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Limits on the precision of geobarometry at low grossular and anorthite content
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Ansrnlcr

In many cases the grossular content of garnet and/or the anorthite content of the pla-
gioclase used in thermobarometry are very low, leading to a large pressure uncertainty.
The dependence of this uncertainty on mole fractions of grossular and anorthite is evaluated
by propagating uncertainties in composition and activity terms into the GASP geobaro-
meter for a series of hypothetical rocks equilibrated at 550 "C and 6 kbar. Results are -r

0.65 kbar (1 standard deviation) at high mole fractions (X,,, : 0.15, &, = 0.98), increasing
to + 1.55 kbar at low mole fractions (Xr* : 0.03, X", : 0.133). Specific results vary
depending on elrors chosen, P-Z conditions, thermodynamic database, and activity models
used, but an overall trend ofincreasing uncertainty with decreasing mole fraction is robust.
These theoretical conclusions are supported by a data set of 42 amphibolite facies meta-
pelitic samples for which pressure and temperature were determined with and without
grossular-anorthite-bearing equilibria. If grossular and anorthite mole fractions are large
the difference in P determination is low (<0.5 kbar), but if these mole fractions are <0.10
and 0.30, respectively, the difference in P determination is variable and can be high (>3
kbar). A general guideline is that if the product of grossular and anorthite mole fraction
is <0.05, then grossular-anorthite-bearing equilibria should be used only with great caution.

INrnonucrror.q

Geothermometers and geobarometers are routinely
used by geologists to estimate the pressure (P) and tem-
perature (I) of equilibration of mineral assemblages. The
uncertainties associated with these P-Z estimates come
from several sources, including experimental apparatus
calibration, activity models, thermodynamic databases, P-
T averaging technique, and mineral composition uncer-
tainty. The effect of these uncertainties on the P-Z esti-
mate, either separately or in various combinations, has
been investigated by several authors (Anderson 1977a,
l97lb; Hodges and Crowley 1985; Hodges and McKenna
1987; McKenna and Hodges 1988; Powell and Holland
1988; Berman 1991; Kohn and Spear 199la, 199lb; Lie-
berman and Petrakakis 1991; Gordon 1992; Applegate
and Hodges 1994; Gordon et al. 1994; Powell and Hol-
land 1994). None of the previous works systematically
investigated the effects of low mole fraction of end-mem-
ber components on the uncertainty of a P-I estimate,
which is the purpose of this study. Two sources of un-
certainty that vary with mole fraction are examined: un-
certainties inherent in activity models and uncertainties in
the compositions of minerals in the equilibrium
assemblage.

minosilicate-silica-Plagioclase (GASP), 3 An = Grs + 2
Al,SiO, + Qtz (Ghent I91 6); Garent-Rutile-Ilmenite-Pla-
gioclase-Silica (GRIPS), Grs + 2 Alm + 6 Rt : 6 Ilm
+ 3 Qtz + 3 An (Bohlen and Liotta 1986), and Garnet-
Mica-Aluminosilicate-Plagioclase (GMAP), Grs + Alm
* Ms : Ann * 3 An (Ghent and Stout 1981). In many
metapelites the mole fraction of grossular in garnet is
<llvo. There are cases in which these equilibria have
been used to estimate P-Z conditions with Xr." below 2Vo.
In typical metapelitic rocks, the anorthite component of
plagioclase is commonly less than 30Vo. Certunly, there
is a limit to how well activity models extrapolate to ex-
tremely low mole fractions. It is the purpose of this paper
to investigate "how low is too low" without comparing
different solution models, thermodynamic databases, or
P-T averaging techniques. Consequently, a single choice
of these parameters is used. The results presented here
depend on the exact choice of these options. However,
the conclusions regarding the functional relationship be-
tween mole fraction and the uncertainty of barometry
should stand regardless of which database or solution
model is preferred.

Tnronprrcnr, cALCULATToNs

For common assemblages in medium-grade metapelitic Uncertainty in activity model
rocks, the problem of low mole fraction affecting P-T As more experimental data are generated, activity mod_
results is most acute for grossular-anorthite-bearing equi- els for minerals evolve and impiove, and discrepancies
libria. Three commonly used equilibria are: Garnet-Alu- among the most up_to_date models will likely decrease.

