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Garnet-biotite-cordierite thermometry and
barometry in the Cashel thermal aureole,
Connemara, Ireland

PETER J. TRELOAR

Department of Earth Sciences, Downing Street, Cambridge, CB? 3EQ, UK

ABSTRACT. A number of geothermometers and geo-
barometers involving coexisting garnet, biotite, and cor-
dierite have been used to calculate the pressures and
temperatures of metamorphism of the Cashel thermal
aureole in Connemara. Temperatures from the garnet-
biotite thermometer show a wide variation between
calibrations, and are markedly different from those ob-
tained from the garnet-cordierite thermometer. These
variations, together with the possibility of extensive re-
equilibration between garnet and cordierite rims and
biotite, indicate that the use of exchange reaction ther-
mometry, for these rocks at least, may be invalid. The
various calibrations of the garnet-cordierite-sillimanite-
quartz geobarometer give reasonably consistent pressure
estimates which, after allowance for partial pressures of
water, indicate pressures of metamorphism of about
5+1kb.

IN the pelitic hornfelses that surround the Cashel-
Lough Wheelaun ultrabasic intrusion of Central
Connemara (Leake and Skirrow, 1960; Leake,
1969) cordierite and garnet frequently occur to-
gether, often in equilibrium with biotite or silli-
manite or both. The pressure dependence of garnet
and cordierite compositions in the assemblage
garnet-cordierite-sillimanite-quartz, and the tem-
perature dependence of Fe-Mg partitioning be-
tween garnet, biotite, and cordierite enable these
rocks to be used to calculate the pressure-tempera-
ture conditions of the thermal event. The intrusion
of the ultrabasic magma was synchronous with the
D2 stage of the regional deformation (Leake, 1969),
and consequently pressures derived from the
Cashel aureole rocks are relevant to studies of the
regional metamorphism which has been over-
printed by the thermal effects of the intrusion.
Four rocks, 1502, 1502A, 1698, and 1698A,
collected by B. E. Leake, have been used in the
present study. Their locations are listed in Leake
and Skirrow (1960). Samples 1502 and 1502A are
from an enclave of metasedimentary rocks within
the ultrabasic intrusion, while samples 1698 and

© Copyright the Mineralogical Society

1698A come from within 10m of the contact. In
all four samples, cordierite, garnet, biotite, and
sillimanite coexist with magnetite together with
varying amounts of quartz and plagioclase feld-
spar. Most samples contain between 20 and 309
quartz and feldspar. Cordierite is by far the domi-
nant ferromagnesian phase, constituting in all cases
over 509, of the rock and up to 709, of the
total ferromagnesian phase content. Apart from
sample 1698, in which biotite forms 25% of the
total ferromagnesian content, the rocks generally
contain little more biotite than 5 to 109, of the
total ferromagnesian content. In all samples cor-
dierite is generally between 1 and 2 mm in diameter,
though individual grains may reach 4 or 5Smm
diameter. Garnet normally occurs as isolated
grains often 4mm and rarely up to 8mm in
diameter. The cordierites in sample 1698A have
been extensively altered and pinitized. Microprobe
analyses of the coexisting phases have been carried
out on the energy-dispersive microprobe designed
and housed in the Department of Earth Sciences,
University of Cambridge, using an 80 sec. counting
time, accelerating voltage of 20kV, specimen
current of 50nA and take-off angle of 40deg. All
phases are homogeneous although within a few
microns of the rim X § decreases sharply while
X4 shows a significant increase. Mineral
analyses are listed in Tables I-1II, and composi-
tions plotted on an AFM diagram in fig. 1.

Partitioning of Fe and Mg between the phases
garnet, biotite, and cordierite is temperature de-
pendent and has been calibrated to produce three
two-phase exchange reaction thermometers with
low AV, high AS,, and a steep (sub-vertical) slope
in P-T'space. Thompson (1976) and Holdaway and
Lee (1977) have both produced empirical calibra-
tions of the garnet-biotite and garnet-cordierite
thermometers, while Ferry and Spear (1978) have
published an experimentally determined calibra-
tion of the former thermometer.
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F1G. 1. AFM plot of coexisting phases.

