1s important to note that the proposed chemical end-
members take into account only the substitutions given
in Table 5. Variation in Al-Si solid solution is ignored.
It can be seen (Table 2) that Al (corrected for Li and Ti
substitution) and Si are nearly constant in most staurolite
samples, being only slightly more variable than would be
predicted by analytical error. Si standard deviation is 0.07
pfu, whereas calculated analytical error is 0.04; Al — 13
Li + % Ti standard deviation is 0.12, whereas calculated
analytical error is 0.09 (Table 2; Holdaway et al., 1986b,
their Table 5). All of the analyzed staurolite samples used
for Table 2 coexisted with quartz. Grew and Sandiford
(1984) showed that some staurolite samples that formed
in silica-undersaturated conditions contain less Si than
the range given here. Thus variations in Si in staurolite
that coexists with quartz are difficult to detect analytical-
ly. The formulas given below may be appropriately mod-
ified for silica-undersaturated rocks.

End-member formulas that are charge balanced and free
of Fe*+ were dertved using substitutions 1-4 (Table 5) for
fixed H values (substitution 5), based on data from Table
2 (also seen in Table 4, column 4): H,Fe, ;;Al,; 5,81, 65s0.s,
H; sFe, 10AlL75081;6504, and H,Fe; g5Al,; 681, 504. For
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TABLE 5. Important substitutions for determining staurolite
chemical end-member formulas
No. Substitution Sites References”
1 Fe** = Mg = Zn = Mn T2, M1-M4 1,4,5,6
2 Al = Fe3+ T2 1,4,5,6
3 Fe?* + Vs O = Li + ¥ Al T2, M4 2,4,5,6
4 Ferr + 24 Al=Ti + 250 T2 1,3,5,6
5 Fer* +20=0+2H T2, M4, H sites 1,5

Note: These substitutions are arranged in such a way as to relate all H
variation to substitution 5. If Al-Si solid solution were allowed to vary, it
also might relate to H variation.

* 1—Holdaway et al. (1986b); 2—Dutrow et al. (1986); 3—Ward (1984);
4—Dyar et al. (1991); 5—Hawthorne et al. (manuscripts a and b, in prep-
aration); 6—this report.

these formulas the Al value is average Al — Y5 Li + %5 Ti
+ Fe*', and the Fe value is average R?>* + Li + Ti cor-
rected for substitution 5 (Tables 2 and 5). Additional 3
H chemical end-members that are quantitatively impor-
tant include Mg, Zn, and Li staurolite, each with 4.35
Mg, Zn, or Li. At high concentrations of these ions, the
stoichiometry probably changes as a result of differing
degrees of replacement of Al by Mg, Zn, or Li in M1-M3
(Table 4). As a result of substitution 3 (Table 5) the Li
end-member becomes H,Li,;sAl;;5S1,404. As Li in-
creases, charge balance may also be accomplished by in-
crease in Si relative to Al in T1 and some increase in Al
content of M3. Whereas Mg and Zn end-members have
been synthesized (Schreyer and Seifert, 1969; Griffen,
1981), this Li end-member appears to be unstable, pos-
sibly because of the high Al required (Dutrow, 1991). Ti
and Mn end-members may also be written, but the extent
of solid solution of these is very limited. The chemical
end-members given here are similar to those given by
Holdaway et al. (1986b), but they are more accurate be-
cause of the additional analyses and information on Fe3*
(Dyar et al., 1991).

STOICHIOMETRY FROM CHEMICAL ANALYSES

Because of the nonstoichiometric nature of both nat-
ural and synthetic staurolite and because staurolite is very
rarely analyzed comprehensively (to our knowledge there
are only 21 natural staurolite samples in which all cations
and H have been analyzed), it is important to find ways
to determine staurolite stoichiometry from analyses that
typically do not include Fe**, Li, and H determinations.
Holdaway et al. (1986b, p. 1155) made two suggestions:
(1) For staurolite that coexists with biotite or gamet, as-
sume average values of H and Li of 3.06 and 0.2 ions,
respectively. (2) For staurolite that formed under reduc-
ing conditions, assume Si + Al = 25.53. These sugges-
tions were made without benefit of Fe,O, determinations.