However, low mole fractions are commonly outside the
x E-mail: ctodd@soest.hawaii.edu range of experiments used to calibrate the models. Any
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FIcunr 1. (a) Heavy lines show activity as a function of

composition for anorthite in plagioclase (Fuhrman and Lindstey
1988) and grossular in garnet (Berman 1990) at 550 "C and 6
kbar. Plagioclase contains no K; garnet contains no Mn and Mg/
(Mg + Fe) remains fixed at 0.2. Light lines show one standard
deviation in activity based on the model of Powell and Holland
(1988) (Eq. 1). (b) Enlargement of low mole fraction area shown
as a gray box in top diagram. No error envelope is shown for
anofihite in b because Equation 1 does not apply if mole percent
<3.

activity model, no matter how well calibrated, is likely to
have a larger relative error at low mole fraction than at
high mole fraction. Powell and Holland (1988) proposed
that for mole fractions greater than -0.03 the absolute
error in activity (op,ffi) is

of,fiX : O.3na(l - !-a1' (1)

where a is activity and n is the site multiplicity of the
dominant site involved in the solid solution (i.e., 1 for
plagioclase and 3 for pyralspite garnets). This equation is
based on the propagation of an error in a regular solution
energy term (Margules parameter) into the formula for
the activity of a one-site mineral. Although this is not a
rigorous propagation for the specific irregular solution

= 0.6
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Frcunr 2. Pressure-temperature diagram showing lnK iso-
pleths of the GASP barometer. Dashed line is ct-B quartz tran-
sition Thick gray lines are aluminosilicate equilibria. Conditions
discussed in the text (550 "C, 6 kbar) shown as filled circle.

models used here, the functional form takes account of
the major effect. A comparison of activity coefficients
calculated by a number of different solution models for
garnet and plagioclase shows that relative discrepancies
among models increase as mole fraction decreases (Kohn
and Spear 1991b), supporting the trend implied by Equa-
tion 1. Figure 1 shows the standard deviation around the
activities of anorthite and grossular at 550'C and 6 kbar
as a function of mole fraction based on the solution mod-
els of Fuhrman and Lindsley (1988) and Berman (1990),
respectively. For these calculations the plagioclase con-
tains no K, and the garnet contains no Mn with Mg/(Mg
+ Fe) fixed at 0.2.

The effect that uncertainty in activity has on the pres-
sure determined by the GASP barometer can be calculat-
ed directly. The GASP barometer is located in P-T space
according to the equation, 0 : AGP + "T,o-.rnr* (AydP
- AS.dD + RZInK where AQ is the free energy differ-
ence of the pure end-members at standard-state condi-
tions, AV. the volume difference, AS, the entropy differ-
ence, and K the equilibrium constant of the reaction. In
this case, K : (a","a2*rao)/@i) = a"Jal* where a*.".^, is
the activity of the mineral species indicated and a*" : a*.
: 1. The relationship between P, T, and lnKis shown in
Figure 2 using the thermodynamic database from Berman
(1988). At constant I the uncertainty in a mineral activity
(Eq 1) propagates into P according to

/  a r  \  / a t n r \oF"vilY - 
lr'" t/,lrr*i"*tttl' Q)

The derivative dPlalnK at 550 'C and 6 kbar is 1.08 kbar/
lnK (Fig. 2). The derivatives of lnK are lla"," and -3/a^^

for grossular and anorthite, respectively. It is assumed
that op;,,,, : oLL",,, : 0.

l nK=  0  -2  -4

550 'C.  6  kbar

anor th i te

grossular
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Frcuns 4. Standard deviation in pressure as a function ofXr^

for the assemblage Grt + Pl + Qtz + Ky at 550 'C, 6 kbar and
the compositional constraints in Figure l. Each of the four in-
dividual absolute uncertainties described in the text are shown,
as well as the total absolute uncertainty. Gray line is total relative
uncertainty. Shown along the top of the diagram is the corre-
sponding X", from Figure 3.

sition affects the uncertaintv in P calculated bv the GASP
barometer accordins to

where the derivatives Aad".,JAX^i",^, were solved by fitting
a polynomial to activity vs. composition data from activ-
ity models for the composition range of interest. Figure
4 shows o;omniltion as a function of Xr^ for the same set of
hypothetical rocks as described in the previous section.
At Xr," : 0.03 and X"" : 0.133, o. from grossular and
anorthite mole fraction uncertainties is 1.05 and 032
kbar, respectively, whereas at Xr^ : 0.15 and X* = 0.98,
oFomposition is 0.21 and 0.06 kbar, respectively. Uncertainty
estimates for a different choice of o3ff;d,iti"" are easily cal-
culated by substituting this new value into Equation 3.
For all possible compositions at these P-Z conditions,
o;9mposltion is dominated by the uncertainty in the grossular
term, as also noted by Hodges and McKenna (1987). The
minimum in uncertainty from anorthite composition at
Xr., : 0.13 is caused by the near zero slope of a.. vs. X",
in this portion of P-I-composition space (Fig. 1).