The pressure sensitive assemblage cordierite-
garnet-sillimanite-quartzrepresenting the continu-
ous reaction:

3 cord=2gar+4sill+5qtz

may be used as a geobarometer, and has been cali-
brated as such by a number of workers including
Hensen and Green (1971, 1973), Currie (1971),
Thompson (1976), Holdaway and Lee (1977), and
Newton and Wood (1979). The early assumption
that Fe-Mg partitioning alone was responsible for
the pressure sensitivity of the barometer was ques-
tioned by Wood (1973) who showed that water
content of cordierite is significant in positioning
isopleths in P-T space. Subsequent experimental
(Holdaway and Lee, 1977) and theoretical studies
(Newton and Wood, 1979) have involved a more
rigorous consideration of the Py, of reaction and
the effect on it of the amount of water held in the
cordierite lattice.

Calculation of P and T of metamorphism

Temperatures can be derived from the calibra-
tions of the reaction:
IMg,AlLLSi,0,, + 1KFe;AlSi;O,o(OH), =
garnet biotite
1Fe;Al,8i,0,, + 1KMg;AlSi; O, (OH),
biotite (1)

garnet
2740+0.0234P
=—————+50°(T 1976) (1
inK, 156 T°0 (Thompson, 1976) (la)
6150+ 0.024
= —%;—43—%150" (Holdaway and Lee,
1R 1977) (1b)
4151+0.019P
=" L 50°(F
Ran1+1.554_50 (Ferry and Spear,

1978) (1c)
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Fe®*" . Mgh®
and for the reaction:
iMg,A1,S81,0,, + 3Fe,ALSis0,5 =

garnet

where K, =

cordierite

JFe,ALSI,0,, +IMBALSIOy (o)
garnet cordierite
2725+0.0155P
~ InK,+089
_ 6150+0.0303P

" RInK,+2.69

+ 75° (Thompson, 1976) (2a)

+75° (Holdaway and Lee,
1977) (2b)
Fegar . Mgcord
Mgga: . Fecord b
For each rock a range of values for K, and K,
may be obtained (where K, max involves the iron-
richest garnet analysed and the Mg-richest biotite,
K, min the opposite and K, min and K, max are
derived similarly for the cordierite-garnet expres-
sion). The extreme limits of the range covered by
K, and K, may be taken to account for any
experimental error inherent in the microprobe
technique. In all cases the term P is set to 5000 bars.
The range of temperatures obtained is listed in
Table IV and plotted in fig. 2a. Temperatures have

where K, =

la
1b
13
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FI1G. 2. Bar diagrams to illustrate range of calculated P
and T. (A) Temperatures from calibrations 1a, 1b, lc
(biotite—garnet) and 2a, 2b (garnet-cordierite). (B) Pres-
sures from calibrations 3a, 3b, 3¢, 3d at T = 700°C. (C)
Pressures from calibrations 3a, 3b, 3¢, 3d at T'= 1000°C.
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not been calculated for 1698A from the cordierite-
garnet thermometer due to the altered nature of
the cordierite in that sample. Temperatures ob-
tained from calibration 1¢, which is the only experi-
mental calibration among the five, are higher than
those obtained from the other calibrations. This
calibration (Ferry and Spear 1978) has a markedly
different slope (In K v.T) from the other calibra-
tions of the biotite-garnet thermometer. At low
values of In K, corresponding to high values of T,
the defined value of T changes increasingly rapidly
and the accurate definition of the slope becomes
increasingly more important. Thompson’s calibra-
tion (1976) of this thermometer is heavily weighted
at the low-temperature end and extrapolated by
best fit techniques to higher temperature regions
where any errors at the low-temperature end will
become grossly magnified. This is even more likely
to happen with his calibration of the garnet-
cordierite thermometer (1976, p. 249) where the
broad scatter on the calibration diagram probably
invalidates his best-fit line. Realistic errors on
Thompson’s calibrations of both thermometers
must be in the region of +50° at 500 °C increasing
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to +100° at 1000 °C. Indeed Bohlen and Essene
(1980) commented that cation-exchange thermom-
eters are too inconsistent, imprecise, and inaccurate
to be used for quantitative thermometry. Bearing
in mind the probable large errors at higher tem-
peratures on Thompson’s (1976) and Holdaway
and Lee’s (1977) empirical calibrations and that
Ferry and Spear’s (1978) calibration is the only
experimentally determined one, it may be intimated
that realistic temperatures derived for the present
rocks will be in the region of 850°+100°C.