On the basis of additional data, a relatively complicat-
ed, but more complete and more accurate, scheme for
determination of staurolite stoichiometry and estimation
of H content is proposed. We rely on the substitutions of
Table 5 and the average data of Table 2. The sum of Si
+ Al — ¥ Li + % Ti + Fe** is very nearly constant in



HOLDAWAY ET AL.: A NEW PERSPECTIVE ON STAUROLITE

staurolite analyzed for all cations and other staurolite
whose Fe,O; content can be readily estimated because it
formed under reducing conditions (Table 2; Holdaway et
al., 1986b, Table 5). The best estimate for this value is
25.55 (= 7.64 + 17.81 + 0.10, Table 2). Thus the sum
of Si + Al — Y5 Li + % Ti + Fe®* should be set at 25.55
ions pfu. If the analyses are of high quality, the sum of
charge resulting from this choice of stoichiometry may
be subtracted from 96 to yield a rough estimate for H.
For example, H estimates were necessitated for two of
the staurolite samples studied by Dyar et al. (1991), and
the results were consistent with the H measurements made
on samples from the same localities with the same min-
eral assemblages. For analyses in which values were nor-
malized to standards analyzed at regular intervals, Hold-
away et al. (1988) estimated lo error for H of 0.4 ions
pfu using this method.

If Fe** is not known, it can be estimated according to
the methods given in the section above on Fe?* in stau-
rolite (3.5% of Fe is Fe3* in reduced staurolite, 7% of Fe
is Fe** in staurolite coexisting with hematite-ilmenite sol-
id solution > 10% hematite). If Li is not known, it can be
estimated at about 0.2 ions. The 27 analyses given by
Holdaway et al. (1986b), which do not have recognizable
high Li, average 0.16 + 0.12 Li ions. Perhaps a better
approach is to analyze representative staurolite samples
from an area for Li with the ion probe—a procedure not
practiced for routine petrology. Estimates for Li and, to
a lesser extent, Fe’* will correspondingly increase the er-
ror in the stoichiometry and H estimates.

If the above approach is used for staurolite stoichi-
ometry, the average estimated H content of a group of
related staurolite samples may be used to test the stoi-
chiometry and the quality of the analyses by comparing
the estimated H values of specimens from a known min-
eral assemblage with those obtained from complete anal-
yses of staurolite (Holdaway et al., 1986a, 1986b; Hold-
away and Goodge, 1990; Dyar et al., 1991). Staurolite
that formed with biotite or garnet (high ratio of R2+/Al
and therefore lower H in staurolite, Table 5, substitution
5) commonly have H ions near 3 pfu, whereas that which
formed with only chloritoid (lower ratio of R2*/Al) com-
monly have H values near 4. H content of staurolite co-
existing with garnet or biotite as well as chloritoid is not
yet known but may be intermediate between 3 and 4 as
discussed below.

MODEL FOR THERMODYNAMIC MOLE FRACTION OF
IRON STAUROLITE

Ideal mole fraction (activity) models for staurolite pro-
vide us with the ability to determine the mole fraction of
a staurolite end-member in a given natural or synthetic
staurolite sample and from this to relate natural staurolite
compositions to end-member equilibrium curves or ther-
modynamic data. The best model for mole fraction is
based on the stoichiometric end-member formula
H,Fe, Al Si;O,; (Hawthorne et al., manuscript b, in prep-
aration), takes into account the cation distributions given
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in Table 4, and follows the rules given above for site
occupancy. The substitution primarily responsible for T2
vacancies is substitution 5 (Table 5), and therefore H
content and occupancy of M4 are coupled to these va-
cancies. Some of the H variation is also coupled to M3
substitution (Hawthorne et al., manuscripts a and b, in
preparation). On this basis, a model for mole fraction of
stoichiometric iron staurolite in a natural or synthetic
staurolite is