Combined effect

If all four sources of the uncertainties in P discussed
above are uncorrelated (o#i,,.", oilu,"r, o8ilp"",,,",, oll-*.r,,",),
the total uncertainty in pressure is the square root of the
sum of the squares of the individual uncertainties in P.
Since activity models for garnet and plagioclase were de-
termined from independent sets of data, the covariance is
zero for errors in aE" arrd a^,. The error from an activity

5 5 0 ' C
6 kbar

0.04 0.08 0j2 0 .16

&rt
Frcunn 3. y"" vs. Xr* for the assemblage Grt + Pl + Qtz +

Ky at 550 'C, 6 kbar. The same compositional constraints apply
as in Figure 1. These data were calculated by: (1) setting the
garnet composition; (2) solving for grossular activity (Berman
1990); (3) solving for anorthite activity from K : 0.Ol : ac,"l
a3,"; and then (4) solving for the composition of plagioclase
(Fuhrman and Lindsley 1988) iteratively.

Solution models relate composition to acrivity. At fixed
P and T, the equilibrium constant for GASP relates the
two activities; a","la3^ = 0.01 at 550 "C and 6 kbar. For a
hypothetical outcrop equilibrated under these conditions,
a series of rocks can be postulated having the same as-
semblage (Grt + Ky + Qtz + Pl) but different bulk Ca-
contents, and therefore different X_." and X*. Figure 3
shows the relationship of X,., to X". at this hypothetical
outcrop based on the given equilibrium constant and the
activity models depicted in Figure L Figure 4 shows
ofr""t'r as a function of Xr,.. As can be seen, o?:duftv is larger
at low values of mole fraction. At Xr., = 0.03 and X,. :
0.133, o. from grossular and anorthite activities are 0.89
and 0.63 kbar, respectively, whereas at X".. : 0.15 and
X"^ = 0.98 they are 0.61 and 0.00 kbar. The uncertainty
in P from grossular activity is always larger than that
from anorthite activity.

Uncertainty in composition determination

There is a limit to how well one can know the com-
position of a mineral that was in equilibrium with the rest
of the metamorphic assemblage at the specific time of
metamorphism of interest. The sources of uncertainty in-
clude compositional zoning, inhomogeneity on the scale
of a thin section, retrogression, and analytical error from
the microprobe. Rather than addressing each of these un-
certainties individually, they are treated together. The ul-
timate impact is an uncertainty in the appropriate com-
position. This value is likely to be different for different
samples. Therefore there is no single optimal value. A
minimal estimate is +l molTo (ogffi:,I*-" = 0.01). Keep in
mind that this is meant to represent the sum total of all
uncertainties in composition. An uncertainty in compo-
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model is most likely systematic and comes from the mod-
eler's choice of functional form and data set used. Com-
position errors have both random and systematic parts.
Random compositional errors would be those associated
with counting statistics from the microprobe and mineral
inhomogeneity. Systematic compositional errors come
from the choice of microprobe standards, and perhaps
zortrng (which point on a zoning profile is chosen). There
is no correlation between an error in an activity model
and the error in measuring composition. Therefore co-
variance is zero for activity-composition pairs. The only
errors that might be correlated are o5:Lpsirion and og-0"",,,.".
The uncertainty from microprobe counting statistics and
the amount of zoning or compositional heterogeneity in
these two minerals is not necessarily correlated, but there
is a high covariance between the systematic part of mi-
croprobe errors for samples measured in a single lab.
However, if the amount of uncertainty from zoning, com-
positional heterogeneity, and microprobe counting statis-
tics is greater than that from systematic microprobe er-
rors, the assumption of uncorrelated compositional
uncertainties is deemed justified. Thus the combined un-
certainty in pressure determination from all four sources
ranges from 0.65 kbar at high mole fractions to 1.55 kbar
at low mole fractions (Fig. a). The relatively large un-
certainty even at Ca-rich conditions comes mostly from
the uncertainty inherent in grossular activity (89Vo of the
variance), with almost all of the remaining variance
(107o) coming from the uncertainty in the composition of
garnet. At Ca-poor conditions, the uncertainty is distrib-
uted more evenly, although it remains dominated by gros-
Sular terms (6p'ri'r-g^ contains 33Vo of the variance,