A further complication to direct thermometry
is raised by the possibility of continued re-
equilibration during cooling either by continued
exchange reaction or by diffusion. The sharp in-
crease in X 8 adjacent to the rim indicates that
some such readjustment may well have occurred.
In view of the large size of the garnet and cordierite
grains it is likely that any such re-equilibration will
have been limited to the near-rim areas with the
interior of the grains remaining constant and
unaffected by diffusion. The re-equilibration of
garnet and cordierite rims should have had a very
marked effect on the composition of the smaller

TABLE IV. Calculated pressures and temperatures

Sample
Calibration 1502 1502B 1698A 1698
(a) la 724-882 850-908 814-871 766-879
1b 688-819 793-840 763-710 723-816
ic 750-988 938-1028 882-971 810-982
2a 679-813 693-751 679-778
2b 659-770 671-720 659-742
(b) 700°C
3a 5322-5782 5473-5645 5243-5517
3b 5886-6529 6098-6339 5776-6160
3c 5664-6111 5812-5979 5588-5854
3d 5477-5930 5626-5796 5400-5669
(c) 1000°C
3a 4756-5358 5954-5180 4653-5012
3b 5348-6190 5626-5941 5204-5706
3c 5298-5882 5490-5709 5198-5545
3d 5336-5929 5532-5753 5235-5588
d K, 3.69-2.49 2.67-2.36 2.91-2.55 3.29-2.51
K, 7.76-5.39 743-6.30 7.76-5.88
K, 2.24-1.92 2.14-2.02 2.05-1.87

(@) Temperature ranges for each rock from the garnet-biotite (la-1c) and
garnet-cordierite (2a-2b) thermometers (°C).

(b) Pressure ranges calculated for each rock from the four calibrations (3a to 3d)
of the garnet-cordierite-sillimanite-quartz barometer with T at 700°C (bars).

(c) As (b) but with T set to 1000 °C (bars).

(d) Range of values of K, K,, and K; used in the calculations.
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biotite crystals especially in those rocks which
contain very little biotite. The similarity, though,
of K, and K, (Table IV, (d)) between those rocks

with high (25%) and low (5%) biotite contents may -

be considered to be remarkable and could indicate
that biotite was not affected by re-equilibration.
However, continuing down temperature reaction
between garnet and biotite should result in an in-
crease in X3¢ while similar continuing reaction
between biotite and cordierite should have the
opposite effect and it is possible that if the latter
were continued after the former ceased the result
would be fortuitous values of K; which would
indicate apparently sensible temperatures of re-
action. As such it appears that temperatures from
the garnet-biotite thermometer in this instance
could be somewhat misleading.

In the likely event that the interiors of the garnet
and cordierite crystals remained constant during
cooling the calibrations of the garnet-cordierite
thermometers, if reliable, should provide sensible
temperatures. The indicated range of 660-810°+
75 °C is not, however, very useful. From considera-
tions of the regional metamorphism the lower
values which come from calibration 2b appear to
be excessively low, while the upper values from
calibration 2a have already been questioned on
account of the scatter on Thompson’s (1976) cali-
bration diagram. It would appear that thermo-
metry in the present rocks may not be very reveal-
ing, and that the results should be treated with a
great deal of circumspection.