lite — 8 M2 .M " .
XgEgse = XL-X, X T T

Applying the data of Table 4, column 3, we have

8 8
Xi_l;usrloli‘e = <7—g0) (7—880> MY %u'TIX §1'T2X 4Fe2+

= 0.6015 M3X3 - TX§ -T2 X Lo,

The value for ™X.. is the T2 Fe?* site occupancy, as
given in Table 4, column 3, divided by 4. If one wishes
to determine the mole fraction of the chemical Fe end-
member H,Fe, ;5Al,; 081, 65045, the value is 0.6015 (1.86/
2)2-(7.65/8)*(3.65/4)*, or 0.2522 (0O = 0.16, M*occu-
pancy = 0.08, M30 = 0.02). If a natural staurolite sample
is to be referred to this end-member instead of the stoi-
chiometric end-member, one should divide the calculat-
ed activity by 0.2522.

APPLICATION —STAUROLITE-CHLORITOID ROCKS
FROM TRUCHAS PeAks, NEw MEXIcO

As an example of the application of the approaches
discussed above, we consider the staurolite-chloritoid-
bearing rocks of Truchas Peaks discussed by Grambling
(1983). Grambling shows that the bulk K of the stauro-
lite-chloritoid pair passes through one at about 10% mag-
nesium chloritoid component. Two disequilibrium as-
semblages and one assemblage with no indication of
oxidation state were excluded from our analysis. In order
to calculate stoichiometry, we made the following as-
sumptions based on the results of this study: (1) Staurolite
coexisting with ilmenite has 3.5% of its Fe as Fe’* and
that coexisting with hematite or ilmenite having a he-
matite component greater than 10% has 7% of its Fe as
Fe*+. (2) Chloritoid with ilmenite has 2% of its Fe as Fe3*
and that coexisting with hematite or ilmenite having he-
matite component greater than 10% has 4% of its Fe as
Fe3+. This approach provides very good overall stoichi-
ometry for chloritoid. (3) Typical of average staurolite,
the staurolite contains 0.18% Li,0, corresponding to about
0.2 Li ions. There may well be some variability in Li in
these staurolite samples, and this may contribute to some
of the scatter in our results. Stoichiometry and site as-
signments were determined according to the methods
given above. We emphasize that the estimated H values
have a precision of about 1 ion pfu as a result of this
approach.

The results are summarized in Table 6, tabulated in
order of increasing chloritoid Mg number. Zn contents
are given because high Li may go with high Zn (Holdaway
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TasLE 6. Data on staurolite-chloritoid pairs, Truchas Range, New Mexico*

Specimen Assemblage** Cld Mg no. Stau Zn Est. H Bulk K Activ. K}
77-54A Ky-And-Sil-lm-Mag 0.001 0.03 5.3 0.03 0.09
76-391 Ky-And-Sil-Hem-Mag 0.010 0.10 5.5 0.34 1.07
77-208 Ky-Sil-Hem-Mag 0.025 0.89 4.0 0.17 0.42
77-342 Ky-Sil-Hem-Mag 0.032 0.95 44 0.14 0.32
77-187A Gt-lim 0.036 0.04 3.6 0.82 2.02
77-163 Gt-llm 0.047 0.23 2.9 0.42 0.87
78-86B Gt-im-Mag 0.051 0.53 41 0.84 2.23
77-224A Hem 0.053 0.00 4.6 0.98 2.42
78-22A Bt-Gt-llm 0.105 0.00 3.9 1.08 2.22
77-154 Hem 0.105 1.17 4.5 1.02 321
77-126 Bt-llm-Gra 0.107 0.07 3.2 0.84 1.61
77-10A Bt-lim 0.111 0.01 36 1.00 1.98
76-445 Bt-Gt-Gra 0.111 0.00 4.0 1.56 3.50
77-40-1 IIm 0.117 0.08 4.3 1.34 2.95
77-53 Ky-And-Sil-iim 0.126 0.02 4.5 1.17 2.39

* Listed in order of increasing Cld Mg/(Mg + Fe) (Grambling, 1983).