The uncertainties presented above are meant to repre-
sent absolute uncertainties in determining the P-Z of
equilibration of a rock. For relative errors, uncertainties
would be smaller. In particular, the uncertainties stem-
ming from activity models should be reduced to about
one third of that calculated by Equation I (Powell and
Holland 1988). Relative errors from the microprobe
would likewise be greatly reduced, but compositional un-
certainty from zoning and inhomogeneity remains the
same. The net result on the total uncertainty is shown as
the gray line in Figure 4 for the case where activity un-
certainties are multiplied by one third and compositional
uncertainties are multiplied by two thirds. At high mole
fractions the total relative uncertainty is 0.25 kbar, in-
creasing to 0.82 kbar at low mole fractions.

Different P.T conditions or compositional constraints
The previous calculations are based on specific P-T and

mineral composition constraints. One way of deciphering
the effect that different input parameters have on o" is to
examine the constituent parts of Equations 2 and 3. Fig-
ure 2 shows that (aPlalnlQ?, common to both equations,
is a function of ?l ranging over a factor of two, from 0.8
kbar/lnK at 350'C to 1.8 kbar/lnK at 850 'C. It is nor
affected by composition change. As mentioned above,
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(dlnK/da*...",) is fixed by the stoichiometry of the equi-
librium and is a function of the inverse of activity. The
activity of grossular is affected both by composition and
P-T change. Increasing Mg/(Mg + Fe) in garnet from 0
to 0.5 increases the activity of grossular for a specific X"."
less than a factor of three. Pressure has little impact on
activity, but activity doubles for a given composition
from 800 to 400'C. Equation 1 shows that oi:?i"i,y also is
a function of ar.". The result of decreasing Z and increas-
ing Mg as before on oi::i,ity is up to a factor of six increase,
especially at low mole fractions. The net result of all
these factors is that the greatest increase of oi:'ffir c'" u1 u
given grossular content is from Mg-rich low-Z to Fe-rich
high-Z conditions, changing by up to a factor of five. For
the field example presented in the next section Mg/(Mg
+ Fe) varies only from 0.1 to 0.2, and ldiffers over only
200 'C, leading to at most a factor of two change in
theoretical calculations.

As argued in a previous section, oH*FI".. is a function
of sample heterogeneity and analytical technique, and
therefore not a function of P-T or mineral composition.
A change in pressure has an insignificant effect on (dar,"/
axr..) but a change from 800 to 400 'C increases it by up
to a factor of three. A change in Mg/(Mg + Fe) in garnet
from 0.1 to 0.5 increases this derivative by up to an order
of magnitude. The net result is that 6r;'-n* g^ can increase
up to a factor of five from low-Z Fe-rich to high-Z Mg-
rich compositions. However, for more modest ranges of
Z and composition, as discussed earlier,
crease up to a factor of two.

Except at high temperatures, the K content of plagio-
clase is very low. This small compositional change has
an insignificant effect on calculated results. Different P-
Iconditions can cause a change in K (Fig. 2), leading to
a different a"", (6lnKl6a*), o#,,,u,, and (aalaX*) for a giv-
en gamet composition. In effect, the change in K from
low PlT to high PIT leads to stretching of the X axis of
the anorthite components in Figure 4. This increase in
o€cdvitv an and op'o** for a given garnet composition is
partly balanced by a decrease caused by (aPlalnK). noted
above.

Considering all factors, btgh PIT Fe-rich conditions in-
croaSe 6r;omnos m 41d orctwitv * and decrease 6;"-m" o' and
o?:liv'1rv-gre. Each constituent part of o, changes by less than
a factor of two for modest changes in P-T (2 kbar, 20O
'C) and composition [0.] Mg/(Mg + Fe)]. The distribu-
tion of variance between the components of o" changes,
but the inverse relationship of o, and Xr." is robust. Cal-
culations using other Ca-bearing equilibria (GRIPS,
GMAB etc.) are different in detail, but also preserve the
inverse relationship of o" and Xr.".