The homogeneous cores of the garnet and cor-
dierite crystals are likely to lend themselves to a
sensible attempt at barometry. Pressures may be
derived from the calibration of the reaction:
3Fe,Al,Si50,5. H,O = 2Fe;Al,Si,0,, +

cordierite garnet

4A1,Si05 + 58i0, + 1.5H,0 3)

sill qtz
P 27808 —(15.103—6RIn K ;)T
N 3.886

+ 500 bars

(Thompson, 1976) (3a)
P =76314(4.28771n K;—4.59)T 4+ 500 bars
(Holdaway and Lee, 1977) (3b)

1+13818—(6.38—61n K;)T
P =
201609 + 400 bars

(Wells and Richardson, 1980) (3c)
Gar
where K; = Y‘;‘;%
3a is an empirical calibration, 3b is experimentally
calibrated, and 3c was derived from a consideration
of the experimental data of Richardson (1968),

Weisbrod (1973), and Holdaway and Lee (1977).

Pressures have been calculated for three rocks from
all calibrations using the maximum range of K, at
temperatures of 700° and 1000 °C. These tempera-
tures were chosen as they should span the probable
range of interest. In view of the low levels of Mn
and Ca in the garnet, ideal mixing between Fe and
Mg has been assumed for this phase as well as for
cordierite. Rock 1698A has been ignored due to the
extensive alteration of the cordierite. Pressures
calculated at 1000°C are about 300 to 500 bars
lower than those calculated at 700°C, the total
range of pressures being about 5.5+ 1 kb. This error
bar should account for errors in both calibration
and probe analyses, the latter being more than
accounted for by the range of K; used. It is
noticeable that the lowest pressures derived are
from calibration 3a, the only empirical calibration
of the three used. Pressures are listed in Table IV
and the range plotted on a bar diagram in figs. 2b
and 2c.

These pressure calibrations all assume the pre-
sence of H,O within the cordierite lattice. The effect
of varying amounts of water within the cordierite
lattice has been examined by Newton and Wood
(1979) who showed that decreasing water content
will result in a lower equilibrium pressure at a
specific temperature for a set value of K;. Newton
and Wood derived an equation to account for the
effect of water content on the calculated equi-
librium pressure. On the theoretical basis they
outlined an equation which has been derived to
calculate equilibrium pressures:

P=59334+(3.0181n K5 —3.415—0.604In(1 — X )T
(3d)

The term 5933 +(3.0181n K;—3.415)T is the cal-
culated position of the anhydrous analogue of
reaction 3 and is consistent with both the experi-
mental data of Holdaway and Lee (1977) and
Richardson (1968) and the hydration theory of
Newton and Wood (1979). The correction term
(—0.6041In(1— X )T accounts for the hydration
state of cordierite, where X is defined by Newton
and Wood (1979) as a function of the water content
of cordierite. In this instance the water content of
cordierite has been taken to be 1.8% or equivalent
to 4mol H,O in the formula unit. This value is
consistent with the graphical plot of the P-T
dependence of water in cordierite (Newton and
Wood, 1979) as well as with the microprobe
analyses. It is slightly higher than the water content
of an Fe-rich cordierite analysed from similar rocks
by Evans and Leake (1970). In direct contrast to
those derived from the other barometric calibra-
tions the resultant pressures are not temperature
dependent and fall within the 5.5+ 1kb bracket
established earlier (Table IV, Fig. 2).
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All these pressure estimates have assumed P,,, =
Py,0. In the present rocks which from the degree
of éesilication, fall well within the field of partial
melting, it is likely that Py, is considerably less
than P, In the absence of another hydrous
reaction which may be used in conjunction with
reaction 3 to generate an intersection point in
Py,0~—T space, more oblique methods must be
used to approximate Py, for the state Py,0 <P
An equation modified from Holdaway and Lee
(1977) may be derived relating Xy, to Py, such
that:

2.7805P; = (40061 — 12256 Xy ,0)P;  (4)

where P; is the pressure already calculated and
P; is a corrected pressure for a condition where
Xy,0 < 1. Table V has been constructed from
equation 4. Setting Xy,o = 0 gives the minimum
anhydrous pressure (P;) that may be related to the
initial calculated hydrous pressure (P,).