** Each assemblage includes staurolite, chloritoid, and muscovite (no Mus in 77-40-1, Par in 77-163, Chl or Rut in some specimens). lim = Hem
component < 10%, Hem = Hem > 10%, for calculation of Fe3* in staurolite and chloritoid.

 sady(Fe2t/Mg)-“(Mg/Fe?*).
} s Te(Fe2+/Mg)- o4(Mg/Fe?*).

et al., 1986b), which might indicate that the assumed Li
values for high-Zn staurolite were low in some cases. Re-
calling that all the staurolite samples coexist with chlo-
ritoid, we note that (1) with biotite or garnet, staurolite
has H < 4.1; with no biotite or garnet, staurolite has H
> 4.0, and (2) with Al silicate, staurolite has H > 4.0;
with no Al silicate, staurolite has H < 4.6. These rela-
tionships may be explained by considering the ratio R?*/
Al produced by staurolite and coexisting minerals, as low
R>*/Al favors increased H in staurolite resulting from the
R2>*H_, substitution. Variations in T, P, X,,,, Mg num-
ber, and SiO, activity may also affect H content of stau-
rolite.

The bulk K, values (Table 6) are essentially the same
as those determined by Grambling without an Fe** cor-
rection, and they demonstrate clearly that there must be
a 7-X minimum for staurolite-quartz relative to chlori-
toid and aluminum silicate at about 0.1 Mg/(Mg + Fe?*)
(Grambling, 1983, his Fig. 13). The K, values based on
the mole fraction model must include only the Fe** and
Mg content of T2 since all the other factors cancel out
between Xp, and Xy, These K, values must apply to
equilibrium relations other than mass-action relations
between Fe-Mg minerals. Table 6 shows that most of the
mole fraction model K, values are above one, and they
only pass through one at very Fe-rich compositions. More
important, the variable nature of K, with composition
still exists when the new mole fraction model is used.
This indicates that the variable K, relations cannot be a
function of either Fe3*-Fe2* content or intersite partition-
ing in staurolite. A remaining possible explanation is
nonideal mixing in the T2 sites (Holdaway et al., 1988;
Mukhopadhyay et al., 1990); this will be considered in
detail in a future communication.

SUMMARY

As a result of the recent chemical, Méssbauer, and X-ray
crystal structure data, it is now possible to resolve a num-

ber of problems with staurolite to help make it a more
useful mineral for petrogenetic studies:

1. In reduced rocks, about 3.5% of the Fe in staurolite
is Fe3*; in more oxidized rocks, about 7% is Fe3*.

2. Of the Fe?*, 82% occurs on the T2 site, 11% on M1-
M4 sites, and 7% is charge transfer, probably between T2
and M1-M3 sites. The Fe** resides on the T2 site prob-
ably replacing Al. In all, about 14% of the Fe is octahe-
dral, 86% tetrahedral.

3. A combination of chemical, Mossbauer, and struc-
ture data allows for a model based on average site occu-
pancies and intersite partitioning to assign all common
ions from a chemical analysis to specific sites.

4. The stoichiometric formula on which mole fraction
models and thermodynamic data should be based in
H,Fe,Al,;Si;O,. However, chemical end-members such
as H,Fe,;sAl,; 51,40, are important for determining
synthetic staurolite compositions and staurolite molar
volumes.

5. The best staurolite stoichiometry can be obtained by
assuming Si + Al — 5 Li + %5 Ti + Fe** = 25.55. H
may then be estimated by subtracting total charge from
96.

6. A good mole fraction model for iron staurolite is
based on the site occupancies and takes into account di-
lution of Al, Si, and Fe on all octahedral and tetrahedral
sites except M4 which is coupled to T2. Because of cou-
pling, H occupancies need not be considered.

7. Calculated stoichiometries for staurolite coexisting
with chloritoid show reasonable H contents as a function
of mineral assemblage and demonstrate that neither re-
dox nor intersite partitioning in staurolite can explain the
variable K, between staurolite and chloritoid, leaving
nonideal mixing on T2 as a possible explanation.

With these additional constraints, it is now possible to
determine staurolite molar volumes and retrieve mean-
ingful thermodynamic parameters from equilibrium de-
terminations.
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