Nlruur- SAMPLES

To test the applicability of the preceding theoretical
calculations it is necessary to have an independent data
set that includes the error of a pressure estimate and the
mole fraction of grossular and anorthite. Ideally, all sam-
ples would have equilibrated under the same P-T and
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TaeLe 1. Samole list and P-f results
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Sample
name 4" x_- r fc) P (kbar) r fc) P (kbar)

Including Ca-minerals Excluding Ca-minerals Assemblage used*
(All contain

Grt Bt Pl Qtz)

At378
At405
8367
BG8810
DSO5
DSOT
DSOS
DS10
E T  / J O

EF741
EF8O6
EK45
KL1 85
KL437
Ma9302
Ma9307c
Ma9330
Ma9415
Ma9418
Ma9422
Ma9437
Ma9450
Ma9464
Mag477
Ma9506
Mag096
Magl 93
NWO76
NWO77
RT1 59
si9403
si9414
si9503
Staps0l 2
Staps025
Staps038
Staps077
ro22
T031
TT379
rr479
TT48O

0 043
0 061
0 043
0 064
0 038
0.035
0.038
0.033
0.1 62
0.171
0 .210
0 032
0.058
0.071
0 205
o  2 1 2
0 .139
0 059
0 070
0 039
0 064
0 085
0  176
0.1 50
0.048
0.045
0.051
0.074
0 096
0.046
0.1 73
0 069
0.060
o  137
0.088
0 067
0 061
0.080
0 035
0  1 0 1
o.125
0.1 53

0.1 54
0.1 87
o 250
0 1 1 6
0.267
u  t c o

0.202
o 245
0 528
o 471
0.661
0  2 1 6
0.236
o.214
o.677
0.786
0.1 34
0.288
0.226
0.219
u .  t o o

o 232
o 445
0 230
0 261
o 249
0 337
0.300
0 167
0 196
0.413
o222
0.266
o.220
0.205
0.1 09
0.1 56
0.242
o 174
0  1 9 1
0 324
0.396

576
JJd

703
558
682
o t c

608
620
587
590
445
600
570
682
411
476
534
588
JbU

578
609
604
502
577
o3d

617
o t u

545
554
564
599
589
573
5 1 1
543
JJV

556
Jbd

600
566
576
540

6.55
576
6.70
d  / J

4.83
o o J

5 6 8
428
7 4 0
7 .71
5.32
3 9 3
5.62
8 . 1 4
4.78
5 5 5
8.45
5.41
6.34
4.61
7.92
7.64
5.67
9.08
5 9 8
5 4 1
6 6 5
5 . 1  6
821
J b b

a  t t

o Y o

5.50
7 3 0
7.05
8.72
7.31
6.58
5.89
8.38
7 2 9
6.47

5t ' /

576
706
635
682
600
576
622
581
c o /

442
601
571
693
402
490
o  t o

594
JY3

578
o t c

656
508
o u l

657
617
628
c+1

585
5bJ

604
6 1 6
co+

czJ

545
55t'

567
580
5 6 /

553
548

c . 1 c

4.43
b 4 c

6 4 6
4.38
7 0 3
662
5 0 0
8 1 9
7.71
J . 3 0

3 6 8
5.33
6.02
4.80
5.25
6 .18
6 .15
5.02
4 s 8
7 5 3
6 4 0
5 3 0
6 .14
5 5 5
642
491
6.48
4.32
6.06
6.98
6.22
6.89
5.08
b J b

b.Jd

5 5 4
5 1 8
o J +

6 4 1
9 .1  0
4.74

Ms Ky
Ms Sil
Ms Sil
llm Rt
Ms Si l

llm Rt Ky
llm Rt Ky

Ms Si l
Ms Ky
Ms Ky
Ms Ky
Ms Si l
Ms Ky
Ms Si l

Ms llm Rt
Ms llm Rt

Ms llm Rt Ky
Ms llm Rt Sil

Ms Sil
Ms Sil

Ms l lm Rt
Ms llm Rt Ky
Ms llm Rt Ky

Ms Ky
Ms Si l

Ms llm Rt Ky
llm Rt Ky

Ms Ky
Ms Ky
Ms Ky
Ms Ky

Ms llm Rt Ky
Ms Ky
Ms Ky
Ms Ky
Ms Ky
Ms Ky
Ms Ky

Ms llm Rt Ky
Ms Ky
Ms Ky
Ms Ky

Nofe. 'Abbreviatedcomposi t ionsarel is tedinToddandEngi  (1997)andEngi  eta l  (1995).Completemineral  composi t ionscanbeobtainedfromthe
aulnor.