TABLE V. Values of Py for net values of P;

and X H,O-
P,
Xuo 6500 6000 5500 5000 4500
0.9 6226 5747 5268 4789 4310
0.7 5741 5299 4857 4416 3974
0.5 5326 4916 4506 4097 3687
0 4511 4164 3817 3470 3123

Calculated from equation 4 derived from Holdaway and
Lee (1977).

A similar type of correction may be derived from
the theory of Newton and Wood (1979):
1.2RT, (1-X,)?
P,= P+ AV ln(l—Xi)3 (5}
where X; and X; are values of X, the water content
of cordierite as defined by Newton and Wood
(1979), at pressures P; and P; respectively. For the
values of K; measured here the minimum value of
P; assuming fully anhydrous cordierite is about
1kb less than P, This correction is consider-
ably less than that derived from equation 4 for
Xn,0=0. For a more realistic condition of
Py, = 0.5 P, the value of P; derived from equa-
tion 5 at values at T between 700 and 1000 °C will
be no more than 300 to 500 bars less than P;,
which correction again is considerably less than
that which would be indicated by application of
equation 4.

We may conclude from this that after applying
a realistic, though by necessity approximate, cor-
rection for the partial pressure of water in equi-
librium with the hornfels, a realistic equilibrium
pressure for the thermal event in the Cashel aureole
is in the region of 5+ 1kb.

Discussion

In the vicinity of the Cashel ultrabasic bodies
the thermal effects of the intrusions completely
overprint the regional metamorphism, with the
early stages of which the intrusions are concurrent.
The resulting set of mineral assemblages are unique
in the area. Large homogeneous crystals of garnet
and cordierite have grown, in association with
biotite and sillimanite, in rocks which have under-
gone considerable desilication. There can be little
doubt that these assemblages are representative of
conditions very near to the thermal maximum.
Northwards as the effects of the thermal overprint
decrease the cordierite disappears and the garnet
becomes increasingly smaller and more typical of
the common Connemara garnets which are richer
in Mn (Yardley et al., 1980). Two miles to the north
of the intrusions the regional metamorphic rocks
contain garnets richer in Mn and much metasedi-
mentary migmatite derived by partial melting.
Temperatures in this area must be fairly close to
700 °C (Treloar, in prep.). Those near to the intru-
sion must be appreciably higher than this and the
Temperatures derived from the two-phase exchange
reaction thermometers used above must be viewed
in this context. The empirical calibrations of the
cordierite-garnet thermometer appear increasingly
dubious in this respect, not only on the grounds
of the calibration scatter but also of relative magni-
tude. The application of the garnet-biotite thermo-
meter is also fraught with hazards not only in
the variation exhibited between the empirically and
experimentally derived calibrations, but also in the
possible degree of biotite re-equilibration.

The associated effects of varying partial pres-
sures of water and water content of cordierite tend
to compromise pressures derived from the garnet-
cordierite-sillimanite-quartz barometer. For the
Cashel rocks the (unlikely) assumption of Py,0 =
P, gives a calculated pressure in the range of
5.5+ 1kb. In the conditions more likely to have
obtained in the aureole rocks (Py,o =~ 0.5 P} cal-
culated pressures will be in the region of 5+ 1kb.
In the likely event that the interiors of the large
garnet and cordierite grains were not seriously
affected by diffusion during cooling (i.e. the grains
grew as large homogeneous crystals and retained
their compositions) values of In K; are likely to be
representative of the thermal maximum with the
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result that the derived pressures may be treated
with a fair degree of confidence.

This pressure still raises a problem concerning
the presence of andalusite. Evans and Leake (1970)
described this phase on textural criteria as being
associated with the thermal maxima. It is possible,
however, that in fact the andalusite is considerably
later than this and is associated with growth at
lower pressures and temperatures during post-D3
uplift.
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