* Mineral abbreviations from Kretz (1983).

have identical compositional constraints on non-Ca com-
ponents. Such a database is not available, but the preced-
ing section indicates that the theoretical calculations still
apply in a field area with modest ranges of P and T (-2
kbar, -200 'C). For natural samples, it is not possible to
directly measure the error of a pressure estimate because
this would require that the "true" pressure of equilibra-
tion is known. An estimate of this error, independent of
theoretical calculations, comes from the comparison of P
estimates from anorthite-grossular-bearing equilibria to P
estimates that do not use these components.

A subset of amphibolite grade metapelitic rocks in the
Central Alps, described by Todd and Engi (1997) and
Engi et al. (1995), was investigated. Of the 110 samples
used in their work, 42 have mineral assemblages appro-
priate for the purpose of this paper. Thermobarometry
indicates a P-T range of 4.5-i kbar and 500-675 'C. For
each of the samples the P-T of equilibration (both in-

cluding grossular-anorthite-bearing equilibria and exclud-
ing these equilibria) was determined by TWQ software
(Berman 1991) using the thermodynamic database of
Berman (1988). The assemblages examined are mostly
Grt + Bt * Ms * Qtz + Pl with either an aluminosilicate
or Rt + Ilm, or all three (Table l). This allows for the
calculation of sets of HrO-conserved equilibria with three
or four linearly independent reactions that include the
phases grossular + anorthite, which reduces to two or
three linearly independent reactions when the Ca-phases
are excluded. Assemblages used and P-Iresults are listed
in Table 1. Pressures and temperatures of equilibration
were estimated in the following manner: for a given sam-
ple, all possible stable and metastable equilibria were cal-
culated; the P-T values of the intersection of each pair of
equilibria are tabulated, and the weighted average of this
table is the P-T estimate for the sample. For more infor-
mation about this technique, see Berman (1991). [For
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Frcunn 5. AP (see text) vs. (a) X_.,, (b) X",, and (c) the prod-
uct Xr,,.X,. for the set of natural samples described in the text.
There is a strong inverse relationship between the range in Ap
and Xr...X",. (c) also shows interpreted uncertainty envelope.

more details on the samples used, see Engi et al. (1995)
and Todd and Engi (1997). Activity models for the min-
erals are as follows: Alm, Prp and Grs, Berman (1990);
An, Fuhrman and Lindsley (1988); Phl and Ann, Mc-
Mullin et al. (1991); Ms, Chatterjee and Froese (191.5);
Ilm, ideal.l

Comparison of the two P estimates for each rock gives
a measure of how well Ca-bearing equilibria (GASP,
GRIPS, GMAR and the family of dependent reactions
spawned by intersections of these with the other equilib-
ria in the system) agree with non-Ca-bearing equilibria.
Because these rocks span a range in grossular and anor-
thite mole fractions they can be used to examine this
agreement as a function of mole fraction. In these sam-

ples the difficulty of low mole fraction is mostly confined
to grossular and anorthite. Almost all the non-Ca-bearing
mineral end-members used (alm, prp, ann, phl, ms, ilm,
Qtz, Rt, Ky, Sil) have higher mole fractions than gros-
sular; only Xn, is less than Xr." in nine oil of 42 samples.
In most cases the non-Ca-bearing end-members have a
higher mole fraction than anorthite as well: X"" > X'- in
one sample; X". > X-" in two; X^, ) Xpm in four; X,. >
X"", in 10; X^, ) Xo* in 40; X'- is in all cases greater than
X""; quartz, rutile, and aluminosilicate were assumed to
be pure.

Figures 5a and 5b show the pressure estimate from
assemblages including Ca-bearing equilibria minus that
derived from the same assemblages without the Ca-bear-
ing equilibria (AP) as a function of Xr." and X",. There is
an inverse relationship between X". and the range in AP,
but no clear functionality appears between Xr." and AP.
In order to examine AP in relation to grossular and an-
orthite content simultaneously, Figure 5c shows AP as a
function of the product Xr.,.X",. Similar to Figure 5b, there
is a strong inverse correlation between the range in AP
*d Xr.".X".. This is interpreted to indicate that although
the accuracy ofP estimates at low grossular and anorthite
contents remains high in comparison with independent
estimates, precision is low. It is suggested that if the prod-
uct Xr.".X"^ is below 0.05, pressure estimates from gros-
sular-anorthite-bearing equilibria in metapelites should be
used only with great caution.
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